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UNIVERSITY OF SOUTHAMPTON

ABSTRACT

FACULTY OF MEDICINE
Clinical and Experimental Sciences
Thesis for the degree of Doctor of Philosophy
CHARACTERISATION OF GENETIC DIVERSITY WITHIN CHLAMYDIA TRACHOMATIS IN
HIGH-RISK SEXUAL NETWORKS
Chloe Elizabeth Manning

Chlamydia trachomatis is the most commonly diagnosed bacterial STI worldwide. Transmission of
C. trachomatis within sexual networks is facilitated by high-risk sexual behaviours. C. trachomatis
infections are frequently asymptomatic which allows for un-interrupted C. trachomatis
transmission within sexual networks. C. trachomatis strains are characterised by their ompA
genotype: strains with ompA genotypes A — C are associated with trachoma, D — K with sexually
transmitted urogenital infections, and L1 — L3 with Lymphogranuloma venereum (LGV). The ompA
gene is a mutational hotspot within the C. trachomatis genome, and extensive sequence variation
within ompA has been reported amongst C. trachomatis strains. OmpA genotyping was applied to
C. trachomatis DNA extracted from a conjunctival swab collected from a 10 year old female that
had migrated to the UK from Afghanistan, to ascertain whether the child was infected with a
trachoma-causing strain, or a strain associated with sexually transmitted urogenital tract infections
(Chapter 3). Sequencing of the trpA gene was also conducted, as polymorphisms within this gene
have been shown to distinguish ocular and genital C. trachomatis strains (Chapter 3).

In recent years, multi-locus genotyping systems including multi-locus sequence typing (MLST),
multi-sequence typing (MST), and multi-locus variable number tandem repeat (VNTR) analysis
(MLVA), have been developed for C. trachomatis. Genotyping systems can elucidate diversity within
C. trachomatis strains circulating in sexual networks. Multi-locus genotyping systems were
evaluated to determine their suitability for application in a genotyping survey of LGV C. trachomatis
strains in London (Chapter 4). The MLVA-ompA genotyping system was applied to genotype LGV-
positive clinical specimens from London, to assess genotypic diversity within LGV C. trachomatis
strains within this population (Chapter 5). The study detected several distinct LGV MLVA-ompA
genotypes, in addition to a hybrid L2b/D ompA genotype that had previously been reported in
Portugal. The data collected has added to the knowledge relating to the current LGV epidemic
within MSM in the UK.

Multi-locus typing systems cannot achieve the resolution provided by whole genome
sequencing. Whole genome sequencing can provide insight into the genomic diversity within LGV
C. trachomatis strains. Three LGV isolates collected from asymptomatic and symptomatic MSM in
Brighton were whole genome sequenced in Chapter 6, to identify any genomic loci or key sequences
that may account for the differences in symptomology between the three patients. The study
identified several mutations within the genomes of the three isolates. Of these, SNPs were detected
within genes associated with intracellular replication of C. trachomatis in the two isolates collected
from symptomatic MSM, that were absent from the isolate obtained from an asymptomatic MSM.
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CHAPTER 1 Introduction

1.1 History of Chlamydial Research

Chlamydiae are obligate intracellular Gram-negative bacteria that were first observed in 1907 by
Halberstadter and Prowazek (Halberstadter and Von Prowazek, 1907). Halberstadter and Prowazek
inoculated the conjunctivae of orangutans with conjunctival scrapings from human cases of
trachoma (“rough eye”). Upon microscopic examination, particles were identified within intra-
cytoplasmicinclusions near the nuclei of conjunctival epithelial cells. These inclusions were thought
to represent colonies of the causative micro-organism, which was designated Chlamydozoa, from
the Greek word chlamys, or mantle (Halberstadter and Von Prowazek, 1907). Similar inclusions
were later identified in scrapings from adults with urethritis (Halberstadter and Von Prowazek,
1910; Lindner, 1910) and from infants with neonatal conjunctivitis (Lindner, 1909), implicating the
same causative micro-organism. It was later thought that these inclusions were caused by a virus,
as they could be passed through bacterial filters and early efforts to culture the agent had failed
(Miyagawa et al., 1935). In 1966, due to advances in electron microscopy and tissue culture
techniques, Chlamydiae were re-classified as bacteria when it was found that they contained DNA

and RNA, ribosomes, and cell walls (Moulder, 1966).

1.2 Taxonomy

The order Chlamydiales was established in 1971, and initially consisted of the family
Chlamydiaceae, the genus Chlamydia, and the two species Chlamydia psittaci and Chlamydia
trachomatis (Storz and Page, 1971). The two species were distinguishable on the basis that C.
psittaci isolates (unlike C. trachomatis) were sulfadiazine-resistant and could not accumulate
glycogen in their inclusions. A third species, C. pneumoniae, was added to the genus in 1989
(Grayston et al., 1989), followed by C. pecorum in 1992 (Fukushi and Hirai, 1992). A further eight
species have been distinguished in the years following. These include: C. abortus, which causes
abortion in sheep, cattle, pigs, and occasionally humans (Everett, Bush and Andersen, 1999; Seth-
Smith et al., 2017); C. avium, a cause of respiratory disease in psittacines and pigeons (Sachse et al.,
2014); C. caviae, which causes conjunctivitis in guinea pigs (Read et al., 2003); C. felis, a cause of
conjunctivitis in cats (Sykes, 2005); C. gallinacea, which primarily infects poultry (Sachse et al., 2014,
Guo et al., 2016); C. ibidis, which has been detected in feral African Sacred lbises (Threskiornis
aethiopicus) in the wetlands of France (Vorimore et al., 2013); C. suis, which is thought to be

endemic in domestic European pigs and causes enteritis and conjunctivitis (De Puysseleyr et al.,



2017); and C. muridarum. C. muridarum causes murine respiratory tract infections, and was
originally classified as a subtype of C. trachomatis (Nigg and Eaton, 1944) until 16S and 23S rRNA
gene sequencing analysis led to its re-classification as its own species in 1999 (Everett, Bush and
Andersen, 1999). C. muridarum and C. trachomatis share approximately 99% genome sequence
identity (Rajaram et al., 2015), with most of the genetic differences occurring within the plasticity
zone (1.5.1.1). Genital tract infection of mice with C. muridarum closely mimics acute genital tract
infection in women, and consequently C. muridarum has been used extensively as a model of

chlamydial infection (Barron et al., 1981; Morrison and Caldwell, 2002).

In 1999, a controversial proposal was made to divide the family Chlamydiaceae into two genera,
Chlamydia and Chlamydophila, based on sequence differences within the 16S and 23S rRNA genes
(Everett, Bush and Andersen, 1999). All species with >90% 16S rRNA identity would be retained in
the family Chlamydiaceae, and chlamydia-like organisms with 80 - 90% 16S rRNA relatedness to
Chlamydiaceae would be separated into new families (i.e., Waddliaceae, Simkaniaceae, and
Parachlamydiaceae) within the order Chlamydiales. The genus Chlamydia was to comprise C.
trachomatis, C. muridarum, and C. suis; whilst the genus Chlamydophila would consist of C.
pecorum, C. pneumoniae, C. psittaci, C. abortus, C. caviae and C. felis. The proposal was widely
rejected for many reasons: its over-reliance on minor sequence differences within 16S and 23S
rRNA genes; the limited number of isolates of each species included in the analysis; and the new
genus designation ignored the conserved biology shared by the organisms that was recognised
when they were in a single genus (Schachter et al., 2001; Greub, 2010; Sachse et al., 2015). Further,
the proposal stated that to be placed within the same genus, 16S rRNA sequences should be >95%
identical. Given that the maximum sequence differences between C. psittaci, C. pneumoniae, and
C. trachomatis are between 5 and 6 % (i.e. >94% identity), it was considered unwarranted to
separate them into two genera, and such a name change would create confusion. The current,
widely accepted classification of the order Chlamydiales is shown in Figure 1, where Chlamydia is
the sole genus within the family Chlamydiaceae, and has multiple species: C. abortus, C. avium, C.
caviae, C. felis, C. gallinacea, C. ibidis, C. muridarum, C. pecorum, C. pneumoniae, C. psittaci, C. suis,

and C. trachomatis (Stephens et al., 2009).
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Figure 1 Classification of the order Chlamydiales, resolved to the species level of the genus Chlamydia.

Figure was adapted from Vorimore et al. (2013), Sachse et al. (2015), and Stephens et al. (2009).



1.3 Morphology of C. trachomatis

C. trachomatis is pleomorphic, existing in two morphological forms during its developmental cycle:
the infectious elementary body (EB), and the non-infectious reticulate body (RB), as shown in Figure

2.

EBs are small (~0.3 um in diameter) and spherical. They contain a highly condensed nucleoid
(Abdelrahman and Belland, 2005), and a rigid cell wall that allows for survival of the EB in the
extracellular environment. This cell wall contains no peptidoglycan (Moulder, 1991). Its structural
rigidity is instead provided by the chlamydial outer membrane complex (COMC); a dense network
of heavily cross-linked cysteine-rich proteins including OmcA, OmcB and the major outer
membrane protein (MOMP) (Hackstadt, Todd and Caldwell, 1985; Abdelrahman and Belland, 2005).
The MOMP is the most abundant protein component of the COMC, accounting for 60% of the mass
of the EB outer membrane (Caldwell, Kromhout and Schachter, 1981). It is encoded by the ompA
gene, and functions as a porin (Bavoil, Ohlin and Schachter, 1984) and as an adhesin (Su et al., 1990)
(1.4 and 1.11). Also present in the COMC are type Il secretion system (T3SS) complexes. The T3SS
complex secretes effector proteins into the host cell cytoplasm upon contact of the EB with the
host plasma membrane (Elwell, Mirrashidi and Engel, 2016; Hotinger, Pendergrass and May, 2021)
(1.4). Whilst EBs were initially thought to be metabolically inert, more recent evidence (Omsland et
al., 2012; Skipp et al., 2016) has shown that EBs are able to import glucose-6-phosphate (G6P) and
store as glycogen or utilise for ATP synthesis (Gehre et al., 2016). It is likely that stores of glycogen
in the EB lumen can provide the energy required to sustain the EB during host cell invasion (Cossé,
Hayward and Subtil, 2016) or to drive EB differentiation into RBs later in the developmental cycle

(Elwell, Mirrashidi and Engel, 2016).

RBs measure approximately 1 um in diameter. They are adapted for intracellular replication,
containing a thin cell wall, and a granular cytoplasm due to ribosome synthesis. RBs are
metabolically active and highly express proteins involved in ATP generation and protein synthesis,
such as V-type ATP synthases and ribosomal proteins (Elwell, Mirrashidi and Engel, 2016; Skipp et
al., 2016).



Figure 2 Electron micrograph showing a C. trachomatis inclusion (in white) within a human

endocervical columnar epithelial cell

The inclusion contains elementary bodies (e), reticulate bodies (r), and intermediate bodies (i).
Intermediate bodies are transitional forms of reticulate bodies that are undergoing secondary
differentiation to elementary bodies (1.4). Magnification is x 12,000. Figure taken from Swanson et

al., (1975), and reproduced with permission from Oxford University Press.



1.4 Developmental cycle of C. trachomatis

C. trachomatis is an obligate intracellular bacterium that primarily infects urogenital tract and
ocular columnar epithelial cells. It has a unique biphasic developmental cycle, during which it
transitions between two morphological forms — the infectious elementary body (EB), and the
replicative, non-infectious reticulate body (RB) (1.3). The developmental cycle of C. trachomatis is
shown in Figure 3. The first stage of the cycle is the binding of EBs to a host epithelial cell via a
trimolecular bridge between host receptors, host heparan sulphate proteoglycans (HSPGs), and
adhesins including the major outer membrane protein (MOMP) and outer membrane complex B
protein (OmcB) (Su et al., 1996; Stephens et al., 2001; Moelleken and Hegemann, 2008; Cossé,
Hayward and Subtil, 2016; Elwell, Mirrashidi and Engel, 2016). Pre-synthesised effector proteins are
then injected into the host cell through type Ill secretion system (T3SS) complexes found on the
surface of EBs (1.3). This triggers actin re-organisation within the host cell, which facilitates
internalisation of the EB into a membrane-bound compartment called an inclusion (Dai and Li, 2014;
Elwell et al., 2016). Internalisation into the host cytosol allows C. trachomatis to evade detection
by the host immune response. The inclusion is transported along microtubules to the microtubule-
organising centre (MTOC) of the host cell. The C. trachomatis DNA begins to de-condense and gene
expression is initiated. Approximately 8 hours post-infection, EBs undergo primary differentiation
into RBs (Abdelrahman and Belland, 2005). The RBs lose the thick outer membrane that aided in
the survival of the EB in the extracellular environment and divide by binary fission in a rapidly
expanding inclusion. RBs typically undergo 8 - 12 rounds of division. Approximately 20 hours post-
infection, DNA condenses and RBs undergo secondary differentiation into EBs. A transitional form
of the differentiating RB, termed the “intermediate body”, is sometimes visible using electron
microscopy at this stage of the developmental cycle (Lee et al., 2018) (Figure 2). Under conditions
of stress, such as penicillin treatment, nutrient deprivation or interferon-y (IFN-y) exposure
(1.5.1.1); rather than secondary differentiation into EBs, RBs enter a non-dividing persistent state
and become enlarged forms termed “aberrant bodies”. Lambden et al. (2006) identified that upon
addition of penicillin to cultures at 20 hours post-infection, binary fission was blocked and the
differentiation from RB to EBs was prevented. However, it was also noted that exposure to penicillin
did not prevent chromosomal or plasmid DNA replication. C. trachomatis-infected host cells
exposed to penicillin did not lyse, but harboured large aberrant RBs in inclusions that filled the
cytoplasm. In these inclusions, the DNA replicated beyond the end of the normal chlamydial
developmental cycle. At 60 hours post-infection, each RB had a minimum of 16 chromosomal
copies. A study by Skilton et al. (2009) similarly noted that chromosomal and plasmid DNA
replication is unaffected by the addition of penicillin, and identified that after the removal of

penicillin, the normal C. trachomatis developmental cycle could be recovered within 10 to 20 hours.



In this way, removal of the stress factor reverses the persistent state, resulting in division and
differentiation of RBs into EBs (Hogan et al., 2004; Schoborg, 2011; Panzetta, Valdivia and Saka,
2018). EBs are subsequently released into the extracellular environment by host cell lysis or
extrusion of the inclusion from the host cell plasma membrane (Hybiske and Stephens, 2007).
Released EBs can then infect neighbouring epithelial cells. The C. trachomatis developmental cycle

is complete after approximately 48 - 72 hours (Miyairi et al., 2006).
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Figure 3 C. trachomatis developmental cycle

Infectious EBs are internalised into host cells in an inclusion. EBs differentiate into RBs that subsequently divide by binary fission. RBs differentiate back into EBs
approximately 20 hours post-infection, and EBs are released into the extracellular environment by cell lysis or extrusion of the inclusion, where they can infect
neighbouring cells. Under conditions of stress, RBs enter a persistent state and become enlarged (“aberrant bodies”). Removal of the stress factor reverses the persistent

state, and RBs divide and differentiate into EBs. Figure was taken from Panzetta et al., 2018 and reproduced under the terms of the Creative Commons 4.0 Licence.



1.5 Biovars and serovars of C. trachomatis

C. trachomatis strains are grouped by disease type into biovars. C. trachomatis strains comprise
two biovars: the trachoma biovar, consisting of strains that cause localised infections of columnar
epithelial cells of the conjunctiva or genital mucosa; and the Lymphogranuloma venereum (LGV)
biovar, which consists of invasive strains that can spread systemically through the lymphatic system

(Brunelle and Sensabaugh, 2006).

C. trachomatis strains have traditionally been classified into serovars using
microimmunofluorescence (MIF) (Stephens et al., 1982) (1.11). This serological method uses
monoclonal antibodies targeted against the MOMP. MOMP, encoded by the ompA gene, consists
of five conserved domains (CD 1 - 5), and four polymorphic variable domains (VD 1 - 4) that encode
surface-exposed epitopes (1.11.2). These epitopes are the main targets of the host immune
response. The ompA gene is subject to host immune selection pressure, and has been identified as
a mutational hotspot within the C. trachomatis genome (Brunelle and Sensabaugh, 2012) (1.11.1.3).
Amino acid substitutions within the variable domains result in variation in MOMP epitopes that are

serovar-specific.

The two C. trachomatis biovars are sub-divided into 15 — 19 serovars: the trachoma biovar includes
serovars A — K, of which serovars A — C infect ocular epithelial cells and cause trachoma (1.6.1), and
serovars D - K that primarily infect epithelial cells of the urogenital tract and cause sexually
transmitted urogenital tract infections (1.6.2). The LGV biovar consists of serovars L1 - L3, which
can infect the lymphatic system and cause Lymphogranuloma venereum (LGV) (1.6.3). Serotyping
of the ompA gene has been superseded by ompA genotyping, whereby the ompA gene is sequenced

to determine the ompA genotype (1.11.3).

Whole genome sequencing of C. trachomatis strains has shown that the species is split into two
distinct clades, representing the trachoma and LGV biovars. Of the 1 Mb genome, a total of 4,860
single nucleotide polymorphisms (SNPs) distinguishes the two biovars. The trachoma clade
comprises two lineages, T1 and T2. Tl is composed of clinically prevalent urogenital ompA
genotypes, mostly E and F), and T2 is comprised of less prevalent urogenital ompA genotypes. All
ocular strains form a cluster within T2, which indicates an emergence from a urogenital ancestor
(Harris et al., 2012). Strains within the LGV clade are less diverse than those in the trachoma lineage,

with shorter branch lengths (Harris et al., 2012).
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151 Tissue Tropism

There is no functional association between the MOMP and tissue tropism (Seth-Smith et al., 2013;
O’Neill et al., 2018); and recombination of the ompA gene has been observed between LGV,
urogenital and ocular isolates (Harris et al., 2012). It has been suggested that the high level of
variability within MOMP allows C. trachomatis to evade immune detection (Brunelle and
Sensabaugh, 2012; Harris et al., 2012). Other genes within C. trachomatis have been implicated as
determinants of tissue tropism. These include the translocated actin recruiting phosphoprotein
(TarP) (Lutter et al., 2010); the cytotoxin genes (Belland et al., 2001); and members of the
polymorphic membrane protein family (pmp) (Gomes et al., 2006). The tryptophan synthase
operon has also been shown to play a role in defining C. trachomatis host tissue tropism (Fehlner-
Gardiner et al., 2002; Caldwell et al., 2003). A study by Last et al. (2018) applied whole genome
sequencing to conjunctival swabs from a treatment-naive trachoma-endemic population in Guinea-
Bissau. The purpose of the study was to identify whether there are any polymorphisms associated
with ocular localisation and clinical disease severity. The study identified 21 non-synonymous SNPs
associated with ocular localisation, including within the polymorphic membrane protein D (pmpD)
gene, and tarP gene. A total of 8 synonymous SNPs associated with disease severity were identified

within the pmpE, glgA, and yifH genes.

1.5.1.1 The Tryptophan Synthase Operon (trpRBA)

The tryptophan synthase operon (trpRBA) is closely linked to ocular and genital tropism (Caldwell
et al., 2003; O’Neill et al., 2018). Tryptophan synthase is a tetrameric enzyme comprised of two
alpha subunits encoded by the trpA gene, and two beta subunits encoded by the trpB gene.
Tryptophan synthase catalyses the two final steps in the biosynthesis of tryptophan, namely the
cleavage of indole glycerol 3-phosphate (IGP) to form indole and glyceraldehyde 3-phosphate (the
alpha reaction catalysed by TrpA), followed by the conversion of indole and L-serine to L-tryptophan
(the beta reaction catalysed by TrpB). X-ray crystallography data has demonstrated that the alpha
and beta subunits of tryptophan synthase are connected by an intermolecular hydrophobic tunnel
that allows for the diffusion of indole from the alpha reaction in the alpha subunit to the beta

subunit for tryptophan biosynthesis (Miles, 2013).

The operon resides in a hypervariable region of the C. trachomatis genome termed the plasticity
zone (PZ) (Read et al., 2000). Sequencing of the PZ of 15 C. trachomatis strains illustrated that 14 of
15 strains encoded homologues of trpA and trpB. Interestingly, whilst the TrpB protein was highly
conserved across all strains, retaining conserved residues essential for enzyme activity (Miles,

2001); the TrpA protein possessed several alterations in its primary structure that differed between
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ocular and genital strains of C. trachomatis - the trpA of ocular but not genital strains of C.
trachomatis have a common triplet deletion at nucleotide position 408 - 410, that results in the loss
of Phe-136 from the TrpA polypeptide. A “mutational hotspot” at nucleotide position 531 was also
identified — ocular strains have a single nucleotide deletion that results in a frame shift and
subsequent expression of a non-functional and truncated TrpA subunit; whereas genital strains
have two point mutations at the same site that result in amino acid substitutions that differ
between serovars D - K: CQin D, E, and K; YQin G, F, H, | and J; and YE in LGV strains (Caldwell et
al., 2003). These amino acids are located in loop 6 of tryptophan synthase, a region that is essential

for metabolite channelling (Miles, 2013).

The situation is complicated further in the context of C. trachomatis infection in humans. T-cells
play an important role in the development of adaptive immunity against C. trachomatis infection,
and the inflammatory agent interferon-y (IFN-y) is a key component of this response (Fehlner-
Gardiner et al., 2002), interfering with the ability of C. trachomatis RBs to replicate (1.4). Upon
binding of IFN-y to its IFN-y receptor, IFN-y activates the expression of indoleamine-2,3-dioxygenase
(IDO), which degrades L-tryptophan to L-kynurenine. This deprives the C. trachomatis RBs of the
tryptophan that they require for division and re-differentiation to infectious EBs. C. trachomatis
deprived of tryptophan are unable to differentiate into EBs, resulting in the loss of infectivity.
Interestingly, Chlamydiae have seemingly evolved their own rescue system. High levels of IFN-y
inhibit growth of C. trachomatis, however, sub-inhibitory concentrations of IFN-y have been shown
to promote a persistent state, whereby RBs form large aberrant bodies (1.4) (Beatty et al., 1994).
These aberrant bodies have been shown to regain their infectious state after several weeks,
following the removal of IFN-y from the system (Beatty et al., 1995). The ability of C. trachomatis
RBs to enter this persistent state is a highly advantageous feature, aiding C. trachomatis in its
avoidance of the host cell immune response. Persistence allows C. trachomatis to ‘ride out’ hostile
conditions and maintain a long-term, chronic infection within a host cell. Given that persistence
results in the arrest of cell division and temporarily pauses the developmental cycle (Schoborg et

al., 2011), this can provide a degree of protection during infection (1.4).

As a result of the alterations to TrpA in ocular and genital C. trachomatis strains, both genital and
ocular strains are unable to convert IGP to indole in the alpha reaction. Importantly, genital but not
ocular strains of C. trachomatis are rescued under conditions of tryptophan starvation (i.e. IFN-y
presence) by the addition of exogenous indole (Fehlner-Gardiner et al., 2002). It has been suggested
that the most likely source of this indole is other colonisers of the female genital tract, such as the
Peptostreptococcus, Fusobacterium and Bacteroides species (Gibbs, 1987; Larsen and Monif, 2001).

It is thought possible that genital strains have retained the full-length tryptophan synthase (with
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mutations) so that they may still be able to synthesise tryptophan in the presence of IFN-y-mediated
host defence mechanisms using this exogenous indole. It was suggested by Caldwell et al. (2003)
that the ocular environment was sterile and that with no exogenous source of indole (i.e., no other
eye colonisers), there was little need to maintain a functional and intact tryptophan synthase.
However, the ocular environment is no longer considered sterile. Willcox et al., (2013) noted that
swabs of the conjunctiva can yield cultivable microbes, most frequently belonging to the non-indole
producing bacterial genera Propionibacterium, Corynebacterium, and Staphylococcus. Garza et al.,
(2021) also noted a predominance of these bacterial genera within the conjunctiva. A study by
Sherchand and Aiyar (2019) suggested that there may be a selection against maintaining an intact
tryptophan synthase enzyme in the ocular environment, as, in the absence of indole (such as in the
eye), tryptophan synthase deaminates serine to pyruvate and ammonia. The study noted that intact
TrpA and TrpB subunits of the tryptophan synthase operon are required for serine deamination,
and ammonia is generated when the intact tryptophan synthase enzyme is expressed. It was
posited that this ammonia generation may act as a negative selection against maintaining an intact
tryptophan synthase in the indole-free ocular environment, which can provide a survival advantage

for ocular C. trachomatis strains.

1.5.2 In vitro and in vivo studies of virulence

Studies of C. muridarum have typically used two C. muridarum isolates (Weiss and Nigg)
interchangeably as these were considered identical and were derived from a single original strain.
Research by Ramsey et al. (2009) took plaque-purified isolates derived from their stocks and each
were whole genome sequenced. The study showed that genomic diversity was present within the
two isolates. Specifically, five non-synonymous SNPs were identified in C. muridarum Nigg strain
when compared to the published C. muridarum Nigg strain. In addition, there were a total of 11
SNPs that were shared between the C. muridarum Nigg strain under investigation and the C.
muridarum Weiss strain compared to the published Nigg sequence. Eight of these SNPs resulted in
a frame shift and a putative change in protein expression, and nine mutations resulted in a single
amino acid change. This research showed that genomic diversity exists within stock isolates of C.
muridarum. This study by Ramsey et al. (2009) also showed that these two strains of C. muridarum
(Weiss and Nigg) possessed distinct growth characteristics in vitro and varied in their virulence in
vivo. The Weiss isolates (n=4) displayed greater virulence in challenge infections. Further, in vitro,
the Weiss isolates produced consistently smaller inclusions in Hela cells, and smaller plaques in
monolayers of mouse fibroblast cells compared to the Nigg isolates (n=5). Lastly, the Weiss isolates

possessed higher replicative yields in vitro than the Nigg isolates. It was noted by Ramsey et al.
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(2009) that caution must be applied when ascribing differences in virulence to the genetic variation,
as it cannot be asserted with complete confidence that these isolates are representative of the
entire population. However, the study by Ramsey et al. (2009) did show that there is genotypic and

virulence diversity amongst C. muridarum isolates.

There are several ways to investigate the impact of virulence beyond a symptomatic or
asymptomatic phenotype, using in vitro experimentation. Kari et al. (2008) showed that trachoma
isolates with the same ompA genotype (A2497 and A/Har-13) had a marked difference in virulence
in cell culture. In vitro growth rate and plague morphology, sensitivity to IFN-y, and infectivity for
non-human primates were all investigated in the study. It was shown that A2497 formed large clear
plagques five days after infection, whilst A/Har-13 produced small plaques that were undetectable
until 11 days after infection. Further, the growth of A/Har-13 was found to be completely inhibited
when infected cells were treated with IFN-y of 2 ng/ml or higher, whereas A2497 was resistant to
IFN-y even at the highest concentration tested (32 ng/ml). Finally, the infectivity of the A2497 and
A/Har-13 was compared in a non-human primate model by infecting the eyes of a macaque with
either A/Har-13 or A2497. The course of infection was monitored by culture and also by clinical
response — the latter by giving a score from 0 (no disease) to 12 (maximal disease) for the
appearance of the upper tarsal conjunctiva. The study showed that the average clinical response
score was greater for the A2497 strain than for A/Har-13. Kari et al. (2008) also measured C.
trachomatis shedding from infected conjunctivae and showed that A2497-infected monkeys shed

ten-fold more infectious organisms than A/Har-13.

A study by Miyairi et al. (2011) used a variety of in vitro and in vivo methods to investigate why two
C. psittaci strains showed a 1000-fold difference in lethal dose in mice. In vitro growth was
measured in fibroblasts and peritoneal macrophages however no differences were observed
between the two C. psittaci strains. The study also considered macrophage activation status and
neutrophil recruitment of both strains. It was shown that infection with the less virulent strain led
to an influx of activated macrophages with relatively minor organ damage, whereas the more
virulent strain resulted in an influx of macrophages and neutrophils and caused significant organ

damage.

Rasmussen et al. (1997) showed that infection of cervical epithelial cells with C. trachomatis can
up-regulate mRNA expression and induce secretion of pro-inflammatory cytokines including IL-1a,
IL-6, and IL-8. This cytokine response was shown to be sustained throughout the C. trachomatis

developmental cycle.
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1.6 Pathogenicity of C. trachomatis in humans

1.6.1 Trachoma

C. trachomatis strains with ompA genotypes A - C infect ocular epithelial cells, causing trachoma.
Trachoma is the leading infectious cause of blindness, and the most common cause of preventable
blindness in the developing world (Weir, Haider and Telio, 2004). An estimated 1.9 million
individuals have been blinded by trachoma (World Health Organisation, 2020b) and the disease is
endemic in rural and poverty-stricken regions of India, North Africa, South East Asia and Australia.
Clinically, trachoma is sub-divided into active (early-stage) and cicatricial (late-stage) disease. Active
disease is more commonly found in children aged between 3 - 6 years and is characterised by
follicular conjunctivitis, with inflammatory thickening of the conjunctivae in severe cases. Infection
is typically acquired through close proximity to those with active disease, and known transmission
routes include hand-to-eye contact and the sharing of contaminated items, in addition to eye-
seeking flies (Emerson et al., 2000; Burton and Mabey, 2009). A study by Versteeg et al. (2020)
investigated how long C. trachomatis can remain viable at non-ocular sites under lab-controlled
conditions. It was suggested that the presence of C. trachomatis DNA at non-ocular sites could
represent a route of transmission of trachoma. The study determined that plastic, skin, and cotton
cloth can facilitate transmission of trachoma-causing C. trachomatis strains, by acting as sites where

bacterial reservoirs can be deposited and then transferred into previously uninfected eyes.

Cicatricial disease results from repeated infection, which causes chronic conjunctival inflammation
and scar tissue formation. The build-up of scar tissue causes the eyelids to turn inwards (entropion)
and the in-folded eyelashes to scratch the cornea (trichiasis). This leads to corneal opacity and
blindness (World Health Organisation, 1987, 2020b). Cicatricial disease typically occurs from the
third decade of life (Burton, 2007) but has been shown to present earlier in highly endemic regions
(Emerson et al., 2008; World Health Organisation, 2020b). Whilst active disease can be successfully
treated with antibiotics (tetracycline eye ointment or oral azithromycin), treatment of cicatricial

disease requires surgery.

The highest prevalence of trachoma is reported in Ethiopia and Sudan, where active disease is
present in over 50% of children aged 1 - 9 years, and trichiasis present in 10% of adults (Berhane,
Worku and Bejiga, 2006; World Health Organisation, 2020b). In Ethiopia, there appears to be no
marked gender difference in the prevalence of active disease, however the prevalence of trichiasis
in adult females is two-fold compared to males (4.1% vs 1.6%, p-value <0.001) (Berhane, Worku
and Bejiga, 2006). This is likely the result of adult females having increased exposure to infection

through contact with children with active disease.
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The World Health Organisation (WHO) endorsed the “SAFE” strategy in 1993 with the aim to
eliminate trachoma globally by 2020: Surgery to correct eyelid deformities, Antibiotics for
individuals with active disease and mass drug administration (MDA) to at-risk populations to reduce
disease burden, promotion of Facial cleanliness, and Environmental improvements (i.e. provision
of water and improved sanitation) (World Health Organization, 1997). As of September 2020, ten
countries have been validated by the WHO as having eliminated trachoma as a public health
problem. In 2019, 92,622 people received corrective surgery for trichiasis, and 95.2 million
individuals in endemic communities were treated with antibiotics (World Health Organisation,
2020b). Despite these strides, 137 million people still live in trachoma-endemic areas, and trachoma
remains a public health problem in 44 countries (World Health Organisation, 2020b). As a result,
the global trachoma elimination target was not reached in 2020. The new target date for global

trachoma elimination is set for 2030 (World Health Organisation, 2020a).

The progress made towards global trachoma elimination could be threatened by the increased
displacement of humans from trachoma endemic regions. Of the 68.5 million people categorised
as forcibly displaced in 2017 (United Nations High Commissioner for, 2019), over 50% are from
countries where trachoma is considered endemic, including South Sudan. Population-based surveys
of trachoma within refugee camps serving South Sudanese refugees in Sudan (Sanders et al., 2019)
have shown that the prevalence of active disease amongst children aged 1 - 9 years in the camps
was greater than 10% and the prevalence of trichiasis in those aged 15 years and above was greater
than 2.9%, highlighting that trachoma is prevalent amongst those living in the refugee camp setting.
To have any hope of eliminating trachoma, these displaced populations must also be provided with

comprehensive SAFE interventions.

1.6.2 Urogenital Tract Infections

C. trachomatis strains with ompA genotypes D - K primarily infect columnar epithelial cells of the
urogenital tract, causing urogenital tract infections that are transmitted during unprotected oral,
vaginal, or anal sex. Urogenital C. trachomatis infections can also be transmitted from infected
mother to neonate during childbirth, resulting in Opthalmia Neonatorum (neonatal conjunctivitis)
or pneumonia in some exposed infants (Darville, 2005; Zar, 2005b) (1.7). Urogenital C. trachomatis
infections are asymptomatic in approximately 50% of males and 75% of females (Stamm, 1999;
Lanjouw et al., 2016). This delays diagnosis and facilitates un-interrupted C. trachomatis
transmission. Those with symptoms report pain during urination, abnormal penile or vaginal
discharge, and painful sexual intercourse. Urogenital C. trachomatis infections are typically treated

with a single dose of azithromycin. If left untreated, urogenital C. trachomatis infections can ascend
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the urogenital tract and cause serious sequelae (Hoenderboom et al., 2019), including pelvic
inflammatory disease (PID), which is characterised by chronic inflammation of the fallopian tubes.

In men, epididymitis can result from un-treated urogenital C. trachomatis infections.

C. trachomatis strains with ompA genotypes D - K can also infect columnar epithelial cells of the
rectum (Hamlyn and Taylor, 2006), and genotypes D, G and J are frequently detected in rectal swabs
collected from men who have sex with men (MSM) engaging in receptive anal intercourse (Geisler
et al., 2002; Quint et al., 2011). Whilst two-thirds of rectal non-LGV infections are asymptomatic
(Hamlyn and Taylor, 2006), some individuals experience mild proctitis. Rectal non-LGV C.

trachomatis infections are treated with doxycycline (100 mg) twice daily for a minimum of 7 days.

C. trachomatis strains with ompA genotypes D — K can also cause adult inclusion conjunctivitis
(Kestelyn, 2008). Adult inclusion conjunctivitis is sexually transmitted and occurs most frequently
in sexually active young adults. The disease is transmitted primarily through hand-to-eye spread of
infected genital secretions. Symptoms include unilateral mucopurulent discharge, swollen eyelids
and crusting of eyelashes. Many patients (up to 61% of males and 90% of females) with adult
inclusion conjunctivitis have a concurrent urogenital C. trachomatis infection (Mitchell et al., 2021).
Patients and their sexual partners are treated with systemic antibiotics, typically a single dose of

azithromycin (Lanjouw et al., 2016).

Extracellular survival and transmission of C. trachomatis has been considered in numerous studies,
including those by Giffard et al. (2018), Lewis et al. (2012), and Janssen et al. (2020). Giffard et al.
(2018) demonstrated that human fingers contaminated with C. trachomatis can contaminate urine
specimens by contact. The study identified that three contaminated fingers dried on a paper towel
transfers approximately 10 L of C. trachomatis suspension to a urine specimen. Similarly, Lewis et
al. (2012) showed that there is the potential for contamination of containers used to collect self-
taken swabs owing to surface contamination with C. trachomatis DNA within a sexual health clinic.
A study by Janssen et al. (2020) demonstrated that viable C. trachomatis could be detected from
rectal swabs collected from C. trachomatis-diagnosed women, irrespective of reported anal sex or
rectal symptoms. The findings suggested that rectal C. trachomatis detected in some women may
represent a currently on-going infection rather than the presence of remnant DNA from dead

bacteria or contamination from an active vaginal C. trachomatis infection.

1.6.3 Lymphogranuloma venereum (LGV)

C. trachomatis strains with ompA genotypes L1 - L3 cause Lymphogranuloma Venereum (LGV), an

invasive sexually transmitted disease. The clinical course of LGV is divided into three stages: local
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infection (primary stage), regional dissemination (secondary stage), and progressive tissue damage
(tertiary stage). C. trachomatis enters through breaks in the skin, and infects monocytes and
macrophages. This results in localised inflammation at the inoculation site, which causes a painless,
self-resolving ulcer to form. Approximately 2 - 6 weeks after the initial appearance of the ulcer, C.
trachomatis disseminates to local draining lymph nodes (Fehlner-Gardiner et al., 2002; Mabey,
2002). This results in lymph node enlargement near the infection site (lymphadenitis), and
inflammation of the walls of lymphatic vessels (lymphangitis). The clinical presentation at this stage
depends on the inoculation site — inoculation at the mucosal lining of the penis or vagina presents
as an inguinal syndrome characterised by swelling of the inguinal lymph nodes to form buboes;
whereas inoculation at the mucosal lining of the rectum presents as an anorectal syndrome
characterised by proctitis and lower abdominal pain. The tertiary stage occurs if LGV is left
untreated: chronic inguinal lymphangitis leads to fibrosis, which results in lymphatic obstruction,
causing lymphedema and elephantiasis of the genitals. Tertiary complications of anorectal LGV

include rectal strictures and perirectal abscesses (O’Byrne et al., 2016).

LGV was originally considered a tropical disease, confined to heterosexual populations of resource-
poor countries (Mabey, 2002). Sporadic cases were reported in the western world, however these
were mainly imports from endemic regions. This largely remained the case until 2003, when an
outbreak of LGV was reported in the Netherlands amongst MSM presenting with proctitis
(Nieuwenhuis et al., 2003; Go6tz et al., 2004) (1.10). Sequencing of the ompA gene demonstrated
that the outbreak was caused by a new L2 variant, designated L2b (Spaargaren, Fennema, et al.,
2005). This variant has subsequently been implicated in LGV outbreaks worldwide, including within
the United Kingdom (Nieuwenhuis et al., 2004; Kropp, Wong and Canadian LGV Working Group,
2005; Spaargaren, Fennema, et al., 2005; Morton et al., 2006; Ward et al., 2007). Between 2003
and 2018, there have been 6,752 UK LGV diagnoses (Public Health England, 2017; European Centre
for Disease Control, 2019). The LGV epidemic in MSM in the United Kingdom is discussed in section
1.10.

18



1.7 Neonatal C. trachomatis infections

Pregnant females with urogenital chlamydial infections can transmit C. trachomatis to their infants
during vaginal delivery, when the infant becomes coated with C. trachomatis as it passes along the
birthing canal. The estimated prevalence of C. trachomatis in pregnant women in the UK is 1.96 —
2.4% (Oakeshott et al., 2002; Shankar et al., 2006; Kirk et al., 2008). Between 50 - 70% of infants
born to infected mothers acquire C. trachomatis if prophylaxis is not provided before or
immediately following delivery (Joseph Davey, Medline and Klausner, 2016). Infected infants can
develop conjunctivitis (Ophthalmia Neonatorum). Neonatal conjunctivitis typically develops 5 - 14

days after birth and is characterised by eyelid oedema and ocular discharge.

Nasopharyngeal C. trachomatis infections or aspiration of infected genital secretions during
delivery, can cause pneumonia in newborns. Pneumonia affects approximately 10 - 20% of infected
infants and occurs typically 1 - 19 weeks after birth (Hammerschlag, 2011). Pneumonia is
characterised by a low-grade fever and persistent cough. If left un-treated, infants are at increased
risk of developing chronic pulmonary disease (Zar, 2005a). The recommended treatment for
neonatal chlamydial conjunctivitis and pneumonia is oral erythromycin for 14 days (Nwokolo et al.,
2016). In the UK, chlamydia screening is not provided as part of routine antenatal care, however,
health professionals are recommended to inform pregnant women aged <25 years about the higher

prevalence of C. trachomatis within their age group (1.8.1) and to provide details on screening.
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1.8 High-risk groups for C. trachomatis infection

There are several groups of individuals at high risk of becoming infected with C. trachomatis. These

include the following:

1.8.1 Individuals aged 15 to 24 years

Younger age is associated with increased risk of C. trachomatis infection. The highest rates of C.
trachomatis infections are amongst sexually active young adults aged 15 to 24 (1.9) (Figure 5). This
is largely due to differences in sexual behaviour within this age-group. According to a national
survey of sexual behaviour, those aged 16 to 24 were the most likely of all age groups surveyed to
report two or more sexual partners of the opposite sex and at least one new sexual partner of the
opposite sex, in the previous year (Mercer et al., 2013). A rapid turnover of sexual partners is
associated with higher infection rates of C. trachomatis due to the increased likelihood of sexual
intercourse with an infected partner (Navarro et al., 2002). The survey (Mercer et al., 2013) also
identified that those aged 16 to 24 reported the highest frequency of un-protected sexual
intercourse of all age-groups surveyed. Un-protected sex increases C. trachomatis infection risk

(Navarro et al., 2002) as it allows un-hindered C. trachomatis transmission across mucosal epithelia.

Young females are at increased risk of C. trachomatis infection compared to their male counterparts
(Figure 5). In England in 2019, females aged 15 to 24 accounted for 38% of all new C. trachomatis
diagnoses (87,234/229,411) (Public Health England, 2020b). Higher rates of infection amongst
young females can be attributed to several factors. Firstly, older females may have acquired partial
immunity to C. trachomatis from prior infections (Navarro et al., 2002). Cervical ectopy may also
play a role: during puberty, the endocervix (comprised of columnar epithelium) can evert due to
hormonal changes, exposing endocervical columnar cells on the ectocervix (Jacobson et al., 2000).
This can increase susceptibility to urogenital C. trachomatis infection, as C. trachomatis strains with
ompA genotypes D — K primarily infect this cell type (1.6.2). Higher rates of infection amongst
adolescent females may also be due to greater uptake of chlamydia screening through the National
Chlamydia Screening Programme (NCSP) (Public Health England, 2019), which provides
opportunistic screening to 15 to 24 year olds - resulting in increased detection of C. trachomatis
infections. Overall, the prevalence of C. trachomatis infections is higher in females of all age-groups
than in males (Figure 5), and in 2019, 11% more females were diagnosed with C. trachomatis

infections than males in England (Public Health England, 2020b).
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1.8.2 Minority Ethnic Groups

The highest population rates of C. trachomatis diagnoses are amongst individuals of black ethnicity,
although this varies amongst Black Minority Ethnic (BME) groups (Public Health England, 2021).
Individuals of black Caribbean and Black African ethnicity have the highest C. trachomatis diagnostic
rates of all ethnic groups. Higher rates of infection in these populations likely reflect differences in
sexual risk behaviour. Males of black Caribbean and black African ethnicity report higher numbers
of recent sexual partners and concurrent partnerships than any other ethnic group (Wayal et al.,
2017), which can facilitate C. trachomatis transmission within these populations. Ethnic mixing
patterns may also play a role: assortative sexual mixing, whereby sexual partnerships are formed
between individuals with the same ethnic background, is common within the Black Caribbean and
Black population and may assist in the spread of C. trachomatis within this sub-population (Aral,

2000).

1.8.3 Men who have Sex with Men (MSM)

Men who have sex with men (MSM) are at high risk of C. trachomatis infection, and diagnoses of C.
trachomatis within this group have risen steadily over the past decade (Public Health England,
2020c). This may be due to increased detection of C. trachomatis within MSM (Public Health
England, 2020c), however it may also be driven by behavioural changes within this group, including
increases in partner numbers, ‘chem-sex’ (sex using drugs to enhance sexual experience), and the
increasing popularity of geosocial networking applications (i.e. Grindr) which facilitate casual
sexual encounters and group sex (Gilbart et al., 2013, 2015). Chem-sex has been shown to promote
dis-inhibitive behaviour including condom-less sex, and willingness to seek new sexual experiences
including fisting and scat play (Gilbart et al., 2013). This increases the risk of C. trachomatis
acquisition and transmission. MSM report higher numbers of casual and regular sexual partners
than heterosexual populations, and are more likely to belong to dense sexual networks (McDaid

and Hart, 2010). This enables rapid C. trachomatis transmission within the MSM population.

Lymphogranuloma venereum (LGV) is diagnosed almost exclusively amongst MSM (1.10) (Public
Health England, 2020d). The diagnostic rate of LGV is highest amongst HIV-positive MSM (Public
Health England, 2020d). A high LGV incidence within this population is likely due to seroadaptive
behaviours including serosorting. Serosorting, whereby HIV-positive MSM can preferentially select
other HIV-positive MSM for un-protected sex (Ward et al., 2007), increases exposure risk to other
STls including LGV and hepatitis C virus (HCV). Approximately 20% of LGV infections are reported
by MSM with HCV co-infections (Hughes et al., 2013). Since 2017, there has been a rise in LGV cases
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amongst HIV-negative MSM; as of 2018, more LGV diagnoses were made in HIV-negative MSM than
HIV-positive MSM (Public Health England, 2020a). This could be linked to the increasing availability
of pre-exposure prophylaxis (PrEP). There is evidence that PrEP uptake in HIV-negative MSM can
result in altered sexual risk behaviour (Traeger et al., 2019), including increased frequency of
condome-less sex; which can enhance transmission risk of other sexually transmitted infections

(STls) including LGV (1.10).

1.9 Epidemiology of C. trachomatis in England

C. trachomatis is the most commonly diagnosed bacterial STI worldwide, with an estimated 131
million new infections reported annually (World Health Organization, 2016). In 2019, chlamydia
accounted for 49% of all new STI diagnoses made in England (229,411/468,342) (Public Health
England, 2020c). This figure is likely an under-estimate as C. trachomatis infections are frequently

asymptomatic (1.6.2), hence many cases are left un-diagnosed (Stamm, 1999).

The number of C. trachomatis diagnoses in England has steadily increased in recent years, rising
from 202,966 in 2015 to 229,411 in 2019 (Figure 4). During the same time period, diagnoses of
other STlIs also increased in England: gonorrhoea (from 41,382 in 2015 to 70,936 in 2019), syphilis
(from 5,323 to 7,982) and anogenital herpes (from 33,962 to 34,570) (Figure 4). This rise in STI
diagnoses may be linked to increased STI screening: between 2015 and 2019, there was a 31%
increase in sexual health screens across England, from 1,657,425 in 2015 to 2,175,525 in 2019
(Public Health England, 2020c). The National Chlamydia Screening Programme (NCSP) in England
provides C. trachomatis screening to sexually active young adults aged 15 to 24 (1.8.1). The aims of
the NCSP are to prevent onward C. trachomatis transmission and to reduce prevalence of
associated sequelae, through early detection and treatment. In 2019, over 1.3 million C
trachomatis tests were carried out amongst 15 to 24 year olds, with a total of 135,167 C.
trachomatis diagnoses made within this group (Public Health England, 2020c). Young adults,
specifically females aged 15 to 24, account for the highest diagnostic rate of C. trachomatis of all
age groups (Figure 5) and possible reasons for this were discussed in 1.8.1. Figure 5 also shows the
increase in diagnoses of C. trachomatis across all other age-groups between 2015 and 2019 (except

the 13 - 14 year age-group, in which diagnoses decreased between 2015 and 2019) (Figure 5).

Individuals of Black ethnicity, particularly Black Caribbean, have the highest population rate of C.
trachomatis diagnoses of all ethnic groups (Furegato et al., 2016). In 2019, the diagnostic rate of C.
trachomatis in Black individuals (1,188.6 per 100,000 population) was four times higher than that

in White individuals (290.5 per 100,000 population), and seven times higher than in Asian

22



individuals (168.6 per 100,000 population) (Public Health England, 2020b). The higher diagnostic
rate within Black individuals may reflect the differences in sexual risk behaviour within this

population.

In recent years, there has been a substantial increase in the number of new C. trachomatis
diagnoses amongst men who have sex with men (MSM). The diagnostic rate of C. trachomatis
within this population has almost doubled between 2015 and 2019 (from 2,277.7 to 4,162.8 per
100,000 population). This may be linked to behavioural changes within MSM including increasing
use of ‘chem-sex’ drugs and mobile applications to meet sexual partners, or increased rates of
partner change and un-protected sex (McDaid and Hart, 2010; Gilbart et al., 2015). Risk behaviours

of MSM are explored further in 1.8.3.

250,000

w
@ - &
é 200,000 = . =
- . =—4=— Chlamydia
5 175,000
= == Gonorrhoea
W e
> 5000 Syphilis’
£
s 125,000 === Anogenital Herpes®
2 100,000 —%—Warts®
E
=
= 75 000

50,000

=

25,000
B
16 2017 1018 2019

Year

Figure 4 Number of new diagnoses of selected sexually transmitted infections (STIs) made at sexual
health services (SHS)T in England between 2015 and 2019. Data taken and adapted from (Public
Health England, 2020b). tSexual health services (SHS) refer to specialist SHS including genitourinary
medicine (GUM) clinics; and non-specialist SHS including general practice, pharmacies, and other

community-based settings. ! primary, secondary, and early latent stages; 2 first episode.

23



(A) 3250

3000
2750
c
§ 2500
=y
£ 2250
3 ——13-14
=]
= 2000 —8—15-19
(=} &
Q 1750 p= — A —&—20-24
(=]
S 1500 —25-34
S
8 1250 ——35.44
(V]
E 1000 —0—45-64
750 —% S== o5+
500
g
250 % S ¥ H '
9
o & — + * +
2015 2016 2017 2018 2019
Year
3250
(B)
3000 A
2500 pg—
— — — —
§ 2250 ——13-14
2
L; 2000 —f—15-19
Q. -
& 1750 e 20-24
o —=25-34
8 1500 —¥—35-44
2 .
o
o 1250 —@—45-64
S
g 1000 —t— 65+
[}
T 750 —X
o o
500
250 N
0 : * i $ ——
2015 2016 2017 2018 2019
Year
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England by age group in (A) males and (B) females, 2015 - 2019. Rate given per 100,000 population.
Data taken and adapted from (Public Health England, 2020b).

t Sexual health services (SHS) refers to specialist SHS including genitourinary medicine (GUM) clinics;

and non-specialist SHS including general practice, pharmacies and other community-based settings.
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1.10 The Lymphogranuloma venereum (LGV) epidemic in MSM

1.10.1 A history of the LGV epidemic in MSM

Prior to 2003, Lymphogranuloma venereum (LGV) was considered a tropical disease, largely
confined to heterosexual populations in Africa, South East Asia, and the Caribbean (1.6.3). Within
these populations, the disease manifested as an inguinal syndrome (Ceovic and Gulin, 2015) (1.6.3).
In the western world, LGV cases were sporadic and most were considered to be imported, affecting
travellers from endemic regions or those with sexual contacts from endemic regions (Scieux et al.,
1989; Ceovic and Gulin, 2015). However, three clusters of LGV were reported in industrialised, non-
tropical regions amongst men who have sex with men (MSM) between 1980 and 2003 (Richardson
and Goldmeier, 2007). In Seattle, three MSM were diagnosed with LGV in 1980 after presenting in
clinic with rectal symptoms (Levine, Smith and Brugge, 1980), and a further twelve cases were
identified in MSM with proctitis in Seattle between 1981 and 1991 (Bauwens et al., 1995). In Paris,
27 MSM were diagnosed with LGV between 1983 and 1989 (Scieux et al., 1989). Of these 27 cases,
25 presented in clinic with inguinal lymphadenopathy, and 2 presented with proctitis (Scieux et al.,

1989).

In February 2003, a HIV-positive white bisexual male was diagnosed with LGV in a Rotterdam STI
clinic after presenting with bilateral swollen inguinal lymph nodes and a perianal ulcer
(Nieuwenhuis et al., 2003). The male had engaged in unprotected receptive anal intercourse with
another white male in Amsterdam three weeks prior to presentation at the STI clinic. Genotyping
of the ompA gene encoding the C. trachomatis major outer membrane protein (MOMP) (Morré et
al., 1998) (1.11) identified C. trachomatis ompA genotype L2 in both urine and rectal specimens

obtained from the patient.

In April 2003, a further two HIV-positive MSM were diagnosed with LGV in Rotterdam. The C.
trachomatis ompA genotype for both patients was L2. Both patients presented with proctitis and
had no inguinal lymphadenopathy. Contact tracing of 12 recent sexual partners identified 54 men
that formed an international sexual network of MSM (Nieuwenhuis et al., 2004). Of these, 13 MSM
were diagnosed with LGV. No patients reported an inguinal syndrome, however 12 (92%) reported
intestinal symptoms. Genotyping results were provided for nine of the 13 MSM, of which eight were
ompA genotype L2 and one was ompA genotype L1. Of the 13 MSM diagnosed with LGV, 11 (85%)
were HIV-positive and 6 (46%) were co-infected with an additional STl including gonorrhoea (n= 4;

31%), and syphilis (n=1; 8%).
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In January 2004, the European Surveillance network of STlIs (ESSTI) issued an international alert
relating to the LGV outbreak in Rotterdam. By late 2004, cases of LGV proctitis had been reported
in Paris (Halioua et al., 2004), Hamburg (Robert Koch-Institut, 2004), and Antwerp (Vandenbruaene,
2004). In October 2004, the UK Health Protection Agency (HPA, now Public Health England) set up
an enhanced LGV surveillance system consisting of a reference laboratory diagnostic service and a
case reporting system. An alert was issued to clinicians in GUM clinics and microbiologists briefing
on the LGV cases across Europe. A leaflet was distributed by the Terrence Higgins Trust warning
MSM about LGV and describing its symptoms. By December 2004, 5 cases of LGV proctitis had been
reported in the UK and a national incident team was established that included epidemiologists,
microbiologists, and clinicians. Clinicians were advised to test all MSM presenting at GUM clinics
with symptoms of proctitis or inguinal lymphadenopathy for C. trachomatis. By January 2005, a
total of 24 cases of LGV were confirmed by ompA genotyping in the UK (Macdonald et al., 2005).
All cases were the L2 ompA genotype. Surveillance data was available for 19 of the patients: all
were MSM; 17 (89%) were HIV-positive; 18 (95%) reported anorectal symptoms and 2 (11%) had

swollen inguinal lymph nodes.

In July 2005, the results of a retrospective study of 74 MSM diagnosed with rectal C. trachomatis
infections at an Amsterdam STI clinic between January 2002 and December 2003, were published
(Spaargaren, Fennema, et al., 2005). In total, 45 patients were infected with LGV strains of C.
trachomatis, and sequencing of the ompA gene (Morré et al., 1998) revealed that all 45 patients
contained a new LGV ompA variant called L2b. The nucleotide sequence differences that distinguish
the L2b variant from ompA genotype L2 are detailed in 1.11. Of the 45 patients with the new variant,
32 (71%) had presented at clinic with proctitis and 13 (29%) were asymptomatic. Thirty one patients
(69%) were HIV-positive. To provide a rough estimate of how long the new variant had been
circulating within MSM populations, the ompA sequences of C. trachomatis-positive rectal swabs
from MSM attending the same Amsterdam clinic between 2000 and 2001, and archived swabs from
MSM in San Francisco from 1979 to 1985, were compared to the ompA sequence of the newly
identified L2b variant (Spaargaren, Schachter, et al.,, 2005). In total, 2 of 67 samples from
Amsterdam in 2000, and 4 of 28 samples from 2001 were LGV-positive. All six of these samples
contained the L2b variant, which suggested that the variant had been present in MSM in
Amsterdam as early as 2000. OmpA sequencing of the archived LGV-positive specimens from San
Francisco between 1979 and 1985 detected 15 specimens as L1, 18 as L2, and 18 as the L2b variant.
These 18 L2b specimens had an identical nucleotide sequence to the Amsterdam L2b variant. This
suggested that the LGV outbreak in Europe had most likely been slowly evolving over at least three

decades, and could have originated in North America (Spaargaren, Schachter, et al., 2005). The L2b
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variant has subsequently been implicated in outbreaks of LGV characterised by proctitis worldwide
(Nieuwenhuis et al., 2004; Kropp, Wong and Canadian LGV Working Group, 2005; Ward et al., 2007;

Rodriguez-Dominguez et al., 2015; Isaksson et al., 2017).

1.10.2 Transmission Routes and Clinical Manifestation of LGV in MSM

LGV strains of C. trachomatis are transmitted by direct inoculation of the rectal mucosa during un-
protected anal sexual intercourse (de Vries et al., 2019). Ano-oral sex can act as a secondary
transmission route for LGV, resulting in inoculation of the pharynx. Pharyngeal LGV infections are
rare but can manifest as cervical lymphadenopathy (Korhonen et al., 2012; Dosekun et al., 2013).
Genital infections are rarely seen in MSM (de Vrieze et al., 2017). The primary manifestation of LGV
in MSM is proctitis, defined as an inflammatory syndrome of the rectal lining. LGV proctitis is
characterised by severe anorectal pain, rectal bleeding and haemopurulent discharge. These
symptoms resemble, and may be mis-diagnosed as, inflammatory bowel disease (IBD) (Soni et al.,
2010; Di Altobrando et al., 2019). Between 27% - 43% of LGV infections are asymptomatic
(Spaargaren, Fennema, et al., 2005; Saxon et al., 2016). This is concerning given that asymptomatic
individuals may remain un-diagnosed, allowing un-interrupted transmission of LGV C. trachomatis

strains within sexual networks.

1.10.3 Diagnosis of LGV

In the UK, a two-step procedure is followed to diagnose LGV. The first step is to screen clinical
specimens (including rectal swabs, pharyngeal swabs, ulcerous material from anogenital lesions,
and urine) for C. trachomatis using a C. trachomatis-specific nucleic acid amplification test (NAAT).
This test does not allow strain discrimination, necessitating a second diagnostic step (Ceovic and
Gulin, 2015). If specimens test positive for C. trachomatis, they are subsequently tested for LGV
using an LGV-specific NAAT. This NAAT is a triplex real-time PCR assay that targets a 36 bp deletion
in the chromosomal polymorphic membrane protein H gene (pmpH) of LGV strains; in addition to
an 88 bp region of the C. trachomatis plasmid; and the human RNase P gene as an internal process
control. This triplex LGV PCR assay was developed by the Sexually Transmitted Bacteria Reference
Laboratory (STBRL) at Public Health England (Morré et al., 2005; Alexander, Martin and Ison, 2007,
Chen et al., 2007). In the UK, there have been several changes to national guidelines for LGV testing
in recent years (Public Health England, 2020d). As of 2015, all individuals with LGV symptoms,
contacts of confirmed LGV cases, and all HIV-positive MSM that test positive for C. trachomatis at

any site, are tested for LGV (Nwokolo et al., 2016).
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1.10.4 Treatment of LGV

The recommended treatment for LGV is doxycycline (100 mg) taken orally twice daily for 21 days.
This treatment is also recommended for asymptomatic patients and sexual contacts of LGV
patients, in addition to patients with inguinal LGV (de Vries et al., 2019). There is no evidence that
a HIV co-infection requires a different therapeutic approach (de Vries et al., 2019). There are no
guidelines for treating pharyngeal LGV infections, however 7 day, 14 day and 21 day courses of
doxycycline (100 mg) have all been shown to be effective in resolving infection (Dosekun et al.,
2013). Patients with complications of anorectal LGV (1.6.3) including rectal strictures may require

surgical intervention in addition to antibiotic treatment.

1.10.5 Epidemiology of the LGV Epidemic in MSM in the UK

1.10.5.1 Case Reporting of LGV

Inthe UK, the first LGV case reporting system was introduced by the Health Protection Agency (HPA;
now Public Health England) in 2004 to monitor the growing LGV epidemic in MSM (1.10.1). For each
confirmed case of LGV, the HPA sent a questionnaire to be filled out by the clinician that included
patient demographic information, sexual history, sexual behaviour, symptoms, other STI diagnoses,
and treatment regimen (Ward et al., 2007). Since 2011, all LGV diagnoses made at sexual health
services across England are reported to an electronic routine surveillance database: the
Genitourinary Medicine Clinic Activity Dataset (GUMCAD), which is operated by Public Health
England (Savage et al., 2014). GUMCAD also records laboratory STI tests and patient demographic

data including age, sexual orientation, ethnicity, HIV status, and STI history.

1.10.5.2 LGV diagnoses made in England: 2004 — 2019

Between 2004 and 2018, 6,637 LGV diagnoses were made in the United Kingdom. The United
Kingdom reports the highest number of confirmed LGV cases of any European country (European
Centre for Disease Control, 2019). This may be impacted by surveillance bias, as the UK has had a

comprehensive LGV surveillance system in place since 2004 (1.10.5.1).

Between 2018 and 2019, there was a 28% increase in LGV diagnoses in England (from 791 to 1,094).
Prior to 2019, the number of LGV diagnoses made in England peaked in 2015, then declined until
2017, and has since risen rapidly (Public Health England, 2020d). It is possible that this increase in
diagnoses may be the result of increased screening in MSM (Public Health England, 2020d).
Between 2011 and 2019, the annual number of LGV tests performed in England increased steadily,

and this could perhaps be attributed to changes in national management guidelines to include
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asymptomatic MSM with HIV and all individuals with LGV symptoms (Public Health England, 2020d).
Between 2018 and 2019, there was a 21% increase in the number of LGV tests (from 10,502 to
12,674). There was also a corresponding increase in the percentage of LGV tests that were positive

(from 8% to 9%), which indicated an increase in LGV transmission between 2018 and 2019.

In 2019, 98% (1,076/1,094) of all LGV diagnoses were in men, and diagnoses amongst women were
rare (n= 18). Diagnoses in women may include transgender women. In men, LGV diagnoses in
England are almost exclusively amongst MSM: 95% (1,020/1,076) of LGV diagnoses in 2019 were
within this group. Men aged 25 to 44 accounted for 66% (n=713) of all LGV diagnoses in 2019. Since
2018, fewer diagnoses are made in UK-born men compared to those born outside of the UK, and in
2019, 44% (478/1,076) of LGV diagnoses were made in UK-born men. The majority of LGV cases are
white MSM (79% of all diagnoses in 2019), and a higher incidence of LGV is seen in MSM with a
history of STI (Public Health England, 2020d). LGV diagnoses in the UK are concentrated in London
(Public Health England, 2020d), with 77% of all LGV diagnoses in 2019 made in London. The rate of
LGV is highest amongst MSM living with HIV however there has been an increase in LGV diagnoses
amongst HIV-negative MSM since 2017. Between 2018 and 2019, there was a 95% increase in LGV
diagnostic rate amongst HIV-negative MSM (Public Health England, 2020d). This group is eligible
for pre-exposure prophylaxis (PrEP) (1.8.3). PrEP is the provision of antiretroviral drugs before HIV
exposure to prevent infection. There are concerns that PrEP use may result in risk compensation,
whereby individuals perceive themselves to be protected from HIV infection by PrEP, and as a
result, become more likely to engage in riskier sexual practices that can increase the risk of STI
transmission (McCormack et al., 2016). Hence, the rise in LGV diagnoses amongst HIV-negative

MSM may be the result of more widespread PrEP use in this population (Traeger et al., 2018).
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1.11 Overview of typing systems used to characterise C. trachomatis

strains

Typing has been applied to differentiate C. trachomatis strains for decades. There are many uses

and reasons for typing, including:

1. Differentiation of C. trachomatis strains can reveal transmission patterns in sexual
networks and can be used as a tool in partner notification.

Typing may enable association with clinical manifestations and pathogenicity.

Tissue tropism for certain strains can be identified.

For evolutionary surveillance of specific clones.

Typing can play a role in cases of sexual abuse.

o v &~ w N

Typing may help to determine whether infections are persistent or new (Pedersen et al.,

2009)

In the 1970s, a microimmunofluorescence (MIF) test was developed to distinguish between C.
trachomatis strains (Wang and Grayston, 1970). This test was able to differentiate strains into
serovars (sometimes referred to as serotypes) based on variation in surface antigens. It was later
recognised that these surface antigens were located on the chlamydial major outer membrane
protein (MOMP) (1.5) (Stephens et al., 1982). After the invention of PCR, serological classification
of C. trachomatis was largely replaced by molecular typing methods based on the ompA gene
encoding MOMP. One such method was restriction fragment length polymorphism (RFLP). This
involved the amplification of the ompA gene using PCR, followed by DNA digestion using restriction
endonucleases. The resulting DNA fragments were then separated on a polyacrylamide gel, and the
pattern of DNA bands on the gel was compared against those of known serovars. It was later shown
that sequencing of the ompA gene provided a higher level of resolution than serotyping using MIF,

and RFLP; and the advent of molecular genotyping began.

The most widely used molecular genotyping methods for C. trachomatis are ompA genotyping
based on PCR amplification and sequencing of the ompA gene; and high-resolution genotyping
methods that target multiple loci across the C. trachomatis genome, including multi-locus
sequencing typing (MLST) and multi-locus variable number tandem repeat (VNTR) analysis (MLVA).

These techniques are described in detail in the following sections.
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1.11.1 OmpA Genotyping

1.11.1.1 The ompA gene

The outer membrane protein A gene, ompA, encodes the C. trachomatis major outer membrane
protein (MOMP). The ompA gene is approximately 1,200 base pairs in length and is comprised of
five constant segments (CS 1 - 5) interspersed with four variable segments (VS 1 - 4). The constant
segments encode five highly conserved membrane-spanning constant domains in the protein; and
the variable segments encode four polymorphic variable domains (VD 1 — 4) that are surface-
exposed epitopes (Stephens et al., 1987). Amino acid substitutions within the variable domains of

MOMP allows for C. trachomatis strain discrimination (1.11) (Spaargaren et al., 2005).

1.11.1.2 Structure of the MOMP

The MOMP is embedded in the C. trachomatis outer membrane, and is considered to be a porin
(Bavoil et al., 1984). Porins are typically folded into a barrel-like B-pleated sheet structure delimiting
a pore (Rodriguez-Marafidn et al., 2002). No experimental structural data exists for MOMP;
however, models have proposed a trimeric structure consisting of 16 membrane-spanning B-sheets
that form a barrel-like structure, with loops protruding outwards (Rodriguez-Marafidn et al., 2002).
The variable domains are located on the outer loops, and the constant domains are located in the
transmembrane region. The MOMP sequence has 8 — 10 cysteine residues that are located at the
external membrane surface and in the external loops. Proposed functions for the cysteine residues
include provision of stability to the outer C. trachomatis membrane through disulphide bond

formation (Feher et al., 2013). The predicted topology of MOMP is shown in Figure 6.
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Figure 6 Predicted topology of the C. trachomatis major outer membrane protein (MOMP) in an

ompA genotype C strain.

The major outer membrane protein (MOMP) of C. trachomatis consists of 16 anti-parallel beta-
stranded sheets (S1 — $16), and six external loops. Within the loops, four surface-exposed variable
domains (VD 1 — 4) are located. Five conserved domains (CD 1 — 5) are located in the
transmembrane beta-sheet structure. The MOMP sequence has 8 — 10 cysteine residues (shown in
yellow) that are located at the external membrane surface and in the external loops. Aromatic
amino acid residues (shown in dark pink) are located in the periplasmic layer interface. Figure taken

from (Feher et al., 2013) and reproduced under the terms of the Creative Commons 4.0 licence.
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1.11.1.3 OmpA genotyping

OmpA genotyping involves PCR amplification of the ompA gene using targeted primers, and
sequencing of the resulting amplicons. Genotyping of the ompA gene is widely used to differentiate
between C. trachomatis strains, however there are limitations to this method. OmpA genotyping
lacks resolution and provides no information about the remainder of the C. trachomatis genome.
Also, the ompA gene is not always an accurate epidemiological marker when used on its own, as
ompA has been shown to be both a mutational and recombination hotspot within the genome
(Brunelle and Sensabaugh, 2012; Harris et al., 2012). For genotyping surveys, the method has been
largely superseded by more discriminatory genotyping systems such as multi-locus sequence typing
(MLST), and multi-locus variable number tandem repeat (VNTR) analysis (MLVA). Despite this,

ompA genotyping is still the main method of C. trachomatis strain classification.

As detailed in 1.10.1, sequence analysis of the ompA gene revealed that the LGV proctitis outbreak
in MSM in Amsterdam was caused by a new ompA variant called L2b (Spaargaren et al., 2005). The
L2b variant has subsequently been implicated in outbreaks of LGV proctitis amongst MSM across
the globe (Nieuwenhuis et al., 2004; Kropp et al., 2005; Ward et al., 2007; Rodriguez-Dominguez et
al., 2015; Isaksson et al., 2017). The new variant possessed several base pair changes to ompA
genotype L2 and its known variants L2a and L2’ (Spaargaren et al., 2005). Three of these base pair
changes encoded amino acid substitutions within variable domain 2 (VD 2) (Figure 7). It is unknown
whether these substitutions cause functional alterations within the ompA gene. A fourth base pair
change was identified in constant segment 2 (CS 2), however this mutation was synonymous and

did not result in an amino acid substitution.
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Patients with LGV Proctitis, Amsterdam, 2003:

L2

L2a
L2’

GATAGTGAGAACCATGCTACAGTTTCAGATAGTAAGCTTGTACCAAATATGAGCTTAGATCARTCT L2b

AGT=Serine: LZb
ARA=Lysine: L3
RAT=Asp: 12 L2’

L2a L1

GCT=Alanine: L2b, L2
AGC=Serine: L1
ACT=Threonine: L2a L2/

L3

TTA=Leucine: LZb, L2’ L2a
TTT=Phenylalanine: L2
TTG=Leucine: L1 L3

aa=162

aa=166

Figure 7 Schematic diagram of the C. trachomatis ompA gene.

For variable segment 2 (VS 2), the nucleotide and amino acid (aa) sequences of ompA genotypes
L1, L2, L2a, L2’ and L3 are compared to the L2b variant. Conserved nucleotides in VS 2 for all LGV
strains are shown in red, and nucleotide substitutions are shown in black. The nucleotide
substitutions in L2 as compared to L2, TL2a and TL2’ are indicated by arrows. Amino acids encoded
by the nucleotide substitutions, and the corresponding amino acid position are listed. Figure taken

from Spaargaren et al. (2005) and reproduced under the Creative Commons 4.0 Licence. Tt L2a and

L2’ are ompA genotype L2 variants.
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1.11.2 Multi-locus Sequence Typing (MLST)

Multi-Locus Sequence Typing (MLST) can be used to differentiate between C. trachomatis strains.
MLST analyses nucleotide sequence variation within 400 - 700 base pair fragments of 6 - 8
housekeeping genes. Housekeeping genes are utilised as they are stable and are essential for cell
survival, hence MLST can be used for long-term and global epidemiological studies. The genes
chosen for MLST must not be under immune selection (Maiden, 2006), should be widely separated
on the chromosome, and should not be adjacent to MOMP or hypothetical proteins as these may
be under diversifying selection (Pannekoek et al., 2008). MLST involves PCR amplification of the
selected housekeeping genes followed by sequencing of the resulting amplicons. At each
housekeeping gene locus, allele fragments are assigned a number, such that for every isolate, a
code comprised of numbers for each locus is assembled. This code is referred to as a sequence type
(ST). There are many advantages of MLST: its universal system of nomenclature allows inter-
laboratory comparisons; and the use of nucleotide sequence analysis to determine STs is
unambiguous and allows more alleles to be distinguished per locus, which affords a high level of

isolate discrimination (Dean et al., 2009).

In 2007, Klint et al. developed a multi-sequence typing scheme, termed MST, that targeted five non-
housekeeping gene loci: CT046 (hctB), CT058, CT144, CT172 and CT682 (pbpB). The STs of 47
isolates were analysed and the scheme proved highly discriminatory, identifying 32 variants
compared to the 12 variants detected using ompA sequence analysis (Klint et al., 2007). This scheme
does not follow the aforementioned rules of MLST - it is based on the sequencing of five
hypervariable regions comprising genes that are under immune selection (hctB and pbpB; encoding
DNA- and penicillin- binding proteins respectively). This scheme is often referred to as a multi-

sequencing typing scheme, or MST (Labiran et al., 2012).

In 2009, Pannekoek et al. developed an MLST scheme based on partial fragments (400 - 500 base
pairs) of seven housekeeping genes (gatA, oppA-3, hflX, gidA, enoA, hemN, fumC), in order to
investigate the population genetic structure of two chlamydial species, C. trachomatis and C.
pneumoniae (Pannekoek et al., 2008). The scheme provided no resolution for C. pneumoniae
isolates, however ST analysis of 26 C. trachomatis isolates formed three clonal complexes consistent
with those obtained from phylogenetic analyses of 16S and 23S rRNA genes (Everett, Bush and
Andersen, 1999). LGV isolates formed one clonal complex; isolates with more common urogenital
ompA genotypes (D - F) formed a second clonal complex; and isolates with less common urogenital

ompA genotypes (G - K) and ocular ompA genotypes (A - C) formed the final clonal complex. These
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findings were confirmed by analysis of whole genome sequence data (Harris et al., 2012), and by
the work of Dean et al. (2009). Dean et al. developed a second MLST scheme for C. trachomatis,
and assigned STs to isolates from six continents using seven different housekeeping genes (glyA,
mdhC, pdhA, yhbG, pykF, lysS, leuS). These isolates formed three clusters matching those reported
by Pannekoek et al. (2008).

1.11.3 Multi-locus Variable Number Tandem Repeat (VNTR) Analysis (MLVA)

In 2008, Pedersen et al. detailed a new genotyping scheme for C. trachomatis isolate discrimination
based on PCR and sequence analysis of the ompA gene, and three variable number tandem repeat
(VNTR) regions (Pedersen et al., 2008). This new genotyping scheme was termed multi-locus
variable number tandem repeat (VNTR) analysis (MLVA) with ompA genotyping, or, MLVA-ompA.
VNTRs are stretches of nucleotide repeats or motifs. In these regions of repetition, DNA polymerase
is prone to error during replication. As such, VNTR targets are well-suited for short-term, local
epidemiology studies. The three VNTR loci that comprise the Pedersen et al. (2008) scheme are
CT1291, CT1299, and CT1335. These loci were selected on the basis that they had a high
discriminatory power compared to other locus candidates (Pedersen et al, 2008). The
discriminatory power of a genotyping scheme is defined as its ability to assign a different genotype
to two un-related strains sampled randomly from the population of a given species (Hunter and
Gaston, 1988; van Belkum et al., 2007). Discriminatory power is calculated using Simpson’s Index
of Diversity (2.20.1). The Index of Diversity can be used to compare typing schemes to allow for the
selection of the most discriminatory system (Hunter and Gaston, 1988). A Simpson’s index of
diversity of 1.0 describes an ideal typing system, however a typing system with an Index value above

III

0.95 is considered to have more or less “ideal” resolution (van Belkum et al., 2007). Pedersen et al.
(2008) determined that for their study sample set, the use of ompA and the three VNTR loci gave a
combined Simpson’s index of diversity value of 0.94, which was higher than typing with just ompA
(0.69) or each VNTR locus alone (0.53 - 0.74) (Pedersen et al., 2008). Pedersen et al. (2008) also
evaluated the typeability and reproducibility of the MLVA-ompA scheme. Reproducibility is the
ability of a genotyping scheme to assign the same type to an isolate upon repeated testing. The
reproducibility of MLVA-ompA was 100% (Pedersen et al., 2008). Typeability is the ability of a typing
system to assign a genotype to all isolates tested by the genotyping system. The typeability of ompA

was 100% and 99% for MLVA-ompA (Pedersen et al., 2008).

The VNTRs in the Pedersen et al. (2008) scheme are stable. Patients with recurrent C. trachomatis
infections were shown to have unchanged VNTRs during the time of infection, a period ranging

from 70 to 394 days (Pedersen et al., 2008). This investigation had its limitations, namely that
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patients were assessed under the assumption that each was infected with the same strain
throughout the infection period, and also that each had not been re-infected with C. trachomatis
by a different sexual partner. There were some concerns that the error-prone nature of DNA
polymerase during DNA replication might affect the stability of the VNTR loci over several C.
trachomatis divisions (Labiran et al., 2012). This is crucially important as these loci must remain
stable throughout an epidemiological study for the data being collected to be comparable (van
Belkum et al., 2007). The stability of the VNTR loci of the MLVA-ompA typing system was assessed
by Labiran et al. (2012) by comparing the sequence at each VNTR locus prior to passage in tissue
culture with the sequence at each locus after eight passages. It was found that the VNTR sequence
after eight passages was identical to the VNTR sequence prior to passaging. This demonstrated that
the MLVA-ompA typing system was suitable for both short- and long-term epidemiological
investigations.

In 2012, Peuchant et al. developed a new MLVA scheme (MLVA-5) to discriminate between C.
trachomatis isolates based on five VNTR loci (Ct-51, Ct-531, Ct-719, Ct-1025, and Ct-1035)
(Peuchant et al., 2012). MLVA-5 employs multiplex PCR and capillary electrophoresis with
fluorescently-labelled primers and has no sequencing step. These methods enable high-throughput
analysis and easier interpretation of results, particularly for VNTRs with a small number of repeat
units (MLVA-5 repeat units vary from 3bp for Ct-719 and Ct-1025, to 150bp for Ct-531). The stability
of MLVA-5 was assessed after 10 passages and the loci were shown to be stable (Peuchant et al.,
2012).

The ability of MLVA schemes to discriminate between C. trachomatis isolates makes them an

attractive target for molecular epidemiological investigations of C. trachomatis.
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1.12 Aims

As discussed in 1.11.1, C. trachomatis strains are classified by ompA genotype. The ompA gene has
been identified as a mutational hotspot within the C. trachomatis genome, and extensive sequence
variation within the ompA gene has been detected in C. trachomatis strains (Stary et al., 2008;
Brunelle and Sensabaugh, 2012; Borges et al., 2019; Cole et al., 2020b). Polymorphisms at other
genetic loci within C. trachomatis also allows C. trachomatis strains to be differentiated.
Polymorphisms within the tryptophan synthase alpha (trpA) gene have been found to distinguish

trachoma-causing and genital C. trachomatis strains.

High-resolution genotyping systems targeting multiple loci across the C. trachomatis genome have
increased our knowledge relating to genetic diversity within C. trachomatis strains. These multi-
locus systems include MLST (Pannekoek et al., 2008; Dean et al., 2009) and MLVA (Pedersen et al.,
2008; Peuchant et al., 2012). A MLVA-ompA genotyping survey of C. trachomatis strains collected
from the rectum of MSM in Brighton (Labiran et al., 2016) demonstrated that a high level of
genotypic diversity within C. trachomatis LGV strains exists within the Brighton population.
However, the Brighton study included only eleven LGV isolates; and no large-scale high-resolution
genotyping survey of LGV strains has ever been conducted in the UK. It is unknown whether this
high level of genotypic diversity within LGV strains in Brighton is also present within LGV strains

circulating in other UK cities.

Whole genome sequencing (WGS) has provided insight into the genomic diversity of C. trachomatis
strains. Genomic analyses of LGV C. trachomatis strains have been conducted on strains isolated
from patients with symptomatic LGV infections (i.e. the inguinal LGV syndrome or LGV proctitis).
Strains isolated from patients with asymptomatic infections have not previously been analysed. It
is unknown whether the absence of disease symptoms in asymptomatic individuals is the result of
genetic variation within the genome, or a host effect. Further investigation into the genetic
characteristics of asymptomatic LGV infections may reveal key marker sequences within the

genomes.

This PhD will utilise several methods including ompA genotyping, trpA gene sequence analysis,
MLVA-ompA genotyping, and whole genome sequencing; in order to characterise genetic diversity

within C. trachomatis strains in high-risk sexual networks.

The aims of the PhD were as follows:
e To determine the ompA genotype of C. trachomatis DNA extracted from a conjunctival

swab collected from a 10 year old female recently resident in Afghanistan, in order to
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determine whether the child was infected with a trachoma-causing C. trachomatis strain,
or a C. trachomatis strain associated with sexually transmitted urogenital infections
(Chapter 3).

To sequence and identify SNPs in the tryptophan synthase alpha subunit (trpA) gene of C.
trachomatis DNA extracted from the conjunctival swab, to confirm that the child was
infected with a trachoma-causing C. trachomatis strain (Chapter 3).

To evaluate several multi-locus genotyping schemes for C. trachomatis in order to
determine which scheme would be most suitable for a genotyping survey of LGV strains
collected from London-based GUM clinics in Chapter 5 (Chapter 4).

To consider the practicability and reproducibility of the most appropriate scheme for
genotyping LGV strains of C. trachomatis (Chapter 4).

To assess genotypic diversity within LGV strains in London, by determining the distribution
of LGV MLVA-ompA genotypes in LGV-positive clinical specimens from eight London
genitourinary medicine (GUM) clinics (Chapter 5).

To compare the genomes of LGV isolates obtained from symptomatic and asymptomatic
MSM in Brighton in order to investigate genomic diversity and indicate genomic loci within
the isolates that may be linked with the presence or absence of clinical symptoms (Chapter

6).
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CHAPTER 2 Materials and Methods

This chapter contains the standard methodologies of techniques used throughout this PhD. Specific
details of experimental protocols and data analysis can be found in the corresponding methods

section of the Results chapters.

2.1 E. coli growth media

2,11 Luria-Bertani (LB) Medium

LB medium is a nutritionally-rich medium used for the growth of E. coli strains (Table 1). Tryptone
(10 g/L), Yeast Extract (5 g/L) and sodium chloride (5 g/L) (all Becton, Dickinson and Company, USA)
were dissolved in UHQ dH,0. Media was autoclaved. If required, ampicillin was added at a final
concentration of 50 pg/ml once media had cooled (2.1.4). Bottles containing media were stored at

room temperature.

2.1.2 LB Agar

LB agar plates were used for the growth and maintenance of E. coli strains (Table 1). Bacteriological
Agar, 1.5% (Becton, Dickinson and Company, USA) was added to LB medium (2.1.1) and autoclaved.
Molten LB agar was transferred to a water bath set to 55°C. If required, ampicillin was added at a
final concentration of 50 pg/ml once media had cooled to 55°C (2.1.4). LB agar was poured into
sterile petri dishes in the class Il laminar flow cabinet. Once set, unused plates were inverted and
stored at 4°C for a maximum of two weeks. Plates were visually checked for contamination prior to

use in experiments.

2.1.3 Minimal Medium

Minimal medium was used to grow the thiamine-auxotrophic E. coli strains JM101 and DH5a (Table
1). The medium contained the minimum possible nutrients for colony growth supplemented with
thiamine, to test thiamine dependency of the E. coli strains prior to their use in cloning. The purpose

of this was to confirm the phenotype of each strain prior to use in cloning experiments.

Minimal E salts were dissolved in UHQ dH,0 overnight. The Minimal E salts were MgS04.7H,0 (10
g/L), CeHsO7 (100 g/L), K;HPO4 (500 g/L) and NaNH4HPO4.4H,0 (175 g/L). Bacteriological agar, 1.5%
(Becton, Dickinson and Company, USA) was dissolved in UHQ dH,O (“water agar”), before

autoclaving. Molten “water agar” was cooled to 55°C in a water bath. Per 100ml “water agar”, 2 ml
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of minimal E salts, 2 ml 10% glucose solution, and 200 pL 2.5 g/L thiamine hydrochloride were
added. Minimal media was poured into sterile petri dishes in the class Il laminar flow cabinet. Plates
not supplemented with thiamine hydrochloride were also prepared. Once set, unused plates were
inverted and stored at 4°C for a maximum of two weeks. Plates were visually checked for

contamination prior to use in experiments.

2.14 Ampicillin

To grow the ampicillin-resistant E. coli strain IM101 (pUC19) (Table 1), media was supplemented
with ampicillin. Ampicillin (Merck, Germany) was dissolved in UHQ dH,0 to 50 mg/ml. This was
sterilised through a 0.2 um syringe filter (Thermo Fisher Scientific, UK) and stored at -20°C in 500 pL
aliquots. Ampicillin was added to cooled LB medium (2.1.1) or LB agar cooled to 55°C (2.1.2) at a

final concentration of 50 pg/ml.

2.2 E. coli Strains

2.2.1 Growth and Storage of E. coli strains

A list of all E. coli strains used in this PhD is provided in Table 1. Frozen culture stocks of each E. coli
strain were used to produce working stocks on agar plates supplemented with ampicillin (if
required). Liquid cultures of E. coli were grown in LB media for 16 hours at 200rpm at 37°C. The
culture was added to 30% sterile glycerol for long-term storage at -80°C. When required, a loop of
bacteria was removed from the stock and streaked onto agar plates (supplemented with ampicillin
(2.1.4) if required). For downstream applications, overnight cultures were prepared by inoculating

10 ml LB (unless otherwise stated) and growing for 16 hours at 37°C.
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Table 1 E. coli strains and features

Strain Genotype Resistance |Reference
JM101 supkE thi-1 Alac-proAB F‘[lacl"ZAM15 traD36 proAB*] | None (Messing,
1979)
DH5a F endA1 ginV44 thi-1 recAl relAl gyrA96 deoR nupG|None (Hanahan,
purB20 ©80lacZAM15 A(lacZYA-argF)U169 1983)
hsdR17(rkmk*) A
JM101 (pUC19) |As described for JM101, transformed with pUC19 | Ampicillin |(Yanisch-
vector Perron,
Vieira and
Messing,
1985)

2.2.2 Preparation of competent E. coli cells

A 10 ml culture of E. coli was grown overnight at 37°C, 5% CO, (2.2.1). A 1 ml aliquot of overnight
culture was used to inoculate 100 ml of LB media (supplemented with ampicillin if required; 2.1.4).
This was incubated at 37°C, 5% CO;, 200rpm to log phase (ODgoonm = 0.3). The culture was placed on
ice for 20 minutes. Cells were pelleted by centrifugation at 4,000 xg for 10 minutes. Supernatant
was discarded and cells re-suspended on ice in 20 ml of ice-cold 0.1M CaCl; for 20 minutes. Cells
were re-pelleted by centrifugation at 4,000 xg for 10 minutes. Supernatant was discarded and cells
re-suspended in 2ml of ice-cold 0.1M CaCl, with 20% glycerol. Competent cells were stored at -80°C

in 200 uL aliquots. Cells were thawed on ice prior to transformation.

2.3 Plasmids

The plasmid vector, pUC19, was used for cloning in this PhD (Table 2). This vector is 2,686 base pairs
(bp) in length and has a high (500-700) copy number. A vector map for pUC19 is provided in Figure
8. Purified pUC19 stocks were prepared using the Wizard® Plus SV Minipreps DNA Purification
System (Promega, UK) (2.4.1) and stored at -20°C.
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Table 2 Plasmids

Plasmid |Size (bp) |Features Resistance | Reference

pUC19 |2,686 Cloning vector with a 54 base pair multiple cloning | Ampicillin | (Norrander,

site (MCS), an Ampicillin resistance gene (Amp®),

Kempe and
and the N-terminus fragment of the B- Messing,
galactosidase-encoding gene lacZ (lacZa). 1983)

(26535) BseYI PspFI (2659)
(2550) AlwNI A

AfIIII - Pcil (273)

L4440 (371 ..388)

BspQI - SapI (350)

[ .’-!13?:—:'3;9 (503 .. 618)
HindIII (532)

BfuAI - BspMI (637)
'/ SphI (s42)

. PstI - SbfI (s483)
ES sall (550)
(2071) AhdI - s AccT (551)
1 HLm:E[ (652)
~ Xbal (556)
| bl — BamHI (562)
(2005) Bsal 'g;jsgtg 2 ~ Aval - BsoBI - TspMI - Xmal (557)
(z002) BpmI— I | | P " BmeT1101 (s58)
(1235) BsrFI (] = Smal (659)
Acc65I (6571)
KpnI (575)
(1924) NmeAIIl

Eco53kI (573)
. BanII - Sacl (s31)
' Apol - EcoRI (533)

M13
KasI (344)
Narl (245)
Sfol (s48)
PluTI (g43)
Ndel (237)
BStAPT (501)

pRS-marker (914 .. 933)

(1673) Tsol

Pfol (1032)
pGEX 3" (1033 g
/ T A Eco0109I (1051)
£1590) Seal pBRforEco (1083 .. 1111)
(1502 .. 1521) Amp-R Zral (1150)
(1471) Xmnl Fatlh {1152)

SspI (1266)

Figure 8 pUC19 Vector Map.

The multiple cloning site (MCS), the Ampicillin resistance gene (AmpR), the origin of replication
(ori), the CAP binding site and lac promoter, and the lacZa gene are shown, along with M13 forward

and reverse sequencing primer binding sites and restriction sites. Vector map was created by

Addgene (Addgene plasmid #50005) using SnapGene® (version 5.3).
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2.4 Isolation of DNA

2.4.1 Isolation of Plasmid DNA

Plasmid DNA was isolated from E. coli using the Wizard® Plus SV Minipreps DNA Purification System
(Promega, UK). Bacteria was inoculated into 4 ml of LB medium (with 50 pug/ml ampicillin) and
incubated overnight at 200rpm at 37°C (2.2.1), and pelleted by centrifugation at 10,000 xg for 5
minutes. Supernatant was discarded and the pellet re-suspended in 250 uL of Cell Resuspension
Solution. Cell Lysis Solution (250 pL) was added and the mixture inverted 4 times to mix. Alkaline
Protease Solution (10 uL) was added to inactivate endonucleases released during the cell lysis step
that degrade DNA. The mixture was then inverted a further 4 times before incubation at room
temperature for 5 minutes. Neutralisation solution (350 pL) was added and the mixture inverted 4
times to mix, before centrifugation at 16,000 xg for 10 minutes. The lysate was decanted into a Spin
Column sat atop a Collection Tube, and centrifuged at 16,000 xg for 1 minute. The flow-through
was discarded. The silica membrane of the Spin Column was washed twice using Wash Solution.
For the first wash, 750 uL of Wash Solution was added to the membrane and the Spin Column
centrifuged at 16,000 xg for 1 minute. For the second wash, 250 uL of Wash Solution was added
and the Spin Column centrifuged at 16,000 xg for 2 minutes. After both wash steps the flow-through
was discarded. The Spin Column was transferred to a sterile 1.5 ml microcentrifuge tube. The final
step was to elute the DNA in 100 pL of Nuclease-Free Water (Life Technologies, UK) and centrifuge
at 16,000 xg for 1 minute.

Plasmid DNA concentrations were determined by dsDNA fluorometry using Qubit® (Thermo Fisher
Scientific, UK) (2.12) to inform the required volume for downstream applications. Isolated plasmid
DNA was analysed by agarose gel electrophoresis (2.11). If not immediately required for

downstream applications, DNA was stored at -20°C.

2.4.2 Isolation of Genomic DNA

Genomic DNA was isolated from C. trachomatis inocula (2.17), and from clinical specimens

including swabs, using the NucleoSpin® Tissue kit (Macherey-Nagel, Germany).

Lysis buffer (T1; 180 pL) and 25 pL of Proteinase K were added to clinical samples before vortexing.
This mixture was incubated in a water bath set to 56°C for 1 - 3 hours. An RNase digest was
performed by adding 20 pL RNase A (10 mg/ml) and incubating at room temperature for 5 minutes.
Samples were vortexed and 200 L of lysis buffer (B3) was added, before vortexing and incubating
at 70°C for 10 minutes. Ethanol (100%; 210 uL) was added before vortexing and transferring the

resulting solution to a NucleoSpin® Tissue Column. The tissue column was centrifuged at 11,000 xg
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for 1 minute and the flow-through discarded. The silica membrane of the Tissue Column was
washed twice using wash buffers. For the first wash, 500 pL buffer BW was added to the membrane
and the column centrifuged at 11,000 xg for 1 minute. For the second wash, 600 uL buffer B5 was
added and the column centrifuged at 11,000 xg for 1 minute. After both wash steps the flow-
through was discarded. The silica membrane of the Column was dried to remove residual ethanol
by centrifuging the column at 11,000 xg for 1 minute. The Tissue Column was transferred to a sterile
1.5 ml microcentrifuge tube. DNA was eluted by addition of 100 uL of elution buffer (BE) containing
5 mM Tris-HCI, and incubating at room temperature for 1 minute, before centrifugation at 11,000xg

for 1 minute.

Genomic DNA concentrations were determined by dsDNA fluorometry using Qubit® (Thermo Fisher
Scientific, UK) (2.12) to inform the required volume for downstream applications. If notimmediately

required for downstream applications, DNA was stored at -20°C.

2.5 Primers

Primers (Eurogentec, Belgium) were used to amplify sections of plasmid or genomic DNA by PCR.
For MLVA-ompA genotyping (Chapter 4 and Chapter 5), primers designed by Pedersen et al. (2008),
Labiran et al. (2014) and Lan et al. (1994) were used. For cloning, custom primers were designed
using SnapGene® (version 5.3) with restriction sites (2.6) to facilitate ligation (2.7) of amplified DNA

products into plasmid vectors.

2.6 DNA Digestion

Inserts generated by PCR (2.9), and plasmids (2.3), were digested at restriction sites using
restriction endonucleases. If required, restriction sites were added to the termini of the insert DNA
using PCR with cloning oligonucleotides (2.5). DNA (2 pg) was incubated for 2 hours at 37°C with 1x
digest buffer (Promega, UK), 5 units of the relevant endonuclease (Promega, UK), and 1x BSA

(Promega, UK).

Linearised plasmid vectors were dephosphorylated prior to cloning to prevent re-circularisation
during ligation. The dephosphorylation reaction contained 5 units of alkaline phosphatase
(Promega, UK), 1x reaction buffer (Promega, UK), and 1x BSA (Promega, UK). This reaction was
incubated at 37°C for 30 minutes then 56°C for 15 seconds for deactivation. Digested vector DNA

was purified (2.4.1) prior to ligation (2.7).
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2.7 Ligation

Ligations were performed using T4 DNA Ligase (Promega, UK). T4 DNA Ligase facilitates ligation by
catalysing the formation of a phosphodiester bond between the 5’ phosphate and the 3’ hydroxyl
termini of two separate DNA strands. Each 10 pL ligation reaction consisted of 10 ng
dephosphorylated vector (2.6), a 3-fold molar excess of insert DNA, 1 unit of T4 DNA Ligase and 1x
Rapid Ligation Buffer (Promega, UK). Reactions were incubated at room temperature for 15

minutes. Ligated plasmids were transformed (2.8) into competent E. coli cells.

2.8 Transformation of E. coli

Ice-cold plasmid vector DNA (10 ng) (2.7) was added to 50 plL of competent E. coli cells (2.2.2) and
kept on ice for 25 minutes. Cells were heat-shocked at 42°C for 45 seconds to facilitate the uptake
of DNA, then placed on ice for 5 minutes to recover. LB medium (500 uL; 2.1.1) was added to the
cells and the mixture incubated at 37°C, 5% CO,, 200rpm for 1 hour. Cells were pelleted by
centrifugation at 3,000 xg for 1 minute at 20°C. The supernatant was discarded and the cells re-
suspended in 50 uL of LB medium. Transformants were screened (2.8.1) on LB agar supplemented
with  5-bromo-4-chloro-3-indoyl-beta-D-galacto-pyranoside  (X-Gal), isopropyl beta-D-1-

thiogalactopyranoside (IPTG) and ampicillin (2.1.4) and incubated overnight at 37°C.

2.8.1 Screening for Transformants

Transformed E. coli colonies were identified by blue-white screening. A schematic diagram of the
blue-white screening process is provided in Figure 9. Briefly, E. coli strains with the lacZAM15
deletion mutation are unable to produce functional B-galactosidase. Upon transformation with a
plasmid containing a segment of lacZ (lacZa), functional B-galactosidase is produced. This process
is called a-complementation. A multiple cloning site (MCS) is present within the lacZ gene in the
plasmid. When E. coli is transformed with a recombinant plasmid containing foreign DNA within the

MCS, a-complementation cannot occur and functional B-galactosidase is not produced.

For screening of transformed E. coli, LB agar (2.1.2) was supplemented with X-Gal (20 ug/ml), IPTG,
and Ampicillin (50 pg/ml). IPTG induces the expression of lacZ. If functional B-galactosidase is
produced, X-Gal is hydrolysed to form 5-bromo-4-chloro-indoxyl, which spontaneously dimerises
to produce an insoluble blue pigment called 5-5’-dibromo-4,4’-dichloro-indigo. Colonies
transformed with non-recombinant plasmid appeared blue whilst those transformed with

recombinant plasmid (insert within MCS) appeared white. This process is shown in Figure 9.
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lacZ AM1S

Competent E, coli Culture with X-Gal+IPTG

+

@ 5 © @ — 5 White colonies

insert within lacZ

@ + e ———— O ] @ @ —> Blue colonies

Plasmid Foreign DNA insert outside lac?,
vector
L 5 @ —_— @ @ —— > Blue colonies
no insert
Ligation Transformation Screening

Figure9 Blue-white screening of E. coli transformants.

Plasmid vector (with ampR in dark blue, lacZa in light blue, and the multiple cloning site in white
within lacZa) is ligated with foreign DNA and transformed into competent E. coli cells with a
lacZAM15 deletion mutation. E. coliis grown on agar plates supplemented with X-Gal and IPTG (and
antibiotics if required). The plasmid vector has a lacZa gene that encodes a functional B-
galactosidase enzyme when transformed into E. coli strains with a lacZAM15 deletion mutation. A
multiple cloning site (MCS) is present within the lacZa gene in the plasmid. Functional B-
galactosidase is not produced when foreign DNA is inserted at the MCS within lacZa. B-
galactosidase expression is induced by IPTG. B-galactosidase hydrolyses X-Gal to form an insoluble
blue pigment. E. coli cells transformed with plasmid vector containing either no foreign DNA, or
foreign DNA inserted outside of lacZa produce functional B-galactosidase and colonies are blue. E.
coli cells transformed with plasmid vector containing foreign DNA inserted within lacZa do not

produce functional B-galactosidase and colonies are white. Figure from (Merck, 2020).
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2.9 DNA Amplification

Template DNA was amplified by Polymerase Chain Reaction (PCR). PCR amplification was

conducted using a Veriti™ 96-well thermal cycler (Applied Biosystems, UK).

291 Amplification of VNTR and ompA sequences

OmpA was amplified using primers PCTM3 and NRI (Lan et al., 1994) (Table 3), whilst the VNTR
regions (CT1335, CT1299, and CT1291) were amplified using the primers detailed in Pedersen et al.
(2008): CT1335F and CT1335R, CT1299F and CT1299R, and CT1291F and CT1291R (Table 3). Extracts
that did not produce VNTR amplicons using these primers were amplified using primers designed
by Labiran (2014): CT1335F* and CT1335R*, CT1299F* and CT1299R*, CT1291F* and CT1291R*
(Table 3). The forward primers (marked with F*) annealed upstream of the original VNTR amplicon
sequences, and the reverse primers (marked with R*) downstream, so that the original amplicon

sequences were encompassed by the primers.

Each PCR was conducted in 20 pL reactions consisting of: 10 puL Phusion Flash High-Fidelity PCR
Master-Mix (Thermo Fisher Scientific, UK), 0.5 uM of forward and reverse primers (Eurogentec,
Belgium), 1 uL DNA, and UltraPure™ DNase/RNase-Free distilled H,O (Life Technologies, UK).
Phusion Flash is a 2X master mix that utilises a high-fidelity proof-reading DNA polymerase called

Phusion Flash Il DNA Polymerase, which ensures a low error-rate.

The PCR conditions used to amplify VNTR and ompA sequences are provided in Table 4. As described
in Pedersen et al. (2008) and Wang et al. (2011), 35 cycles of denaturation, annealing and extension

was carried out for ompA; and 40 cycles for each VNTR region.
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Table 3 Primer sequences for PCR amplification of VNTR loci and ompA

Primer Amplicon | Nucleotide
Primer sequence (5’- 3’) Reference
Name size® (bp) | position?
737,225-
CT1335F TCATAAAAGTTAAATGAAGAGGGACT 153
737,250
737,377-
CT1335R TAATCTTGGCTGGGGATTCA
737,358
291,758-
CT1299F 188 (Pedersen
TTGTGTAAAGAGGGTCTATCTCCA 291,781
et al.,
291,945-
CT1299R 2008)
AAGTCCACGTTGTCATTGTACG 291,924
195,536—-
CT1291F 225
GCCAAGAAAAACATGCTGGT 195,555
195,760-
CT1291R
AGGATATTTCCCTCAGTTATTCG 195,738
779,977-
PCTM3 1,019
TCCTTGCAAGCTCTGCCTGTGGGGAATCCT 780,006 (Lan et al.,
779,008— 1994)
NR1
CCGCAAGATTTTCTAGATTTC 778,988
737,198-
CT1335F* | AAAGCGTCCTCTGGAAGGG 208
737,216
737,405-
CT1335R* | CCTTCTCCTAACAACTTACGC
737,385 (Labiran,
291,654- 2014)
CT1299F* | ATCGCTTAAGATTCTCGGAGG 342
291,674
291,995-
CT1299R* | AGGTTCTAGCTGAGCATGGG
291,976
195,462-
CT1291F* | ATATAAAAAGAACCGTTGTTTCTG 329
195,485
195,790-
CT1291R* | CATCTTAGACATGCTCCGGC
195,771

2 According to D/UW-3/CX, Genbank accession number NC_000117
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Table4 PCR conditions for amplification of VNTRs and ompA

Denature 98°C 10 secs
98°C 2 secs
Anneal 55°C (CT1335) 5 secs

- i *
Repeat 35 - 40 times 64°C (CT1299)

59°C (CT1291 and ompA)

Extend 72°C 10 secs
72°C 1 min
10°C oo

*Thermal Cycling: 35 cycles for ompA; 40 cycles for VNTR regions.

2.10 DNA Purification

PCR products (2.9) were purified using the Wizard® SV Gel and PCR Clean-Up System (Promega, UK)
prior to sequencing (2.13). DNA bands were excised from agarose gels (2.11) using Swann-Morton®
sterile surgical scalpel blades (Swann-Morton®, UK) and weighed. Membrane Binding Solution was
added at 10 pL per 10 mg of gel slice, and incubated at 56°C until the gel slice had completely
dissolved (approximately 10 minutes). Dissolved gel mixtures were vortexed before adding to a
Minicolumn and incubating at room temperature for 1 minute. The Minicolumn was centrifuged at
16,000 xg for 1 minute and the flow-through discarded. Membrane Wash Solution (containing 95%
ethanol; 700 uL) was added and the Minicolumn centrifuged at 16,000 xg for 1 minute before
discarding the flow-through. Membrane Wash Solution (500 puL) was added and the Minicolumn
assembly centrifuged at 16,000xg for 2 minutes before discarding the flow-through. To evaporate
any residual ethanol, the Minicolumn assembly was centrifuged at 16,000 xg for a further two
minutes. The Minicolumn was transferred to a 1.5 ml microcentrifuge tube and 50 pL UltraPure™
DNase/RNase-Free distilled H,O (Life Technologies, UK) was added and incubated at room

temperature for 1 minute before centrifugation at 16,000 xg for 2 minutes.

Purified DNA concentrations were determined by dsDNA fluorometry using Qubit® (Thermo Fisher
Scientific, UK) (2.12) to inform the required volume for downstream applications. If notimmediately

required for downstream applications, purified PCR products were stored at -20°C.
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2.11 Agarose Gel Electrophoresis

2111 Materials

Tris-acetate EDTA buffer (TAE; 50x) (Thermo Fisher Scientific, UK) prepared at a 1x working dilution
was used as the electrophoresis buffer for agarose gels. DNA Loading Buffer Blue (5x; Bioline, UK)
was used as the sample loading buffer to track the migration of DNA through the agarose gel. SYBR™
Safe DNA Gel Stain (10,000x; /nvitrogen, UK) was added to molten agarose gels (2.11.2) to visualise
DNA in agarose gels under UV light. SYBR™ Safe was selected as it was the safer alternative to
ethidium bromide for DNA visualisation. DNA ladders including HyperLadder™ | and Il (Bioline, UK)
and SmartLadder (Eurogentec, Belgium) were used during the PhD as markers to estimate the size

(in bp) of separated DNA fragments on agarose gels (Figure 10) (2.11.2).

2.11.2 Agarose Gel Electrophoresis

Agarose (Thermo Fisher Scientific, UK) gel electrophoresis was used for the separation of DNA
fragments. Agarose (1 - 2%) was dissolved in 1x TAE buffer by heating to 100°C in a microwave oven.
SYBR™ Safe DNA Gel Stain was added to a final concentration of 1x. The molten agarose was poured
into a gel mould with a comb and allowed to set at room temperature for 30 minutes prior to use.
The comb was removed and the gel was submerged in 1x TAE buffer. DNA samples containing 1x
DNA Loading Buffer Blue were loaded into wells. DNA ladder (5 pL) was loaded onto the gel. Gels
were electrophoresed at 90 volts until the blue dye line (the DNA Loading Buffer Blue) had migrated
to 1cm from the end of the gel. Gels were imaged under UV light using the Gel Doc™ XR+
Transilluminator (Bio-Rad, UK). The sizes of separated DNA fragments were estimated by
comparison with bands of known size using the DNA ladders Hyperladder™ | (200 — 10,000 bp)
(BioLine, UK), HyperLadder™ Il (50 — 2,000 bp) (BioLine, UK) or SmartLadder (200 — 10,000 bp)
(Eurogentec, Belgium) (Figure 10). Hyperladder™ | and SmartLadder were used interchangeably

depending on availability in the laboratory.
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SIZE (bp) | ng/BAND SIZE (bp) | ng/BAND Band size ng/band
w——y 10037 100 — 2000 50 —10000 100
e —— 8000 80 ' 1800 20 — 8088 g0
| S— i 1600 20 — 5000 50
o/ 6000 60 —— 1400 20
— 5000 50 — 4000 40
—— 2000 40 : 1200 20 — 3000 30
— 3000 30 — 182][? 1:%) — 2500 25
— 25600 25 700 30 — 2000 20
— 2000 20 —— 600 30 — 1500 15
——1500/1517 | 15/15 — 500 30
400 30 — 1000 100
—— 1000 100
_— — N 100 — 800 80
— 800 80
— 600 60 — 200 40 — 800 60
— 400 40 — 100 40 — 400 40
— 50 40
— 200 20 — 200 20
HyperLadder™ | HyperLadder™ Il SmartLadder
5uL on a 1% agarose gel 5uL on a 1.5% agarose gel 5uL on a 1% agarose gel

Figure 10 DNA Ladders used to estimate size (bp) of separated DNA fragments in agarose gels.

HyperLadder™ | (Left), HyperLadder™ Il (Centre), and SmartLadder (Right). Each DNA ladder has
several spaced bands ranging in size from 200 - 10,000 bp (HyperLadder™ | and SmartLadder) or 50
- 2,000bp (HyperLadder™ Il). Each spaced band corresponds to an exact quantity of DNA (in
ng/band) from 15 — 100 ng/band (HyperLadder™ | and SmartLadder) or 20 — 100 ng/band
(HyperLadder™ Il).

2.12 DNA Quantitation using fluorometry

DNA concentrations were determined by fluorometry using the Qubit® dsDNA high-sensitivity (HS)
assay (Invitrogen, UK) with a Qubit® 1.0 Fluorometer (Invitrogen, UK). This assay utilises dyes that
emit fluorescence when bound to a specific target: double-stranded DNA (dsDNA). The fluorometer
records the signal intensity and compares it to two quantitative standards to achieve a read-out of
sample DNA concentration. The dsDNA assay is highly sensitive, as the fluorescent dyes do not bind

to other molecules such as RNA or contaminants including salts and proteins.
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2121 Qubit® dsDNA High-Sensitivity (HS) Assay

The Qubit® dsDNA high-sensitivity (HS) assay is accurate for sample concentrations ranging from 10

pg/uL to 100 ng/uL.

A Qubit® working solution was prepared by diluting the Qubit® dsDNA HS Reagent 1:200 in Qubit®
dsDNA HS Buffer. The required number of tubes for standards and samples were labelled. The
Qubit® dsDNA HS assay uses 2 standards. The final volume in each tube was 200 pL. To the tubes
labelled “Standard 1” and “Standard 2”, 190 puL of Qubit® working solution was added, in addition
to 10 pL of each Qubit® standard to the appropriate tube. To each sample tube, 199 ulL of Qubit®
working solution was added, followed by 1 uL of sample. Each tube was mixed by vortexing for 2 -

3 seconds. Tubes were left to incubate at room temperature for 2 minutes.

On the Home screen of the Qubit® 1.0 Fluorometer, “dsDNA HS assay” was selected followed by
“Run New Calibration”. Standard 1 was inserted and “Go” pressed. Standard 1 was replaced with
Standard 2, and “Go” pressed. After the calibration was complete, the first sample was inserted,

and “Go” pressed, followed by “Calculate sample concentration” to record the concentration.

2.13 Sanger Sequencing

Purified PCR products (2.10) and recombinant plasmid vectors (2.8) were sequenced by Source
Bioscience Cambridge. Sample requirements were as follows: 10 ng/pLfor PCR products; 100 ng/uL
for recombinant plasmids; and 3.2 pmol/uL for primers. All samples sent for sequencing were
purified using purification kits (2.4.1for recombinant plasmids and 2.10 for PCR products).
Recombinant plasmids were sequenced using M13 forward and reverse sequencing primers
provided by Source Bioscience. VNTR and ompA PCR products were sequenced using the primers

used for PCR amplification (Table 3).
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2.14 McCoy Cell Culture

2.141 McCoy Cell line

C. trachomatis cell culture was carried out using the mouse fibroblast cell line, McCoy B. McCoy B
cells were obtained from the European Collection of Authenticated Cell Cultures (ECACC, catalogue
number 90010305, Public Health England, UK). Cells were routinely cultured in Dulbecco’s Modified
Eagle Medium (DMEM) with 4.5 g/L glucose, L-glutamine, and no sodium pyruvate (Life
Technologies, UK), supplemented with 10% foetal calf serum (FCS; Life Technologies, UK). Cells

culturedin a T75 flask were maintained in a 15ml volume of media and were passaged twice weekly.

2.14.2 Cell Passage

Monolayers of McCoy cells were passaged when sub-confluent (i.e. 80 - 90% of the surface area of
the bottom of the flask was covered by a layer of cells). Sub-confluence was achieved approximately
24 - 48 hours after incubation at 37°C in 5% CO, with DMEM supplemented with 10% FCS. Prior to
each passage, the necks of tissue culture flasks and bottles were wiped with 70% ethanol to prevent
contamination. Spent media was removed and cells washed twice in phosphate buffer saline (PBS;
Life Technologies, UK) to remove traces of FCS in the media that inhibit trypsinisation. Flasks were
incubated for 5 minutes with 1.5 ml 0.25% Trypsin/EDTA (TE; Life Technologies, UK) in a 37°C
incubator with 5% CO, to facilitate cell detachment. Fresh media (volume dependent on split ratio
desired) was added to inhibit trypsin, and cells were washed up and down the flask with the media
by pipetting several times to break up clumps of cells. New T75 flasks were labelled with the date
and split ratio, and 15 ml of DMEM (supplemented with 10% FCS) was added to each. A calculated
volume of the DMEM-cell mixture was added to the new flask. The caps of the T75 flasks were

loosened to allow gas exchange, and flasks were incubated in a 37°C incubator with 5% CO,.

2.15 Chlamydia Species

All work was conducted using the Chlamydia species C. trachomatis.

2.16 Infection of McCoy cell monolayer with C. trachomatis

McCoy cells were seeded into a T25 flask 24 hours prior to infection with C. trachomatis. Cells were
grown overnight in DMEM supplemented with 10% FCS and incubated in a 37°C incubator with 5%
CO.. The following day, flasks were removed from the incubator and spent media discarded. Fresh

media (5 ml) containing bacterial inocula, cycloheximide (1 ug/ml), gentamycin (20 pg/ml), and

55



vancomycin (10 pg/ml) (all Sigma-Aldrich, UK) was added to the flask. For LGV C. trachomatis
strains, cells were incubated in a 37°C incubator with 5% CO, for 48 hours with the flask cap
loosened to allow for gas exchange. Cells were routinely visualised by phase contrast microscopy
using a Nikon eclipse TS100 inverted microscope with 10x, 20x, and 40x objectives and fluorescence

accessories. Images were captured using a Nikon DS-Fil camera head.

2.17 Harvesting of C. trachomatis

Once mature inclusions were visible in the cell monolayer (~36 - 48 hours after infection with C.
trachomatis), C. trachomatis was harvested from the tissue culture flasks. A cell scraper was used
to detach the cells from the plastic of the flask into the medium. The media was subsequently
decanted into a 50 ml universal. The universal was centrifuged at 2850 xg for 10 minutes to separate
the cells (in pellet) from the media (in supernatant). The supernatant was discarded and the pellet
re-suspended in 2 ml 10% ice-cold PBS to lyse the cells. The re-suspended pellet was transferred to
a bijoux containing ~5 glass beads and vortexed at high speed for 1 minute to release C. trachomatis
EBs from the cells. The contents of the bijoux were transferred to a 50 ml universal and centrifuged
at 230 xg for 5 minutes to remove cell debris. The supernatant containing C. trachomatis EBs was
added to an equal volume of 4X Sucrose Phosphate (4SP) buffer (a preservative) in a cryovial, and

was stored at -80°C.

2.18 Whole Genome Sequencing (WGS)

Genomic DNA (gDNA) was isolated from C. trachomatis inocula (harvested from infected McCoy
cells in T25 flasks; 2.17) using the NucleoSpin® Tissue kit (Macherey-Nagel, Germany) (2.4.2). The
gDNA concentration was quantified using fluorometry with Qubit® 1.0 (2.12). Genomic DNA (150
ng per isolate) was sent to MicrobesNG for whole genome illumina sequencing. Genomic libraries
were prepared using the Nextera XT Library Prep Kit (/llumina, USA). MicrobesNG sequenced
libraries using a 250 bp paired end protocol, and reads were adapter-trimmed using Trimmomatic
(version 0.30) (Bolger, Lohse and Usadel, 2014). De novo assembly was performed using SPAdes
(version 3.7) (Bankevich et al., 2012). Contigs were annotated using Prokka (version 1.12)
(Seemann, 2014), with the Chlamydia genus and a list of proteins (in fasta format) derived from the
previously-annotated complete genome L2b/UCH-1/proctitis (Genbank Accession No. AM884177)

as a basis for annotation.
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2.19 Data Analysis

2,191 Visualisation and Alignment of DNA sequences

Sequence chromatograms were visualised using SnapGene® (version 5.3). This gave an idea of

overall sequence quality prior to sequence alignment.

VNTR and ompA gene sequences were aligned using the built-in multiple sequence alignment
ClustalW software on BioEdit (version 7.0.5.3). The BioEdit program was also used to identify single
nucleotide polymorphisms (SNPs). Sequence base cells assigned “N” were manually checked by
comparing with the chromatogram. If required, start and end bases were trimmed to remove poor-

quality sequence.

2,19.2 Assignment of MLVA-ompA genotypes

Trimmed VNTR sequences (2.19.1) were analysed using BioEdit, by comparing the number of
repeating mononucleotides at each VNTR locus against previously defined VNTR variants published
in Pedersen et al. (2008), Wang et al. (2011), Labiran et al. (2017), Satoh et al. (2014), and Qin et al.
(2016) (Table 5). A single-digit number was assigned at each VNTR locus based on the number of

repeating mononucleotides. Any new VNTR sequences were assigned new VNTR types.

Alphabetical ompA genotypes were assigned to each ompA sequence by comparing the trimmed
sequence data in BioEdit (2.19.1) against the NCBI database using the Basic Local Alighment Search

Tool (BLAST) (https://blast.ncbi.nlm.nih.gov/Blast.cgi). BLAST takes a query sequence, compares it

against all sequences stored in the NCBI database, and prepares a list of results, assigning a score
to each result based on the degree of sequence similarity to the query. Results with the highest
scores are likely to be the most closely related to the query. The final MLVA-ompA genotype was
designated by a 3-digit code in the order: CT1335, CT1299, and CT1291, followed by the

alphabetical ompA genotype (e.g. 1.9.2-L2).
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VNTR type |Sequence at CT1335 locus? VNTR type code |Sequence at CT1299 locus?® VNTR type|Sequence at CT1291 locus?®
code 1 TTTTTATTCT-7C-ATCAAA code
1 GAAAAAG-9T8A-GCTTTTGT 5 TTTTIATTCT BCATCARA 1 AAAATGGTCTA-6C-TATTG
A) |2 GAAAAAGG-10T7A-GCTTTTGT (8) | TTTTTATTCT-9C.ATCAAA (€ |2 AAAATGGTCT-8C-TATTG

3 GAAAAAGG-10T8A-GCTTTTGT 3a TTTTTATTCT-9C.T3C-ATCAAA 2a AAAATGGTCTA-8C-TATTG
3a GAAAAAAG-10T8A-GCTTTTGT 4 TTTTTATTCT-10C-ATCAAA 2b AAAATAGTCTA-8C-TATTG
4 GAAAAAGG-11T7A-GCTTTTGT 13 TTTTTATTCT-10C T3C ATCAAA 3 AAAATGGTCT-9C-TATTG
5 GAAAAAAG-11T8A-GCTTTTGT ab TTTTTATTCT-CT-10C-T3C ATCAAA 3b AAAATAGTCTA-9C-TATTG
6 GAAAAAGG-12T7A-GCTTTTGT s TTTTATTCT11CATCAAA 4 AAAATGGTCT-10C-TATTG
7 GAAAAAGG-12T8A-GCTTTTGT 5 TTTTTATTCT-11C T3C ATCAAA 5 AAAATGGTCT-11C-TATTG
8 GAAAAAGG-13T7A-GCTTTTGT 6 TTTITTATTCT-12C-ATCAAA 6 AAAATGGTCT-CT-5C-TATTG
9 GAAAAAGG-13T6A-GCTTTTGT 6 TTTTTATTCT-12C.T3C ATCAAA 7 AAAATGGTCT-12C-TATTG
11 GAAAAAAG-7T9A-GCTTTTGT ; TTTTATTCT-13CATCAAA 8 AAAATGGTCT-7C-TATTG
12 GAAAAAAG-8T9A-GCTTTTGT 3 TTTTTATTCT-14CATCAAA 8b AAAATAGTCTA-7C-TATTG
13 GAAAAAGG-9T9A-GCTTTTGT 9 TTTTTATTCT-3C2T-6C ATCAAA 9 AAAATGGTCT-14C-TATTG
14 GAAAAAGG-6T7A-GCTTTTGT 5 1sc
15 11T9A 11 TTTTTATTCT-16C-T3C-ATCAAA

12 18C

13 TTTTTATTCT-21C-ATCAAA

Table5 VNTR type codes assigned to the three VNTR loci (CT1335, CT1299, and CT1291) of the MLVA-ompA genotyping system (Pedersen et al., 2008). (A) Type codes
of known CT1335 variants; (B) Type codes of known CT1299 variants; (C) Type codes of known CT1291 variants. VNTR variants were defined in Pedersen et al. (Pedersen
et al., 2008), Wang et al. (Wang et al., 2011), Labiran et al. (Labiran et al., 2016, 2017), Satoh et al. (Satoh et al., 2014) and Qin et al. (Qin et al., 2016). ® Repeating
mononucleotide sequences at each VNTR locus are shown in bold; variation in regions flanking repeats are underlined. Highlighted in blue are VNTR type codes that were
identified by Labiran et al. (Labiran et al., 2017) however the sequence flanking the repeat was not published.
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2.19.3 Phylogenetic Trees

For phylogenetic analyses of the ompA gene, sequences were aligned using MEGA-X (version
10.1.8). Alignments were performed with ClustalW, following which Maximum Likelihood trees
were constructed. Maximum likelihood trees can be interpreted as a hypothesis of the evolutionary
history which (according to the model) would most likely have given rise to the observed data set.
The maximum likelihood model selects trees and branches based on the highest probability of their

formation (Szabo, O’Neill and Clarke, 2020).

The phylogeny of alignments was deduced using the Maximum Likelihood method with Tamura-
Nei nucleotide substitution model with uniform rates. The Maximum Likelihood test was
statistically supported by 1,000 bootstrap replications, to give the probability of each branch’s
formation. Bootstrapping gives the probability of the same branch being formed upon sampling
each taxa multiple times. Bootstrap results are a measure of the probability that the estimated tree
represents the true phylogeny (Hillis and Bull, 1993). Bootstrap proportions of >70% typically
correspond to a 295% probability that the corresponding clade is real (Hillis and Bull, 1993). The
out-group for phylogenetic trees was the C. muridarum Nigg strain (Genbank Accession no.

M64171).

2,194 Whole genome sequence analysis

Sequencing reads (fastq files) of isolates were mapped against the C. trachomatis L2b/UCH-
1/proctitis genome (Genbank accession no. AM884177), using Snippy (version 2.2) (Seemann,
2018). Read data was also mapped against the plasmid sequence for L2b/UCH-1/proctitis (Genbank
Accession No. AM886279). This allowed insertions, deletions, recombination events, and single
nucleotide polymorphisms (SNPs) to be identified within genome sequences. All called SNPs were
checked manually using BAM files  visualised in Artemis (http://sanger-

pathogens.github.io/Artemis/Artemis/) (Carver et al., 2012). Artemis is a free genome browser and

annotation tool that allows visualisation of prokaryotic and eukaryotic genomes.

To observe the relative genetic relatedness of isolates to a reference genome, SNP data generated
using Snippy (version 2.2) was combined to produce a core SNP genome using Snippy core (version
4.6.0). MEGA-X (version 10.1.8) was used to produce a phylogenetic tree based on the divergence
of each isolate from the core genome, using the Generalised Time Reversible (GTR) model with

1,000 bootstraps. This phylogenetic tree was rooted on L2b/UCH-1/proctitis.
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2.20 Statistical Analysis

2,201 Simpson’s Index of Diversity

The discriminatory power of genotyping systems is defined as its ability to assign a different
genotype to two unrelated strains sampled randomly from the population of a given species
(Hunter and Gaston, 1988; van Belkum et al., 2007). Discriminatory power is expressed as a
probability and is calculated using Simpson’s Index of Diversity (D) as described by Hunter and

Gaston (Hunter and Gaston, 1988):

S
1
D= 1—m;"j(nj—1)

Whereby, N is the total number of samples tested, s is the total number of different genotypes

identified, and njis the number of samples belonging to the jth type.

The discriminatory index is a value between 0 and 1. An index value of 0.95 is generally regarded as
the index value for a genotyping system to have more or less “ideal” resolution (van Belkum et al.,

2007).

2.20.2 Typeability of genotyping systems

The typeability of a genotyping system is its ability to assign a genotype to all isolates tested by the
genotyping system. It is expressed as a percentage of typeable isolates over the total number of
isolates analysed (typeable and non-typeable) (van Belkum et al., 2007). For example, a genotyping

system that can assign a genotype to 100 isolates out of 200 isolates has a typeability of 50%.

2.21 Ethics

Ethical approval was required to obtain clinical specimens from individuals attending London GUM
clinics (Chapter 5). This approvals process is detailed in Chapter 5. The reference numbers for the

study were as follows: ERGO (45840), IRAS (254542), and REC (19/ES/0012).
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CHAPTER 3 OmpA and TrpA Gene Sequence Analysis of C.
trachomatis DNA from a Child Recently Resident in

Afghanistan

Part of the work described in this chapter has been published (Mitchell et al., 2021) (Appendix 1).

3.1 Introduction

As described in section 1.11, ompA genotyping is widely used to differentiate C. trachomatis strains
on the basis of their ompA genotypes. C. trachomatis strains with ompA genotypes A — C cause the
blinding disease trachoma (1.6.1), and C. trachomatis strains with ompA genotypes D - K are
primarily associated with sexually transmitted urogenital tract infections (1.6.2); however, ocular
infections can result from exposure to infected genital secretions during childbirth (neonatal
conjunctivitis) (1.7), or via hand-to-eye spread of infected genital secretions upon sexual contact
(adult inclusion conjunctivitis) (1.6.3). Adult inclusion conjunctivitis typically occurs in sexually
active young adults between the ages of 15 - 24 years, whereas neonatal conjunctivitis typically
develops between 5 — 14 days after birth (1.7). Rare cases of perinatally transmitted infections have
been reported in children outside of the neonatal period (Oroz, 2001; Thompson, 2001). In 2001, a
family cluster of C. trachomatis infections was reported, including a 6 year old female in whom
there was no evidence of sexual abuse (Thompson, 2001). However, these cases are rare, and in
non-trachoma endemic countries, chlamydial conjunctivitis in pre-pubertal children outside of the
neonatal period is uncommon and is indicative of child sexual abuse (Brownell et al., 2020; Mitchell

etal., 2021).

In this Chapter, we describe a case of conjunctivitis in a 10 year old female with a positive C.
trachomatis diagnosis from a conjunctival swab. The child had travelled to the UK from Afghanistan
a month prior to symptom onset. It was important to ascertain whether the child had been infected
with a C. trachomatis strain associated with trachoma (ompA genotypes A - C), or a C. trachomatis
strain associated with sexually-acquired chlamydial conjunctivitis (ompA genotypes D - K). If a
urogenital C. trachomatis ompA genotype was detected in the conjunctival swab from the child,
this would represent strong evidence of sexual abuse. As a result, the C. trachomatis-positive
conjunctival swab collected from the 10 year old female was sent to our laboratory for ompA
genotyping. In addition, given that polymorphisms in the C. trachomatis tryptophan synthase alpha
(trpA) gene allows urogenital and trachoma-causing C. trachomatis strains to be distinguished

(Caldwell et al., 2003; Bommana et al., 2021) (1.5.1.1), we also performed sequence analysis of the
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trpA gene from conjunctival swab C. trachomatis DNA collected from the 10-year-old female. The
hypothesis for this Chapter was that sequence variation in the ompA and trpA genes could confirm
that the child had been infected with a C. trachomatis strain causing trachoma, as opposed to a

urogenital C. trachomatis strain causing conjunctivitis.

3.2 Aims of this Chapter

e To determine the ompA genotype of C. trachomatis DNA extracted from a conjunctival
swab collected from a 10 year old female recently resident in Afghanistan.
e To sequence and identify SNPs in the trpA gene of C. trachomatis DNA extracted from the

conjunctival swab.

3.3 Methods

3.3.1 Case Presentation

A 10 year old female presented to the Ophthalmology Department at Birmingham Children’s
Hospital in November 2017 with a 7 month history of persistent itchy, watery left-eye and mild
eyelid swelling. She had travelled by land to the UK from an urban centre in Afghanistan 8 months
previously. She had been referred to the hospital by an optician when a course of prescribed
chloramphenicol eye drops had been unable to resolve her symptoms. The Ophthalmologist at
Birmingham Children’s Hospital determined that the child had raised fleshy lesions in the inferior
fornix, with mild follicular reaction of the superior tarsal conjunctiva. Sub-epithelial infiltrates were
found throughout the cornea. A conjunctival swab of the left eye was taken and tested for C.

trachomatis.

3.3.2 Testing and Subsequent Investigation

The conjunctival swab was tested for C. trachomatis using the Abbott RealTime C. trachomatis
(CT)/Neisseria gonorrhoeae (NG) PCR assay (Abbott Molecular, US). The CT/NG assay is used for the
dual detection of C. trachomatis plasmid DNA and N. gonorrhoeae genomic DNA. The conjunctival
swab tested positive for C. trachomatis and negative for N. gonorrhoeae. A formal child protection
investigation was commenced, undertaken by a paediatrician at Birmingham Children’s Hospital
with expertise in child sexual abuse. The child was interviewed alongside her parents with the aid
of a translator. The child reported no inappropriate intimate contact, with no genital pain, vaginal

bleeding, or discharge. Her parents reported no genital symptoms and had no prior history of C.
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trachomatis infection. The investigation did not include a genital examination. This was decided by
the medical team after considering the recent travel history, the patient symptomology, and the
denial of inappropriate sexual contact. The child was treated with a 14 day course of oral
erythromycin which resolved her symptoms. Following the course of antibiotics, conjunctival swabs
were taken from both eyes and tested for C. trachomatis using the Abbott CT/NG assay. Both swabs

tested negative for C. trachomatis and N. gonorrhoeae.

The initial left conjunctival swab (containing C. trachomatis DNA) was sent to the Department of
Molecular Microbiology at the University of Southampton for further analysis. The swab arrived in

lysis buffer within its original swab kit and was stored at -20°C upon arrival.

3.3.3 Methods used to determine the ompA genotype

C. trachomatis DNA was extracted from the conjunctival swab using the NucleoSpin® Tissue kit
(Macherey-Nagel, Germany) (2.4.2). PCR amplification of ompA was carried out using primers
PCTM3 and NRI following the method outlined in section 2.9.1. In total, four PCR tubes were set
up, corresponding to a no-template negative control (NTC), a positive control (a transformed
plasmid-less L2 C. trachomatis strain unlikely to be found in the general population, L2 P7), and the

template in duplicate (neat and diluted 1:8).

To confirm that the ompA gene had been amplified, the PCR amplicons were visualised using
agarose gel electrophoresis (Figure 12). PCR amplicons were purified using the Wizard® SV Gel and
PCR Clean-Up System (Promega, UK) (2.10). PCR amplicons (10 ng/uL) were commercially

sequenced at Source Bioscience (2.13).

Alignment of the swab ompA sequence and phylogenetic analyses were carried out using MEGA-X
(version 10.1.8) software (2.19.3). Phylogenetic trees were constructed using the maximum
likelihood method with 1,000 bootstrap replications for branch support (2.19.3). To allow the
phylogenetic tree to be rooted, C. muridarum Nigg strain (Genbank Accession No. M64171) was

used as an out-group in phylogenetic analyses.

3.3.4 Methods used to determine the trpA gene sequence

3.3.4.1 PCR amplification of trpA and sequencing of trpA PCR product

PCR amplification of trpA was carried out using the PCR conditions listed in Table 6. The primers
trpA_F and trpA_R (Eurogentec, Belgium) (Table 7) were used to amplify the trpA gene. The primers

were designed based on the trpA gene sequence of C/TW-3 using SnapGene® (version 5.3). In total,
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three PCR tubes were set up, corresponding to a no-template negative control (NTC), a positive
control (E/SW3; Genbank Accession No. HE601801.1), and the template (neat genomic DNA). Each
tube had a total reaction volume of 20 pL, consisting of: 10 uL of Phusion Flash High-Fidelity PCR
Master Mix (Thermo Scientific™, UK), 0.5 uM of the forward and reverse primers (Eurogentec,
Belgium), 7 uL of UltraPure™ DNase/RNase-Free distilled H,O (Thermo Scientific™, UK) and 1 uL of
DNA. PCR products were loaded onto 1% agarose gels for the purpose of checking amplicon size
and quality. The PCR amplicons were subsequently purified using the Wizard SV Gel and PCR Clean-
Up System (Promega, UK) (2.10) prior to sequencing. TrpA PCR amplicons were commercially

sequenced at Source Bioscience Cambridge (2.13).

Table 6 PCR conditions for the amplification of trpA

Denature 98°C 10s
98°C 2s

Anneal 35 cycles 54°C 5s

Extend 72°C 30s
72°C 1 min
10°C oo

Table 7 Primer sequences for PCR of trpA

Primer Primer sequence (5’ - 3’) Amplicon size? | Nucleotide position?
Name (bp)

trpA_F ATGAGTAAACTAACCCAAGTTTTTAAAC 758 196,300 — 196,327
trpA_R TTATCCAGGAATAACTGTTTGTGC 197,057 -197,034

2 According to C/TW3, Genbank Accession No. NC_023060.1

3.3.4.2 Cloning of trpA

As detailed in section 3.4.2, PCR amplification of the trpA gene failed to yield a readable sequence,
and repeat sequencing and repeat PCR of trpA did not improve the sequence quality. It was

therefore decided to clone the trpA gene. The trpA gene was amplified by PCR using the cloning
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primers trpA_Xhol_F and trpA_Hindlll_R (Table 8). These primers added Xhol and HindlIl restriction
sites to the trpA PCR product. PCR was conducted in 50 pL reaction volumes: 25 puL of Phusion Flash
High-Fidelity PCR Master Mix (Thermo Scientific™, UK), 2.5 uL of the forward and reverse primers
(Eurogentec, Belgium), 18 uL of UltraPure™ DNase/RNase-Free distilled H,O (Thermo Scientific™,
UK) and 2 pL of DNA. PCR products were loaded onto a 1% agarose gel for the purpose of checking
amplicon size and quality. TrpA amplicons were subsequently purified using the Wizard SV Gel and
PCR Clean-Up System (Promega, UK) (2.10). The trpA PCR product (2 pg) was digested with Hindlll
and Xhol (2.6).

Table 8 Cloning Primer sequences for PCR of trpA. Xhol and Hindlll restriction sites are indicated

in brackets.

Primer Name |Primer sequence (5’ - 3’)

trpA_Xhol_F GGTGGT(CTCGAG)ATGAGTAAACTAACCCAAGTTTTTAAAC

trpA_HindllI_R |(AAGCTT)GGTGGTTTATCCAGGAATAACTGTTTGTGC

Colonies of E. coli IM101 transformed with the pUC19 plasmid vector (2.8) were grown in liquid
culture overnight. Plasmid DNA was isolated using the Wizard® Plus SV Minipreps DNA Purification
System (Promega, UK) (2.4.1) (Figure 11). pUC19 DNA (2 ug) was digested with Hindlll and Sall (2.6).
The vector was digested with Sall and not Xhol, as pUC19 lacks a Xhol restriction site. As Xhol and
Sall leave complementary overhangs, ends generated with Xhol (insert) can be directly ligated to

ends generated by Sall (vector).
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LANES SL pUC19

Figure 11 pUC19 DNA isolated from E. coli (pUC19) JM101 using the Wizard® Plus SV Minipreps
DNA Purification System (Promega, UK). SL = DNA ladder Smartladder.

Digested insert DNA and pUC19 were ligated (2.7), and the resulting recombinant pUC19 was
transformed (2.8) into competent E. coliJM101 (2.2.2) alongside appropriate controls. Transformed
E. coli were plated onto X-Gal/IPTG/Ampicillin plates to allow for blue-white screening (2.8.1). Six
white colonies and three blue colonies were selected for PCR screening, to demonstrate that trpA
had been successfully inserted into the plasmid. These colonies were sub-cultured on a LB plate
(plus Ampicillin) (2.1.2) overnight. Ten PCR tubes were set up corresponding to six white colonies
(W1 - We), three blue colonies (B1 - B3) and a no-template negative control (NTC). Each tube
consisted of 10 pL Biomix™ Red (Bioline, UK), 0.5 uM forward and reverse primers (trpA_Xhol_F,
and trpA_Hindlll_R), 8 uL of UltraPure™ DNase/RNase-Free distilled H,O (Thermo Scientific™, UK)
and a scoop of the corresponding colony. The PCR conditions were as described in Table 6. PCR
products were visualised on a 1% agarose gel (Figure 15). The six white colonies were purified using
the Wizard® Plus SV Minipreps DNA Purification System (Promega, UK) (Figure 16) (2.4.1) and sent
to Source Bioscience for sequencing using the M13F and M13R sequencing primers (2.13). These

primers encompass the entire multiple cloning site (MCS) of pUC19.
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3.4 Results

3.4.1 OmpA gene sequence analysis

OmpA was amplified by PCR using primers PCTM3 and NRI (2.9) from DNA extracted from the
conjunctival swab. OmpA PCR products were visualised on a 1% agarose gel (Figure 12). A single
PCR product was visible in lanes loaded with neat genomic DNA (lane 2), a 1:8 dilution of neat
genomic DNA (lane 3), and the positive control (L2 P’, lane 5). The ompA PCR product from lane 2
was purified and sequenced (3.3.3), yielding a 1,020 bp sequence. The 1,020 bp ompA sequence
(“conjunctival swab DNA”) was aligned against ompA of 58 C. trachomatis strains deposited in
Genbank. The 58 C. trachomatis strains represented 15 ompA genotypes: A, B,C,D, E, F, G, H, Ia, J,
K, L1, L2, L2b and L3. Figure 13 shows the maximum likelihood tree constructed from the ompA
sequence alignment. The C. muridarum Nigg strain (Genbank Accession No. M64171) was used as

an out-group (Figure 13)

LANES H1 1 2 3 4 5 6 H1

OmpA '

~1000bp

Figure 12 A 1% agarose gel showing the PCR products after amplification of ompA from C.
trachomatis genomic DNA extracted from a conjunctival swab, and appropriate controls. OmpA
was amplified by PCR using primers PCTM3 and NRI. Lanes 1 and 4 were empty wells. Lane 2 shows
the products of ompA amplification in neat genomic DNA from the conjunctival swab. Lane 3 shows
products from ompA amplification in a 1:8 dilution of genomic DNA from the swab. Lane 5 shows
products from ompA amplification in the positive control (transformed plasmid-free L2 C.
trachomatis strain, L2 P’). Lane 6 shows products from ompA amplification in the no-template

negative control (NTC). H1 represents the DNA ladder Hyperladder 1 (Figure 10).
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Figure 13 Maximum Likelihood Reconstruction of the Phylogeny of the C. trachomatis ompA
nucleotide sequence from the conjunctival swab (“conjunctival swab DNA”, labelled with *). The swab
ompA sequence was aligned with the ompA of 58 C. trachomatis strains deposited in Genbank. The swab
ompA sequence clustered with that of strains C/TW-3 (Genbank accession: NC_023060.1) and C-Har32
(Genbank accession: DQ064298.1) (indicated with red bracket). The tree was constructed in MEGA-X
(version 10.1.8) using the maximum likelihood method with 1000 bootstrap replications for branch
support. Bootstrap support for nodes on the tree is indicated. The scale bar represents the number of

nucleotide substitutions per site. C. muridarum Nigg strain (Genbank Accession No. M64171) was used
as an out-group.
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Figure 13 shows that the ompA sequence of the swab (“conjunctival swab DNA”, labelled with *)
clustered with ompA of two C. trachomatis strains with ompA genotype C: C/TW3 (Genbank
Accession No. NC_023060.1) and C/Har32 (Genbank Accession No. DQ064298.1) (indicated with a
red bracket). The C/TW-3 strain was first isolated in Taiwan in 1959 from the human conjunctiva
(Grayston et al., 1960), and C/Har32 was first isolated from the conjunctiva of a patient with active
trachoma (McComb et al., 1967). These three ompA sequences comprised a well-supported clade,
with a bootstrap value of 100%. The upper nodes to this clade had lower bootstrap values (59% and
48%), which indicated lower confidence in the location of the clade relative to the other sequences

in the tree.

The ompA sequence from the swab (“conjunctival swab DNA”) was compared to ompA of C.
trachomatis strains C/TW3 and C/Har32. The ompA sequence of the C/TW3 strain (NC_023060) was
used as a reference. There were three base pair changes between C/TW3 and the swab ompA
(Table 9). All three changes were within variable segment 4 (VS 4) of the ompA gene, and all three
resulted in amino acid substitutions. At amino acids 329 and 331, there were 2 single nucleotide
substitutions (SNPs) within the swab ompA that were not seen in C/TW3, or in C/Har32 (Table 9).
These SNPs resulted in two amino acid substitutions, K329R and S331N, respectively. The
conjunctival swab ompA sequence also had a SNP at nucleotide position 1,033 (position relative to
C/TW3), resulting in the amino acid substitution A335S. This SNP was also present in the ompA
sequence of C/Har-32 (Table 9).

Table9 OmpA sequence variation between the conjunctival swab and two C. trachomatis strains
with ompA genotype C, C/TW3 and C/Har32. Single nucleotide polymorphisms (SNPs) and their
locations are shown. The strain C/TW3 (NC_023060) was used as a reference. OmpA of the C.
trachomatis strain C/Har32 (DQ064298) was also included. Letters in brackets represent the amino

acid and any resulting change. VS = variable segment.

VS1 VsS4
Nucleotide (amino 212 (71) 986 (329) 992 (331) 1,003 (335)
acid)
C/Tw3 A (D) A (K) G (S) G (A)
C/Har32 C(D=>A) A (K) G (S) T(A->S)
Conjunctival Swab A (D) G (K=>R) A (S2N) T (A->S)
DNA
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3.4.2 TrpA gene sequence analysis

TrpA was amplified by PCR using primers trpA_F and trpA_R (3.3.4) from swab genomic DNA and a
positive control (E/SW3). TrpA PCR products were visualised on a 1% agarose gel (Figure 14). A
single PCR product was visible in lanes loaded with neat genomic DNA (lane 2), and the positive
control (lane 4). The swab trpA PCR product was purified (2.10) and sequenced (2.13), yielding a
720 bp sequence.

LANES SL 1 2 3 4 5 6

trpA
~800 bp

Figure 14 A 1% agarose gel showing the PCR products after amplification of trpA from neat
genomic DNA extracted from the conjunctival swab, and appropriate controls. TrpA was amplified
by PCR using primers trpA_F and trpA_R. Lanes 1, 3 and 5 were empty wells. Lane 2 shows the
products of trpA amplification in neat genomic DNA from the conjunctival swab. Lane 4 shows
products from trpA amplification in the positive control (C. trachomatis strain E/SW3; Genbank
Accession No. HE601801). Lane 6 shows products from trpA amplification in the no-template

negative control (NTC). SL = DNA ladder Smartladder.

The swab trpA forward and reverse sequence traces were visualised using SnapGene® (version 5.3).
The sequence quality of both traces was poor with a high level of background, making it impossible
to call peaks manually. Re-sequencing of the sample yielded the same result. A repeat PCR resulted
in no improvement in sequence quality. It was therefore decided to clone the trpA gene using the
pUC19 cloning vector following the method outlined in section 3.3.4.2. pUC19 (2.3) was selected as
it has a multiple cloning site (MCS) located within the lacZa gene, allowing for blue-white screening
of colonies transformed with recombinant plasmid (2.8.1). E. coli IM101 (2.2) was transformed with
pUC19 containing the trpA insert, and spread on an X-Gal/IPTG/Ampicillin plate using the method

outlined in section 3.3.4.2. Six white colonies (E. coli JM101 transformed with recombinant pUC19)
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and three blue colonies (E. coli IM101 not transformed with recombinant pUC19) were selected
from the plate and sub-cultured. These colonies were screened by PCR for trpA (Figure 15). An
intense band (approx. 800 bp in size) was visible in lanes loaded with DNA from E. coli IM101
colonies transformed with pUC19 containing the trpA insert (W1 - W6). This indicated that the trpA
insert was present in all six white colonies, as expected. Primer dimers were visible (<100 bp in size)
in each lane loaded with sample. A faint PCR product, also approximately 800 bp in size, was visible
in two out of three lanes loaded with DNA from E. coli JM101 colonies that appeared blue on the
X-Gal/IPTG/Ampicillin plate (B1 and B2), i.e. colonies that were not transformed with pUC19

containing the trpA insert.

LANES SL wi w2 w3 w4 W5 SL

trpA
~800bp

trpA

~800bp

LANES SL We B1 B2 B3 NTC SL

Figure 15 PCR screen of trpA in nine transformed E. coli JM101 colonies. White colonies
(labelled W1 — W6) were E. coli IM101 colonies transformed with a recombinant pUC19 plasmid,
appearing white on an X-Gal/IPTG/Ampicillin plate. Blue colonies (labelled B1 — B3) were E. coli
JM101 colonies that were not transformed, appearing blue on an X-Gal/IPTG/Ampicillin plate. NTC

refers to a no template negative control, and SL refers to the DNA ladder Smartladder.

75



E. coli JM101 colonies B1 and B2, and W1 - W6 from the PCR screening plate were sub-cultured
onto individual X-Gal/IPTG/Ampicillin plates and incubated overnight at 37°C. Plates streaked with
E. coli colonies B1 and B2 were blue, indicating that no insert was present. Colonies were scraped
from plates streaked with W1 - W6, and pUC19 DNA was isolated using the Wizard® Plus SV
Minipreps DNA Purification System (Promega, UK) (Figure 16). Purified recombinant pUC19
plasmids W1 - W6 were sequenced (2.13), and the trpA gene sequence was extracted and aligned

against trpA of 50 C. trachomatis strains deposited in Genbank (Appendix 2).

As shown in Appendix 2, trpA from W1 — W6 contained a SNP (T10C) that was present in the
reference (C/TW3) but absent from all other C. trachomatis strains included in the alignment. TrpA
from W2, W3 and W4 contained the ATT deletion at nucleotide position 408 - 410 that is
characteristic of trachoma-causing C. trachomatis strains (ompA genotypes A — C). However, trpA
from W1, W5 and W6 contained ATT at position 408 - 410. This is characteristic of urogenital C.
trachomatis strains (ompA genotypes D —K). At nucleotide position 531, trpA from W2 and W3 had
a single nucleotide deletion (TAC-AA) resulting in a frame shift. W1, W5 and W6 had a single
nucleotide substitution (TATCAA), resulting in the amino acid substitution YQ. W4 had a single

nucleotide substitution (TACCAA), also resulting in the amino acid substitution YQ (Appendix 2).

(A) SL w1 w2 w3 w4 W5 W6 st (B) s puUC19

Figure 16 Two 1% agarose gels showing (A) Purified recombinant pUC19 vectors containing the
trpA gene insert (isolated from six transformed E. coli JM101 colonies; labelled W1 — W6); (B)
Purified non-recombinant pUC19 vector (i.e. not containing trpA insert) for comparison. Purified
plasmid DNA was isolated using the Wizard® Plus SV Minipreps DNA Purification System (Promega,
UK). SL refers to the DNA ladder Smartladder.
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3.5 Discussion

As discussed in 3.1, C. trachomatis infections can manifest in the eye in the form of trachoma,

neonatal conjunctivitis, and adult inclusion conjunctivitis (Giffard et al., 2016).

Trachoma is a blinding disease that is caused by C. trachomatis strains with ompA genotypes A—C.
Trachoma is endemic across rural regions of Africa, Asia, the Middle East and Australia (World
Health Organisation, 2020b). It is estimated that 137 million people live in trachoma endemic
regions and are at risk of blindness from trachoma (World Health Organisation, 2020b). Active
disease is most frequently detected amongst children aged 3 — 6 years and is characterised by
conjunctivitis. Repeat infections can result in the build-up of scar tissue in the eyelid that can
worsen and cause the eyelids to turn inwards and the eyelashes to scrape against the cornea,
eventually leading to blindness. C. trachomatis strains with ompA genotypes D - K can also cause
ocular infections. These include neonatal chlamydial conjunctivitis, caused by the exposure of a
neonate to infected genital secretions as it passes along the birth canal; and adult inclusion
conjunctivitis, caused by the hand-to-eye spread of infected genital secretions (Kestelyn, 2008).
Whilst neonatal conjunctivitis typically manifests in neonates between 5 and 14 days after birth
(zar, 2005a); adult inclusion conjunctivitis is frequently reported amongst sexually active young

adults aged 15 to 24 years (Kestelyn, 2008).

In non-trachoma endemic countries, chlamydial conjunctivitis is rare in children outside of the
neonatal period; and a positive C. trachomatis diagnosis in a child is highly suggestive of child sexual
abuse (Ingram et al., 1992). In this Chapter, we detailed the laboratory investigation of a C.
trachomatis-positive conjunctival swab collected from a 10 year old female with symptoms of
conjunctivitis. The child had recently immigrated to the UK from Afghanistan. The ompA gene was
sequenced to determine the ompA genotype of the DNA extracted from the swab. The rationale
for this was to determine whether the child had been infected with a trachoma-causing C.
trachomatis strain (ompA genotypes A - C), or a C. trachomatis strain associated with sexually

transmitted adult inclusion conjunctivitis (ompA genotypes D - K).

Phylogenetic analysis of ompA showed that the swab ompA sequence clustered with ompA of two
ompA genotype C strains - C/TW3 and C/Har32 (Figure 13). These three ompA sequences formed a
well-supported clade with a bootstrap value of 100%. Strains with ompA genotype C are associated
with trachoma, and there have been no reports of strains with this genotype causing urogenital
disease (Andersson et al., 2016; Hadfield et al., 2017). The child had recently immigrated to the UK
from Afghanistan. Whilst the trachoma endemicity status of Afghanistan is unknown due to regional
instability preventing epidemiological data from being collected; trachoma has reached endemic

levels in countries bordering Afghanistan, including Pakistan. Therefore it is likely that trachoma is

77



also endemic in Afghanistan, and this would explain the infection of the child with a C. trachomatis
strain associated with trachoma (ompA genotype C). The decision to open a sexual abuse
investigation was justified, given the low incidence of chlamydial conjunctivitis outside of the
neonatal period in non-trachoma endemic regions. However, a key limitation of the child abuse
investigation was that no genital examination was conducted on the child, and no endocervical

swab specimens (or urine sample) were collected.

Sequence analysis of the swab ompA gene (Table 9) revealed two single nucleotide polymorphisms
(SNPs) within variable segment 4 (VS 4) that resulted in the amino acid substitutions K329R and
S331N, that were not present in the other C. trachomatis ompA genotype C strains. A third SNP was
also present in the conjunctival swab DNA sample resulting in the amino acid substitution A335S,
however this SNP was shared by C/Har-32. Whilst the first two SNP mutations in the swab ompA
gene were not observed in the other two C. trachomatis ompA genotype C strains, care must be
taken when interpreting these findings as truly novel. A limitation of this analysis is that only two
ompA genotype C strains were included, which may not fully encapsulate the diversity that exists
within the ompA gene in these strains. It is unsurprising that the three SNPs identified within the
swab ompA were located within variable segment 4. It has been suggested that variation in MOMP
may have arisen due to immune pressure. A study by Brunelle and Sensabaugh (2012) showed that
there is an increase in nucleotide substitutions within ompA and its surrounding loci. There was also
an increase noted in the rate of amino acid replacements in the variable domains of ompA
compared to the constant domains. This is largely expected given that the variable domains are
surface-exposed; hence amino acid substitutions in these regions result in variation in the MOMP
epitopes that act as the antigenic targets of the host immune response. It was suggested that these

substitutions produce a high degree of variability that can promote host immune evasion.

Previous studies (Fehlner-Gardiner et al., 2002; Caldwell et al., 2003; Bommana et al., 2021) have
demonstrated that trachoma-causing and urogenital C. trachomatis strains can be distinguished on
the basis of polymorphisms in the tryptophan synthase alpha subunit (trpA) gene. Trachoma-
causing strains (and not urogenital strains) have an ATT deletion at nucleotide positions 408 - 410,
in addition to a deletion at nucleotide position 531 that results in a frame shift and the expression
of a truncated TrpA polypeptide. Urogenital strains have two SNPs at nucleotide position 531 that
result in amino acid substitutions that vary amongst urogenital strains: YE in LGV strains; CQin D, E
and K strains; and YQ in F - J strains. Whilst both urogenital and ocular strains are unable to produce
indole in the alpha reaction; genital but not ocular strains of C. trachomatis are rescued under
conditions of tryptophan starvation by the addition of exogenous indole (Fehlner-Gardiner et al.,
2002). It has been suggested that genital strains have retained the full-length tryptophan synthase

so that they may still be able to synthesise tryptophan using exogenous indole that is likely sourced
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from other bacterial colonisers of the genital tract (1.5.1.1). The original explanation as to why
ocular strains have not retained an intact tryptophan synthase operon, was that the ocular
environment was sterile, lacking colonisers to provide a source of indole, hence there was no need
to maintain a functional tryptophan synthase (Caldwell et al., 2003). More recent evidence has
shown this explanation to be incorrect. The ocular environment is not indeed sterile (Willcox et al.,
2013; Garza et al., 2021). However, the bacterial species isolated from the ocular environment are
non-indole producing (Willcox et al., 2013). A more likely explanation as to why ocular strains have
a non-functional tryptophan synthase operon, is that in the absence of indole, tryptophan synthase
begins to deaminate serine to pyruvate and ammonia, the latter of which is bactericidal. This was
only shown to occur when an intact tryptophan synthase was expressed (Sherchand and Aiyar,
2019). In this way, the TrpA mutations in ocular strains can be seen as protective, providing a clear
survival advantage to the pathogen. Ammonia generation may indeed act as a negative selection
pressure against maintaining a functional tryptophan synthase enzyme in the indole-free

environment in the eye (Sherchand and Aiyar, 2019; Banerjee and Nelson, 2019).

Sequence analysis of the swab trpA gene was conducted to confirm that the child had been infected
with a trachoma-causing strain. However, PCR amplification of the trpA gene failed to yield a good-
quality sequence, with a high level of background visible in the sequence traces. This meant that
peaks could not be manually assigned and a consensus sequence could not be determined. Re-
sequencing of the PCR product yielded the same result, thus a sequencing error was ruled out. A
repeat trpA PCR failed to improve sequence quality. A new strategy to sequence the trpA gene was
adopted — the cloning of trpA using the pUC19 cloning vector. This vector was selected as it has a
lacZa gene that is located within the multiple cloning site, enabling blue-white screening of
transformed E. coli colonies. pUC19 DNA (containing the trpA insert) from six transformed E. coli
JM101 colonies (W1 - W6) was purified and sequenced. The sequencing results were inconsistent
— trpA from three plasmids (W2, W3 and W4) contained the ATT deletion at nucleotide position 408
- 410 that is characteristic of trachoma-causing C. trachomatis strains. However, trpA from W1, W5
and W6 contained ATT at the same position — this is characteristic of urogenital C. trachomatis
strains. Further, trpA from W2 and W3 contained the single nucleotide deletion at nucleotide 531
that is characteristic of trachoma-causing strains; however, W1, W5 and W6 contained two SNPs at
position 531 resulting in the amino acid substitution YQ; and W4 contained two SNPs also resulting
in the amino acid substitution YQ. The amino acid substitution resulting in YQ is characteristic of
urogenital C. trachomatis strains with ompA genotypes F - J. These results are conflicting — all six
trpA sequences should have been identical, given that the insert (the trpA gene) was the same.
There are a few possible explanations. Firstly, the child could have been infected with two C.

trachomatis strains — a urogenital strain and a trachoma-causing strain — that were both isolated
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when the colonies were plated. This explanation is unlikely, given that the ompA sequencing traces
were excellent quality and were not mixed traces, which would have been indicative of a mixed
infection. A second explanation could be that the child was infected with a recombinant C.
trachomatis strain with a trachoma-causing ompA genotype and a urogenital trpA gene. Trachoma
strains that are entirely “urogenital” aside from the ompA gene have been previously reported in
Australian Aboriginal populations (Andersson et al., 2016). In this case, however, this explanation
is not possible. Recombinant strains would likely contain a hybrid trpA sequence, and not separate
urogenital trpA and trachoma-causing trpA sequences. The most likely explanation is contamination
of the insert trpA with C. trachomatis DNA from a urogenital strain. This would explain the
background in the trpA sequence traces, and the fact that re-sequencing and re-PCR of the swab
trpA did not improve sequence quality, and the isolation of pUC19 containing urogenital trpA
sequences. However, all six trpA sequences contained the same SNP (a C) at nucleotide position 10
(Appendix 2). This SNP was only otherwise present in trpA of C/TW3 in the sequence alighment.

Given that no urogenital strains contained this SNP, this reduces the likelihood of contamination.

3.6 Conclusions

This Chapter identified that the child had been infected with a C. trachomatis strain that was most
closely related to strains with ompA genotype C. Strains with ompA genotype C are associated with
trachoma, and there have been no reports of strains with this genotype causing urogenital disease
(Andersson et al., 2016; Hadfield et al., 2017). The swab ompA contained two novel SNPs resulting

in two amino acid substitutions within variable segment 4 of the ompA gene.

Sequence analysis of the tryptophan synthase alpha (trpA) gene proved inconclusive, and as a
result, the trachoma-causing nature of the C. trachomatis strain could not be confirmed by
sequencing of the trpA gene. Ultimately, the child was treated with oral erythromycin which

resolved her symptoms, and subsequent conjunctival swabs tested negative for C. trachomatis.

Final diagnoses must take into account the full investigation, including patient history,
symptomology, as well as molecular diagnostic evidence. On the basis of the ompA genotyping
results, and the fact that the child immigrated to the UK from Afghanistan (a suspected trachoma
endemic country); we conclude that it is highly likely that the child had trachoma caused by a

hitherto un-identified trachoma strain.
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CHAPTER 4 An Evaluation of High-Resolution

Genotyping Systems for C. trachomatis

4.1 Introduction

For decades, sequence analysis of the ompA gene has been used to differentiate between C.
trachomatis strains (Dean et al., 1992) (1.11). However, whilst ompA genotyping is informative and
is used globally for C. trachomatis strain classification; there are limitations to this technique. The
ompA gene has been shown to be a mutational hotspot within the C. trachomatis genome (Brunelle
and Sensabaugh, 2012), and recombination within this gene has been extensively reported (Gomes
et al., 2007; leffrey et al., 2010; Joseph et al., 2011; Somboonna et al., 2011; Brunelle and
Sensabaugh, 2012; Harris et al., 2012; Borges et al., 2019). In addition, typing systems that utilise a
single marker provide little insight into the diversity across the rest of the genome. As a result, in
recent years genotyping systems targeting multiple loci have been developed for C. trachomatis:
multi-locus sequence typing (MLST) schemes (Pannekoek et al., 2008; Dean et al., 2009), multi-
sequence typing (MST) schemes (Klint et al., 2007), and multi-locus variable number tandem repeat
(VNTR) analysis (MLVA) schemes (Pedersen et al., 2008; Peuchant et al., 2012) (1.11). The
applications, advantages and disadvantages, and uses of each genotyping system are discussed in

section 1.11.

Despite the existence of several multiple-locus genotyping systems for C. trachomatis; there is not
one single standardised genotyping system. It is left to the researcher to determine the genotyping

system that would be most suitable for application in a given genotyping study.

The aim of this Chapter was to evaluate several multi-locus typing systems for C. trachomatis,
including the two MLST schemes (Pannekoek et al., 2008; Dean et al., 2009); the MST scheme (Klint
et al.,, 2007), and the MLVA-ompA scheme (Pedersen et al., 2008), in order to assess which
genotyping system would be most suitable to use to conduct a genotyping survey of LGV C.
trachomatis strains from London (Chapter 5). To facilitate this, we obtained whole-genome data
from LGV strains deposited in NCBI Genome, and conducted an in silico genotyping survey on these
strains, determining the sequence types (STs) and MLVA-ompA genotypes for each strain. The
typeability and discriminatory capacity of each scheme was assessed (2.20). These are parameters
that are widely used to assess the ability of genotyping systems to assign genotypes, and the ability
of genotyping systems to discriminate between un-related strains, respectively. A field-test of the

genotyping scheme determined to be most well-suited for application in Chapter 5 was
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subsequently undertaken to assess the practicability of the system for genotyping clinical

specimens (i.e. ease of use, ease of assignation of genotypes etc.).

4.2 Aims and Objectives

e To evaluate several multi-locus genotyping schemes for C. trachomatis in order to
determine which scheme would be most suitable for a genotyping survey of LGV strains
collected from London-based GUM clinics (Chapter 5):

o Toapply the MST (Klint et al., 2007), MLST (Pannekoek et al., 2008), MLST (Dean et
al., 2009), and MLVA-ompA (Pedersen et al., 2008) genotyping schemes to public
whole genome data from LGV strains of C. trachomatis.

o To determine the MST and MLST sequence types (STs) and MLVA-ompA genotypes
for each LGV strain.

o To calculate the discriminatory capacity for each genotyping scheme using the
Hunter-Gaston modification of Simpson’s Index of Diversity (van Belkum et al.,
2007).

o To calculate the typeability of each genotyping scheme by determining the
percentage of strains assigned STs or MLVA-ompA genotypes, out of the total
number of strains included in the analysis.

e To consider the practicability and reproducibility of the most appropriate scheme for
genotyping LGV strains of C. trachomatis:

o To undertake a field-test of this genotyping scheme (Pedersen et al., 2008) using

DNA extracted from an LGV rectal isolate obtained from an MSM from Brighton.

4.3 Methods

4.3.1 Data Retrieval

Whole genome data was obtained from NCBI Genome (https://www.ncbi.nlm.nih.gov/genome/).

The keywords “Chlamydia trachomatis” were inputted to produce a list of Chlamydia trachomatis
genomes. Descriptive data was available for strains, including geographical origin, source, and
collection date. As this Chapter aims to determine the genotyping system that would be best suited
for genotyping LGV strains collected from London (Chapter 5), it was decided to evaluate the four
genotyping systems using exclusively LGV strains deposited on NCBI Genome. For LGV strains with
completely assembled genomes, the chromosome accession number was selected and the .fasta

file was downloaded. For LGV strains with in-completely assembled genomes that had been
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sequenced by whole genome shotgun strategy, the Whole Genome Shotgun Accession Number was

selected and the .fasta file was downloaded.

Four genotyping schemes were evaluated in this Chapter: the Dean et al. MLST scheme (2009), the
Pannekoek et al. MLST scheme (2008), the Klint et al. MST scheme (2007), and the Pedersen et al.
MLVA-ompA genotyping scheme (2008). The decision was made to exclude the Peuchant et al.
(2012) MLVA scheme from this Chapter, as it has not been independently validated and has not
been applied outside of the original publication. The four genotyping schemes selected for

evaluation in this Chapter have been widely used in epidemiological studies worldwide.

The first MLST scheme (Pannekoek et al., 2008) targets the housekeeping genes gatA, oppA_3, hflX,
gidA, enoA, hemN, and fumC. The second MLST scheme (Dean et al., 2009) targets the
housekeeping genes glyA, mdhC, pdhA, yhbG, pykF, lysS, and leuS. The MST scheme (Klint et al.,
2007) targets the five hypervariable regions CT058, CT144, CT172, hctB and pbpB). The MLVA-ompA
genotyping system (Pedersen et al., 2008) targets three VNTR loci, CT1335, CT1299, CT1291, in
addition to the ompA gene. The molecular markers included in each of the four genotyping systems
are listed in Table 10. The nucleotide positions and functions of each molecular marker are also

included in Table 10.

The primers targeting each molecular marker are provided in Table 11. For each LGV strain, the
.fasta file was opened using Artemis (version 16.0.0) (Carver et al., 2012). Using the Artemis

“Navigator” tool, the primer sequences were inputted to locate each molecular marker.

The website (https://pubmlst.org/) hosts an open-access database for C. trachomatis. This

database contains C. trachomatis sequence data for all markers comprising the MLST schemes
(Pannekoek et al., 2008; Dean et al., 2009), and the MST scheme (Klint et al., 2007). A sequence
can be inputted and compared against existing marker sequences in the database, giving a profile
for each locus. Sequence types (STs) were subsequently determined by inputting the allelic profile

into  https://pubmlst.org/biosdb?db=pubmist chlamydiales seqdef. To assigh MLVA-ompA

genotypes to the LGV strains in this Chapter, the VNTR and ompA primer sequences were inputted
into the Artemis “Navigator” tool to locate each sequence. A type was assigned at each VNTR locus

according to the method outlined in 2.19.2.

4.3.2 Statistical Analysis

As discussed in section 4.1, the parameters that were assessed in this Chapter to evaluate each
genotyping scheme were: (1) the discriminatory power (as measured by Simpson’s Index of

Diversity) (2.20.1), and (2) the typeability of each scheme (2.20.2).
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4.3.2.1 Discriminatory Power

The discriminatory power of a genotyping system is its ability to assign a different genotype to two
unrelated strains sampled randomly from the population of a given species. It is expressed as a
probability using Hunter and Gaston’s modification of Simpson’s index of diversity (Hunter and

Gaston, 1988). The formula used to define Simpson’s index of diversity, D, is:

S
1
D=1 —m;n](n] - 1)

where N is the total number of samples, S is the total number of genotypes identified, and n; is the

number of samples belonging to the jth type.

4.3.2.2 Typeability

The typeability of a genotyping scheme is its ability to assign a genotype to all samples. It is
calculated by dividing the number of strains assigned STs or MLVA-ompA genotypes, by the total

number of strains included in the analysis. Typeability is expressed as a percentage.

84



Table 10 Description of the molecular markers that comprise the four genotyping schemes evaluated in this Chapter.

Scheme Molecular Name Nucleotide position* |Length Function
Marker (5’->3’) (bp)*
gatA Glu.tamyl—tRNA (GIn) . 2108 - 3,583 1476 AIIovys the formation of cc?rrectly c.harged QIn—tRNA through the transamidation
amidotransferase subunit A of mis-acylated Glu-tRNA in organisms lacking glutaminyl-tRNA synthetase
OppA_3 Oligopeptide Binding Protein 222,438 - 223,994 1,557 |Binding and transport of peptides and peptidoglycans
hix GTP-binding Protein 433,641 - 432,298 1,344 GT?ase that gssoaates.wmh the 50S ribosomal subunit and may have a role
during protein synthesis
MLST NAD-binding protein involved in the addition of a carboxymethylaminomethyl
(Pannekoek et | gidA Glucose-Inhibited Division protein A |576,941 - 578,773  |1,833 gp ol rooxymethy y
(cmnm) group at the wobble position (U34) of certain tRNAs
al., 2008)
enoA Enolase 661,850 - 663,124 1275 Catalyses the conversion of 2—phosphog|ycerate (Z—PG)‘ to
phosphoenolpyruvate (PEP) — the final step of glycolysis.
Invol i 1ofth h h hesi hri -IX f
hemN Coproporphyrinogen-lil oxidase 60,110 - 58,974 1137 nvolved in st(?p of the pathway that synthesises protoporyphrinogen-IX from
coproporphyrinogen-lil.
fumC Fumarate hydratase 1,004,550 - 1,005,941 | 1,392 |Catalyses the conversion of fumarate to L-malate.
glyA Serine hydroxymethyltransferase 502,443 - 500,950 1,494 Catallyses the interconversion gf serine and glycine with tetrahydrofolate (THF)
serving as the one-carbon carrier.
mdhC Malate dehydrogenase 430,162 - 429,182 981 Catalyses the oxidation of malate to oxaloacetate.
MLST (Dean et Pyruvate dehydrogenase E1 .
2 -2 1,02 -
al., 2009) pdhA component subunit a 73,563 - 274,585 ,023 | Catalyses the conversion of pyruvate to acetyl-CoA and CO:
yhbG ABC transporter ATP-binding protein | 751,062 - 750,343 720 Binding and transport; ATP-binding cassette (ABC) transport system
. L D-
pykF Pyruvate Kinase 374,217 - 375,674 1,458 Involved in step 5 of the pathway synthesising pyruvate from D-glyceraldehyde

3-phosphate
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lysS Lysine-tRNA ligase 916,214 -917,794 1,581 |Translation; Lysine biosynthesis; aminoacyl-tRNA biosynthesis
leuS Leucine-tRNA ligase 238,225 - 235,766 2,460 |Translation; aminoacyl-tRNA biosynthesis
CT058 68,528 - 67,425 1,104 |Encodes a hypothetical protein
CT144 160,694 - 161,551 858 Encodes a hypothetical protein
MST (Klint et . .
al., 2007) CT172 195,582 - 195,091 492 Encodes a hypothetical protein
hctB Histone-like protein 51,504 - 52,115 612 Regulation of chromatin structure and gene expression
pbpB Penicillin-binding protein 780,668 - 783,910 3,243 |Encodes a penicillin-binding protein
CT1335 737,225 -737,377 153 VNTR? located within DNA topoisomerase I/SWI domain fusion protein
MLVA-ompA | cT1299 291,758 - 291,945 188 | VNTR? located in a non-coding region
(Pedersen et
al., 2008) CT1291 195,536 - 195-760 225 VNTR? located within hypothetical protein CT172.1
ompA Outer membrane protein A 780,060 - 778,879 1,182 |Encodes the major outer membrane protein (MOMP)

*According to D/UW-3/Cx, Genbank accession number NC_000117; @2 VNTR refers to Variable Number Tandem Repeats.
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Table 11 Primers for MLST (Pannekoek et al., 2008), MLST (Dean et al., 2009), MST (Klint et al.,

2007), and MLVA-ompA (Pedersen et al., 2008) schemes.

Scheme Molecular Primer Name | Primer Sequence (5’2 3’) Arr!phco Nucllt?otlde
Marker n size* |position*
gatA_F GCTTTAGAATTARSARAWGCT 2,123 -2,143
gatA 512
gatA_R GATCCTCCGGTATCYGATCC 2,634 -2,615
oppA_3_F ATGCGCAAGATATCAGTGGG 222,438 - 222,457
OppA_3 587
oppA_3_R AAAGCTCCRSTWGMTATMGGWAG 223,024 - 223,002
hfIX_F GCTTCTARAGTACTTTTAAATG 432,737 - 432,758
hfIx 512
hflX_R ATTTTRGAAATYTTTKCSAGYCG 433,248 - 433,226
gidA_F GGAGTCWCTACWAAAGAAGG 577,352 -577,371
MLST gidA 560
(Pannekoek gidA_R TCGTAYTGYACATCRAAAGG 577,911 - 577,892
etal., 2008) enoA_F CCTATGATGAATCTKATCAATGG 662,288 - 662,310
enoA 431
enoA_R TCTTCTTCRGCWAGMCCATCT 662,718 - 662,698
hemN_F AGATCTTCTTCWGGRGGWAGAGA 867,799 - 867,821
hemN 491
hemN_R TTCYTTCAKAACSTAGGTTTT 868,289 - 868,269
fumC_F ATTAAAAAATGTGCTGCT 1,004,691-1,004,708
fumC 572
fumC_R CCTTCAGGAACATTYAACCC 1,005,262-1,005,243
WhereR=AorG;S=GorC;W=AorT;Y=CorT;M=AorC;K=GorT
FglyA GAAGACTGTGGCGCTGTTTTATGG 501,702 - 501,679
glyA 679
RglyA CTTCCTGAGCGATCCCTTCTGAC 501,024 - 501,046
FmdhC GGAGATGTTTTTGGCCTTGATTGT 430,081 - 430,058
mdhC 616
RmdhC CGATTACTGCACTACCACGACTCT 429,466 - 429,489
FpdhA CTACAGAAGCCCGAGTTTTT 273,600 - 273,619
pdhA 708
RpdhA CTGTTTGTTGCATGTGGTGATAAG 274,307 - 274,284
MLST FyhbG TCAAGTCAATGCAGGAGAAAT 750,991 - 750,971
(Dean et al., | yhbG 629
2009) RyhbG GATAGTGTTGACGTACCATAGGAT 750,363 - 750,386
FpykF ATCTTATCGCTGCTTCGTT 374,773 - 374,791
pykF 651
RpykF CAGCAATAATAGGGAGATA 375,423 - 375,405
FlysS GAAGGAATCGATAGAACGCATAAT 917,030 - 917,053
lysS 746
RlysS ATACGCCGCATAACAGGGAAAAAC 917,775 - 917,752
FleusS TCCCTTGGTCGATCTCCTCAC 237,443 - 237,423
leuS 713
Rleu$S GGGCATCGCAAAAACGTAAATAGT 236,731 - 236,754
CT222F CTTTTCTGAGGCTGAGTATGATTT 68,713 - 68,690
MST (Klint | CT058 1,499
CT1678R CCGATTCTTACTGGGAGGGT 67,215 - 67,234
etal., 2007)
CT144 CT144:248F | ATGATTAACGTGATTTGGTTTCCTT |799 160,641 - 160,665
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CT144:1046R

GCGCACCAAAACATAGGTACT

161,439 - 161,419

Four268F CCGTAGTAATGGGTGAGGGA 195,680 - 195,661
CT172 380
Four610R CGTCATTGCTTGCTCGGCTT 195,301 - 195,320
Hctb39F CTCGAAGACAATCCAGTAGCAT 51,219 - 51,240
hctB 796
Hctb794R CACCAGAAGCAGCTACACGT 52,014 - 51,995
pbpB1F TATATGAAAAGAAAACGACGCACC 780,665 - 780,688
pbpB 2,366
pbpB2366R | TGGTCAGAAAGATGCTGCACA 783,030 - 783,010
CT1335_F TCATAAAAGTTAAATGAAGAGGG 737,225 737,250
CT1335 ACT 153
CT1335_R TAATCTTGGCTGGGGATTCA 737,377 - 737,358
CT1299 F TTGTGTAAAGAGGGTCTATCTCCA 291,758 — 291,781
MLVA- CT1299 188
ompA CT1299_R AAGTCCACGTTGTCATTGTACG 291,945 - 291,924
(Pedersen CT1291 F GCCAAGAAAAACATGCTGGT 195,536 — 195,555
etal., 2008) | CT1291 225
CT1291_R AGGATATTTCCCTCAGTTATTCG 195,760 — 195,738
PCTM3 TCCTTGCAAGCTCTGCCTGTGGGG 779,977 — 780,006
ompA AATCCT 1,019
NR1 CCGCAAGATTTTCTAGATTTC 779,008 — 778,988

*According to D/UW-3/Cx, Genbank accession number NC_000117.
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Upon application of the aforementioned methods to the LGV strain genomes deposited in NCBI
Genome, it was concluded (4.4) that the MLVA-ompA genotyping system (Pedersen et al., 2008)
was best suited for the genotyping survey of LGV strains from London (Chapter 5). Therefore, the
MLVA-ompA genotyping system was deployed in the following field test in order to assure its

suitability for genotyping clinical specimens:

4.3.3 Field-Test of the MLVA-ompA genotyping system

4.3.3.1 Bri038 Rectal Isolate

The rectal isolate that was genotyped in this Chapter as a field-test of the MLVA-ompA genotyping
system was Bri038. Bri038 is an LGV isolate that was obtained using a rectal swab from an MSM
from Brighton in a study by Labiran et al. (2016). This isolate, along with two other LGV isolates,
were whole genome sequenced in Chapter 6 of this thesis. The details of Bri038 isolate collection,

growth in cell culture, and genomic DNA extraction are provided in Chapter 6.

The rationale for the field-test was to assess the practicability of the MLVA-ompA genotyping
system (i.e. its ease of use, the ease of assignation of genotypes) and also to assess the
reproducibility of the method (i.e. the ability to assign the same type upon repeated testing). We
selected to MLVA-ompA genotype the Bri038 isolate in this Chapter, as the MLVA-ompA genotype
for this isolate had previously been determined by Labiran et al. (2016). As a result, we could

compare the genotype assigned in this Chapter to that obtained by Labiran.

The study by Labiran et al. (2016) previously determined the MLVA-ompA genotype of Bri038 as
1.9.2 — L2b. This was achieved by using the MLVA-ompA primers listed in Table 12 and the PCR
conditions described in section 2.9.1. For the field-test of the MLVA-ompA genotyping system in
this Chapter, it was decided to repeat this process and confirm the MLVA-ompA genotype of Bri038

using genomic DNA extracted from Bri038 in Chapter 6.

4.3.2.1 MLVA-ompA genotyping of Bri038

Genomic DNA extracted from Bri038 (Chapter 6) was PCR amplified using the MLVA-ompA primers
previously used by Labiran et al. (2014) (Table 12). A positive control, SotonK1 (ompA genotype K;
Genbank Accession no. HE601794.1), and a no-template negative control (NTC) were employed.
PCR amplicons were visualised on 2% agarose gels. Amplicons were purified using the Wizard® SV
Gel and PCR Clean-Up System (Promega, UK) (2.10) and sent to Source Bioscience for sequencing
(2.13). Sequence chromatograms were visualised using SnapGene (version 5.3). VNTR types and

ompA genotypes were assigned by the method outlined in section 2.19.2.
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Table 12 Primers used for PCR amplification of VNTR loci and ompaA in Bri038.

Primer Primer sequence (5’-3’) Amplicon size® |Nucleotide position® |Reference
Name (bp)
CT1335F* |AAAGCGTCCTCTGGAAGGG 208 737,198 - 737,216 (Labiran,
2014)
CT1335R* |CCTTCTCCTAACAACTTACGC 737,405 - 737,385
CT1299F* |ATCGCTTAAGATTCTCGGAGG 342 291,654 - 291,674
CT1299R* |AGGTTCTAGCTGAGCATGGG 291,995 -291,976
CT1291F GCCAAGAAAAACATGCTGGT 225 195,536 — 195,555 (Pedersen
CT1291R | AGGATATTTCCCTCAGTTATTCG etal,
195,760 — 195,738
2008)
PCTM3 TCCTTGCAAGCTCTGCCTGTGGGGAATCCT |1,019 779,977 — 780,006 (Lanetal.,
1994)
NRI CCGCAAGATTTTCTAGATTTC 779,008 — 778,988

a According to D/UW-3/CX, Genbank accession number NC_000117.

4.4 Results

4.4.1 LGV strains of C. trachomatis

A total of 193 C. trachomatis genomes were listed in the NCBI Genome database. Of these, 133
genomes (69%) were non-LGV, hence were excluded from further analysis. The remaining 60
genomes were LGV strain genomes, however, 27 of these were laboratory-generated recombinant
LGV strains. These strains were L2/434/Bu strains that were transformed. These were excluded
from further analysis as we wished to genotype “wild-type” C. trachomatis strains and not lab-
altered LGV C. trachomatis strains. The remaining 33 strains were LGV strains that had not been
laboratory-generated. A list of the 33 LGV strains analysed in this Chapter is provided in Table 13.
In total, 23 of these strains (70%) had completely assembled genome sequences, and the 10
remaining strains had in-complete genome assemblies. Whole genome shotgun data was available

for these 10 strains. The ten strains are indicated in Table 13 with asterisks (*).

The ompA genotypes of the 33 strains analysed in this Chapter were L1 (n=5), L2 (n= 3), L2b (n=
21), L2b/D (n= 1), and L3 (n= 1). Also included were two L1/L2 strains, L1/115 and L1/224. These

strains were isolated from LGV patients in South Africa prior to 1994 (exact date unknown). OmpA
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sequence analysis performed by Harris et al. (2012) determined that the sequence of variable
segments 1 and 2 (VS 1 - 2) was identical to L1/440/LN, whilst the sequence of variable segments 3
and 4 (VS 3 - 4) was identical to L2/434/Bu. The L2c strain (Somboonna et al.,, 2011) was a
recombinant strain containing a chimeric L2/D genome (Chapter 6). The ompA genotype for this

recombinant strain was L2.

4.4.2 Sequence Types (STs) identified

Table 14 shows the sequence types (STs) that were identified by applying the Pannekoek et al.
(2008) MLST genotyping scheme to the 33 LGV strains. Of these 33 strains, 30 (91%) could be
assigned a ST using the Pannekoek et al. MLST scheme. Two STs were identified — ST 44 (n= 29;
97%) and ST 11 (n=1; 3%). ST 11 was assigned to L1/440/LN (Table 14).

Table 15 indicates the STs identified using the Dean et al. (2009) MLST genotyping system. Of the
33 LGV strains assessed, 32 (97%) could be assigned a sequence type using this system, of which

100% were assigned ST 1 (Table 15).

Table 16 gives the STs assigned to the 33 LGV strains using the Klint et al. (2007) MST genotyping
system. In total, 29 strains (88%) could be assigned a sequence type. Nine STs were identified using
the MST system. These included three STs that had not previously been defined, i.e. these
combinations of allele types had not been reported previously. These were designated ND1 (n= 3;
10%), ND2 (n= 1; 3%), and ND3 (n= 2; 7%) (whereby ND refers to STs that were not previously
defined). The ST 58 and ST 143 were exclusively assigned to L2b strains. Of the 21 L2b strains
included in the analysis, 18 (86%) could be assigned a ST. Of these, 16 strains were assigned ST 58
and 2 strains were assigned ST 143 (Table 16).
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Table 13 LGV strains of C. trachomatis. An asterisk (*) denotes strains with in-completely assembled genomes for which whole genome shotgun data was available.

Strain Name | OmpA Country (City) |Source Collection Chromosome Whole Genome Genome Reference Sequencing Method Number of
genotype Date Accession Shotgun Accession contigs
(EMBL)
L1/115 L1/L22 South Africa LGV patient <1994 HE601952 (Harris et al., 2012) Ilumina GAII 1
L1/1322/p2 |L1 South Africa Genital ulcer 1995 HE601951 (Harris et al., 2012) Ilumina GAII 5
L1/224 L1/L22 South Africa LGV patient <1994 HE601953 (Harris et al., 2012) lllumina GAII 1
L1/440/LN L1 USA Lymph node 1968 HE601950 (Harris et al., 2012) lllumina GAII 2
L2/434/Bu L2 USA Lymph node 1968 AM884176 (Thomson et al., 2007) ABI3700 Not provided
L2/25667R L2 USA Rectal biopsy <1983 HE601954 (Harris et al., 2012) Illumina GAll 1
LGV913* L1 South Africa Unknown 2012 CVNC00000000 (Seth-Smith et al., 2013) Illumina GAIl 47
LGV1339* L1 South Africa Urethra 1995 CVNDO0000000 (Seth-Smith et al., 2013) lllumina GAIl 231
LGV98* L1 South Africa Unknown 2012 CVNB000O00000 (Seth-Smith et al., 2013) lllumina GAlI 140
HPA1IMS* |L2b UK (London) Rectum 2005 CVOA00000000 (Seth-Smith et al., 2013) lllumina GAIl 8,120*
HPA21IMS* |L2b UK (London) Rectum 2009 CVNY00000000 (Seth-Smith et al., 2013) Ilumina GAII 419
HPA27IMS* | L2b UK (Edinburgh) |Rectum 2005 Cv0OC00000000 (Seth-Smith et al., 2013) Illumina GAII 4,182%*
HPA29IMS* |L2b UK (Edinburgh) |Rectum 2004 Cv0D00000000 (Seth-Smith et al., 2013) Illumina GAII 1,366*
HPA31IMS* |L2b UK (London) Rectum 2005 CVOE00000000 (Seth-Smith et al., 2013) lllumina GAIl 584
HPA34IMS* |L2b UK (Stoke-On- | Rectum 2008 CVPJO0000000 (Seth-Smith et al., 2013) lllumina GAIl 419
Trent)
L2b/795 L2b France Rectum 2004 HE601949 (Harris et al., 2012) Illumina GAll 1
L2b/8200/07 | L2b Sweden Rectum 2007 HE601795 (Harris et al., 2012) Illumina GAll 1
L2b/Ams1 L2b Netherlands Penile ulcer 2004 HE601959 (Harris et al., 2012) Ilumina GAII 2
L2b/Ams2 L2b Netherlands Anus 2005 HE601961 (Harris et al., 2012) Ilumina GAII 7
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L2b/Ams3 L2b Netherlands Anus 2004 HE601962 (Harris et al., 2012) Ilumina GAII 8

L2b/Ams4 L2b Netherlands Anus 2005 HE601964 (Harris et al., 2012) Ilumina GAII 8

L2b/Ams5 L2b Netherlands Anus 2004 HE601965 (Harris et al., 2012) Ilumina GAII 4

L2b/CV204 |L2b France Rectum 2006 HE601960 (Harris et al., 2012) lllumina GAlI 11
L2b/Canada |L2b Canada Rectum 2004 HE601963 (Harris et al., 2012) lllumina GAlI 4

1

L2b/Canada |L2b Canada Rectum 2005 HE601957 (Harris et al., 2012) Ilumina GAII 3

2

L2b/LST L2b France Rectum 2008 HE601958 (Harris et al., 2012) lllumina GAlI 7

L2b/UCH- L2b UK (London) Rectum 2006 AMS884177.2 (Thomson et al., 2007) 454/Roche/GS20 18
1/proctitis

L2b/UCH-2 |L2b UK (London) Rectum Unknown HE601956 (Harris et al., 2012) Ilumina GAII 1
L2b/CS19/08 | L2b Portugal Anorectal Swab |2008 CP009923 (Borges and Gomes, 2015a) | lllumina Not provided
L2b/CS784/0 | L2b Portugal Anorectal Swab |2008 CP009925 (Borges and Gomes, 2015a) | lllumina Not provided
8

L2b/D/PT0O5 |L2b/D Portugal Anorectal Swab |2017 CAAKNDO000O0000O |(Borges et al., 2019) lumina 9

*

L2c L2 USA Rectum Unknown CP002024 (Somboonna et al., 2011) 454/Roche Not provided
L3/404/LN L3 USA Lymph node 1967 HE601955 (Harris et al., 2012) Ilumina GAII 1

a OmpA sequence analysis of L1/L2 strains showed that variable segments 1 and 2 (VS 1 - 2) matched L1/440/LN, whilst variable segments 3 and 4 (VS 3 - 4) matched L2/434/Bu.

*fragmented assembly.
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Table 14 Sequence types (STs) of 33 LGV strains determined using the Pannekoek et al. (2008)
MLST genotyping scheme. Black boxes indicate strains that could not be assigned STs. Asterisks (*)

denote strains with in-completely assembled genomes for which whole genome shotgun data was

available.
Allele
Strain Name ST
gatA oppA_3 hfix gidA enoA hemN fumC

L1/115 1 3 3 3 2 2 19 44
L1/1322/p2 1 3 3 3 2 2 19 44
L1/224 1 3 3 3 2 2 19 44
L1/440/LN 1 3 3 3 2 2 2 11
L2/434/Bu 1 3 3 3 2 2 19 44
L2/25667R 1 3 3 3 2 2 19 44
LGV913* 1 3 3 3 2 2 19 44
LGV1339* 1 3 3 3 2 2 19 44
LGV98* 1 3 3 3 2 2 19 44
HPA1IMS* 1 3 3 3 2 2 19 44
HPA21IMS* 1 3 3 3 2 2 19 44
HPA27IMS* 1 3 3 3 2
HPA31IMS* 1 3 3 3 2
HPA34IMS* 1 3 3 3 2
L2b/795 1 3 3 3 2
L2b/8200/07 1 3 3 3 2 2 19 44
L2b/Ams1 1 3 3 3 2 2 19 44
L2b/Ams2 1 3 3 3 2 2 19 44
L2b/Ams3 1 3 3 3 2 2 19 44
L2b/Ams4 1 3 3 3 2 2 19 44
L2b/Ams5 1 3 3 3 2 2 19 44
L2b/CV204 1 3 3 3 2 2 19 44
L2b/Canadal 1 3 3 3 2 2 19 44
L2b/Canada2 1 3 3 3 2 2 19 44
L2b/LST 1 3 3 3 2 2 19 44
L2b/UCH-1/proctitis 1 3 3 3 2 2 19 44
L2b/UCH-2 1 3 3 3 2 2 19 44
L2b/CS19/08 1 3 3 3 2 2 19 44
L2b/CS784/08 1 3 3 3 2 2 19 44
L2b/D/PT0O5* 1 3 3 3 2 2 19 44
L2c 1 3 3 3 2 2 19 44
L3/404/LN 1 3 3 3 2 2 19 44
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Table 15 Sequence types (STs) of 33 LGV strains determined using the Dean et al. (2009) MLST
scheme. Black boxes indicate strains that could not be assigned STs. Asterisks (*) denote strains
with incompletely assembled genomes for which whole genome shotgun data was available.

Allele
Strain Name ST
glyA mdhC pdhA yhbG pykF lysS leus

L1/115 1 1 3 8 1 4 11 1
L1/1322/p2 1 1 3 8 1 4 11 1
L1/224 1 1 3 8 1 4 11 1
L1/440/LN 1 1 3 8 1 4 11 1
L2/434/Bu 1 1 3 8 1 4 11 1
L2/25667R 1 1 3 8 1 4 11 1
LGV913* 1 1 3 8 1 4 11 1
LGV1339* 1 1 3 8 1 4 11 1
LGV98* 1 1 3 8 1 4 11 1
HPA1IMS* 1 1 3 8 1 4 11 1
HPA21IMS* 1 1 3 8 1 4 11 1
HPA27IMS* 1 1 3 8 1 4 11 1
HPA29IMS* 1 4
HPA31IMS* 1 1 3 8 1 4 11 1
HPA34IMS* 1 1 3 8 1 4 11 1
L2b/795 1 1 3 8 1 4 11 1
L2b/8200/07 1 1 3 8 1 4 11 1
L2b/Ams1 1 1 3 8 1 4 11 1
L2b/Ams2 1 1 3 8 1 4 11 1
L2b/Ams3 1 1 3 8 1 4 11 1
L2b/Ams4 1 1 3 8 1 4 11 1
L2b/Ams5 1 1 3 8 1 4 11 1
L2b/CV204 1 1 3 8 1 4 11 1
L2b/Canadal 1 1 3 8 1 4 11 1
L2b/Canada2 1 1 3 8 1 4 11 1
L2b/LST 1 1 3 8 1 4 11 1
L2b/UCH-1/proctitis 1 1 3 8 1 4 11 1
L2b/UCH-2 1 1 3 8 1 4 11 1
L2b/CS19/08 1 1 3 8 1 4 11 1
L2b/CS784/08 1 1 3 8 1 4 11 1
L2b/D/PTO5* 1 1 3 8 1 4 11 1
L2c 1 1 3 8 1 4 11 1
L3/404/LN 1 1 3 8 1 4 11 1
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Table 16 Sequence types (STs) of 33 LGV strains determined using the Klint et al. (2007) scheme.
Black boxes indicate strains that could not be assigned STs. Asterisks (*) denote strains with

incompletely assembled genomes for which whole genome shotgun data was available. ND denotes

a ST that has not previously been defined (i.e. this combination of allele types has not previously

been reported).

Strain Name CT058 CT144 CT172 hctB pbpB ST
L1/115 11 17 10 18 28 ND1
L1/1322/p2 13 4 10 18 28 ND2
L1/224 11 17 10 18 28 ND1
L1/440/LN 11 4 6 18 28 49
L2/434/Bu 13 19 6 18 28 141
L2/25667R 37 19 6 18 28 144
LGV913* 13 4 6 18 28 ND3
LGV1339* 13 4 6 18 28 ND3
LGV98* 11 17 10 18 28 ND1
HPA21IMS* 13 17 13 27 28 58
HPA27IMS* 13 17 13 44 28 143
HPA29IMS*

HPA31IMS*

HPA34IMS* 13 17 13 44 28 143
L2b/795 13 17 13 27 28 58
L2b/8200/07 13 17 13 27 28 58
L2b/Ams1 13 17 13 27 28 58
L2b/Ams2 13 17 13 27 28 58
L2b/Ams3 13 17 13 27 28 58
L2b/Ams4 13 17 13 27 28 58
L2b/Ams5 13 17 13 27 28 58
L2b/CV204 13 17 13 27 28 58
L2b/Canadal 13 17 13 27 28 58
L2b/Canada2 13 17 13 27 28 58
L2b/LST 13 17 13 27 28 58
L2b/UCH-1/proctitis 13 17 13 27 28 58
L2b/UCH-2 13 17 13 27 28 58
L2b/CS19/08 13 17 13 27 28 58
L2b/CS784/08 13 17 13 27 28 58
L2b/D/PTO5* 13 17 13

L2c 13 19 6 18 28 141
L3/404/LN 11 4 10 19 31 51
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4.4.3 MLVA-ompA genotypes identified

Table 17 indicates the MLVA-ompA genotypes identified using the Pedersen et al. (2008) MLVA-
ompA genotyping system. Of the 33 LGV strains assessed, 100% could be assigned MLVA-ompA
genotypes. In total, eight distinct MLVA-ompA genotypes were identified. The 21 L2b strains were
resolved into 1 MLVA-ompA genotype using the system — 1.9.2b - L2b. Table 18 shows the VNTR
sequence variants identified. Application of MLVA-ompA identified one new CT1291 variant that
had not previously been seen in the published literature. This VNTR variant was assigned CT1291

type 4b (AAAATAGTCTA-10C-TATTG) (Table 18).

4.4.4 Discriminatory Power and Typeability of the Genotyping Systems for C. trachomatis

Table 19 provides a summary of the STs and MLVA-ompA genotypes identified by applying the four
genotyping systems — MST (Klint et al., 2007), MLST (Pannekoek et al., 2008), MLST (Dean et al.,
2009), and MLVA-ompA (Pedersen et al., 2008) — to the 33 LGV strains of C. trachomatis provided
in Table 13.

The discriminatory power index (D) was calculated for each system: Dmwva-ompa = 0.59; Dust = 0.75;

Dwmist (Pannekoek et al, 2008.) = 0.22; and Dmist (Dean et al., 2009) = 0.06 (Table 19).

The typeability of each genotyping system was calculated: MLVA-ompA (Pedersen et al., 2008) =
100%, MST (Klint et al., 2007) = 88%, MLST (Pannekoek et al., 2008) = 91%, and MLST (Dean et al.,
2009) = 97% (Table 19).
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Table 17 MLVA-ompA genotypes of 33 LGV strains determined using the Pedersen et al. (2008)
MLVA-ompA scheme. Asterisks (*) denote strains with in-completely assembled genomes for which
whole genome shotgun data was available. T indicates a VNTR type that has not previously been
described in the literature by Wang et al. (2011), Satoh et al. (2014), Qin et al. (2016), or Labiran et
al. (2016, 2017).

Strain Name CT1335 CT1299 CT1291 ompA MLVA-ompA genotype
L1/115 5 9 8 L1 5.9.8-11
L1/1322/p2 5 9 8 L1 5.9.8-11
L1/224 5 9 8 L1 5.9.8-11
L1/440/LN 5 9 3b L1 5.9.3b-L1
L2/434/Bu 5 9 3b L2 5.9.3b-L2
L2/25667R 5 9 3b L2 5.9.3b-L2
LGV913* 5 9 4bt L1 5.9.4bt - L1
LGV1339* 5 9 2b L1 5.9.2b- L1
LGV98* 5 9 8 L1 5.9.8-11
HPA1lIMS* 1 9 2b L2b 1.9.2b- L2b
HPA21IMS* 1 9 2b L2b 1.9.2b-L2b
HPA27IMS* 1 9 2b L2b 1.9.2b-L2b
HPA29IMS* 1 9 2b L2b 1.9.2b- L2b
HPA31IMS* 1 9 2b L2b 1.9.2b-L2b
HPA34IMS* 1 9 2b L2b 1.9.2b-L2b
L2b/795 1 9 2b L2b 1.9.2b-L2b
L2b/8200/07 1 9 2b L2b 1.9.2b-L2b
L2b/Ams1 1 9 2b L2b 1.9.2b-L2b
L2b/Ams2 1 9 2b L2b 1.9.2b-L2b
L2b/Ams3 1 9 2b L2b 1.9.2b-L2b
L2b/Ams4 1 9 2b L2b 1.9.2b-L2b
L2b/Ams5 1 9 2b L2b 1.9.2b-L2b
L2b/CV204 1 9 2b L2b 1.9.2b-L2b
L2b/Canadal 1 9 2b L2b 1.9.2b-L2b
L2b/Canada2 1 9 2b L2b 1.9.2b - L2b
L2b/LST 1 9 2b L2b 1.9.2b-L2b
L2b/UCH-1/proctitis 1 9 2b L2b 1.9.2b-L2b
L2b/UCH-2 1 9 2b L2b 1.9.2b-L2b
L2b/CS19/08 1 9 2b L2b 1.9.2b-L2b
L2b/CS784/08 1 9 2b L2b 1.9.2b-L2b
L2b/D/PTO5* 1 9 2b L2b/D 1.9.2b - L2b/D
L2c 5 9 3b L2 5.9.3b-L2
L3/404/LN 5 9 8 L3 5.9.8-13
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Table 18 Variable Number Tandem Repeat (VNTR) sequence variants identified using the
Pedersen et al. (2008) MLVA-ompA scheme. Asterisks (*) denote strains with incompletely
assembled genomes for which whole genome shotgun data was available. t indicates a VNTR type
that has not previously been described by Wang et al. (2011), Satoh et al. (2014), Qin et al. (2016),
or Labiran et al. (2016, 2017).

Strain Name CT1335 CT1299 CT1291
L1/115 GAAAAAG-11T8A-GCTTTTGT |TTTTTATTCT-3C2T-6C-ATCAAA | AAAATAGTCTA-7C-TATTG
L1/1322/p2 GAAAAAG-11T8A-GCTTTTGT |TTTTTATTCT-3C2T-6C-ATCAAA | AAAATAGTCTA-7C-TATTG
L1/224 GAAAAAG-11T8A-GCTTTTGT |TTTTTATTCT-3C2T-6C-ATCAAA | AAAATAGTCTA-7C-TATTG
L1/440/LN GAAAAAG-11T8A-GCTTTTGT |TTTTTATTCT-3C2T-6C-ATCAAA | AAAATAGTCTA-9C-TATTG
L2/434/Bu GAAAAAG-11T8A-GCTTTTGT |TTTTTATTCT-3C2T-6C-ATCAAA | AAAATAGTCTA-9C-TATTG
L2/25667R GAAAAAG-11T8A-GCTTTTGT |TTTTTATTCT-3C2T-6C-ATCAAA | AAAATAGTCTA-9C-TATTG
LGV913* GAAAAAG-11T8A-GCTTTTGT |TTTTTATTCT-3C2T-6C-ATCAAA | AAAATAGTCTA-10C-TATTG t
LGV1339* GAAAAAG-11T8A-GCTTTTGT |TTTTTATTCT-3C2T-6C-ATCAAA | AAAATAGTCTA-8C-TATTG
LGV98* GAAAAAG-11T8A-GCTTTTGT |TTTTTATTCT-3C2T-6C-ATCAAA | AAAATAGTCTA-7C-TATTG
HPA1IMS* GAAAAAG-9T8A-GCTTTTGT | TTTTTATTCT-3C2T-6C-ATCAAA | AAAATAGTCTA-8C-TATTG
HPA21IMS* GAAAAAG-9T8A-GCTTTTGT | TTTTTATTCT-3C2T-6C-ATCAAA | AAAATAGTCTA-8C-TATTG
HPA27IMS* GAAAAAG-9T8A-GCTTTTGT | TTTTTATTCT-3C2T-6C-ATCAAA | AAAATAGTCTA-8C-TATTG
HPA29IMS* GAAAAAG-9T8A-GCTTTTGT | TTTTTATTCT-3C2T-6C-ATCAAA | AAAATAGTCTA-8C-TATTG
HPA31IMS* GAAAAAG-9T8A-GCTTTTGT | TTTTTATTCT-3C2T-6C-ATCAAA | AAAATAGTCTA-8C-TATTG
HPA34IMS* GAAAAAG-9T8A-GCTTTTGT | TTTTTATTCT-3C2T-6C-ATCAAA | AAAATAGTCTA-8C-TATTG
L2b/795 GAAAAAG-9T8A-GCTTTTGT | TTTTTATTCT-3C2T-6C-ATCAAA | AAAATAGTCTA-8C-TATTG
L2b/8200/07 GAAAAAG-9T8A-GCTTTTGT | TTTTTATTCT-3C2T-6C-ATCAAA | AAAATAGTCTA-8C-TATTG
L2b/Ams1 GAAAAAG-9T8A-GCTTTTGT | TTTTTATTCT-3C2T-6C-ATCAAA | AAAATAGTCTA-8C-TATTG
L2b/Ams2 GAAAAAG-9T8A-GCTTTTGT | TTTTTATTCT-3C2T-6C-ATCAAA | AAAATAGTCTA-8C-TATTG
L2b/Ams3 GAAAAAG-9T8A-GCTTTTGT | TTTTTATTCT-3C2T-6C-ATCAAA | AAAATAGTCTA-8C-TATTG
L2b/Ams4 GAAAAAG-9T8A-GCTTTTGT | TTTTTATTCT-3C2T-6C-ATCAAA | AAAATAGTCTA-8C-TATTG
L2b/Ams5 GAAAAAG-9T8A-GCTTTTGT | TTTTTATTCT-3C2T-6C-ATCAAA | AAAATAGTCTA-8C-TATTG
L2b/CV204 GAAAAAG-9T8A-GCTTTTGT | TTTTTATTCT-3C2T-6C-ATCAAA | AAAATAGTCTA-8C-TATTG
L2b/Canadal GAAAAAG-9T8A-GCTTTTGT | TTTTTATTCT-3C2T-6C-ATCAAA | AAAATAGTCTA-8C-TATTG
L2b/Canada2 GAAAAAG-9T8A-GCTTTTGT | TTTTTATTCT-3C2T-6C-ATCAAA | AAAATAGTCTA-8C-TATTG
L2b/LST GAAAAAG-9T8A-GCTTTTGT | TTTTTATTCT-3C2T-6C-ATCAAA | AAAATAGTCTA-8C-TATTG
L2b/UCH-1/proctitis | GAAAAAG-9T8A-GCTTTTGT |TTTTTATTCT-3C2T-6C-ATCAAA | AAAATAGTCTA-8C-TATTG
L2b/UCH-2 GAAAAAG-9T8A-GCTTTTGT | TTTTTATTCT-3C2T-6C-ATCAAA | AAAATAGTCTA-8C-TATTG
L2b/CS19/08 GAAAAAG-9T8A-GCTTTTGT | TTTTTATTCT-3C2T-6C-ATCAAA | AAAATAGTCTA-8C-TATTG
L2b/CS784/08 GAAAAAG-9T8A-GCTTTTGT | TTTTTATTCT-3C2T-6C-ATCAAA | AAAATAGTCTA-8C-TATTG
L2b/D/PTOS5* GAAAAAG-9T8A-GCTTTTGT | TTTTTATTCT-3C2T-6C-ATCAAA | AAAATAGTCTA-8C-TATTG
L2c GAAAAAG-11T8A-GCTTTTGT |TTTTTATTCT-3C2T-6C-ATCAAA | AAAATAGTCTA-9C-TATTG
L3/404/LN GAAAAAG-11T8A-GCTTTTGT |TTTTTATTCT-3C2T-6C-ATCAAA | AAAATAGTCTA-7C-TATTG
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Table 19 Summary of Sequence Types (STs) and MLVA-ompA genotypes assigned to 33 LGV C.
trachomatis strains. Discriminatory index (D) and typeability of each genotyping scheme is given.

Black boxes indicate strains that could not be assigned STs or MLVA-ompA genotypes. ND=STs that
have not previously been defined; TVNTR types that have not previously been described; *strains with

incompletely assembled genomes for which whole genome shotgun data was available.

Strain Name MLVA-ompA genotype | MLST-7 ST (Pannekoek | MLST-72 ST (Dean | MST ST (Klint et
(Pedersen et al., 2008) etal., 2008) etal., 2009) al., 2007)
L1/115 59.8-11 44 1 ND1
L1/1322/p2 59.8-11 44 1 ND2
L1/224 59.8-11 44 1 ND1
L1/440/LN 5.9.3b-L1 11 1 49
L2/434/Bu 5.9.3b-L2 44 1 141
L2/25667R 5.9.3b-L2 44 1 144
LGV913* 5.9.4bt - L1 44 1 ND3
LGV1339* 5.9.2b- L1 44 1 ND3
LGV98* 59.8-11 44 1 ND1
HPA1IMS* 1.9.2b-L2b 44 1
HPA21IMS* 1.9.2b-L2b 44 1
HPA27IMS* 1.9.2b-L2b 44 1 143
HPA29IMS* 1.9.2b-L2b
HPA31IMS* 1.9.2b-L2b
HPA34IMS* 1.9.2b-L2b 143
L2b/795 1.9.2b-L2b 44 1 58
L2b/8200/07 1.9.2b-L2b 44 1 58
L2b/Ams1 1.9.2b-L2b 44 1 58
L2b/Ams2 1.9.2b-L2b 44 1 58
L2b/Ams3 1.9.2b-L2b 44 1 58
L2b/Ams4 1.9.2b-L2b 44 1 58
L2b/Ams5 1.9.2b-L2b 44 1 58
L2b/CV204 1.9.2b-L2b 44 1 58
L2b/Canadal 1.9.2b-L2b 44 1 58
L2b/Canada2 1.9.2b-L2b 44 1 58
L2b/LST 1.9.2b-L2b 44 1 58
L2b/UCH-1/proctitis 1.9.2b-L2b 44 1 58
L2b/UCH-2 1.9.2b-L2b 44 1 58
L2b/CS19/08 1.9.2b-L2b 44 1 58
L2b/CS784/08 1.9.2b-L2b 44 1 58
L2b/D/PTO5* 1.9.2b - 12b/D 44 1 _
L2c 5.9.3b- L2 44 1 141
L3/404/LN 5.9.8-13 44 1 51
Number of variants identified 8 2 1 9
Typeability 33/33 (100%) 30/33 (91%) 32/33 (97%) 29/33 (88%)
Discriminatory Index (D) 0.59 0.22 0.06 0.75
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4.4.1 AField-Test of the MLVA-ompA genotyping system

A field-test of the MLVA-ompA genotyping system was conducted using genomic DNA extracted
from a C. trachomatis LGV isolate, Bri038 (Chapter 6). This isolate had previously been MLVA-ompA
genotyped by Labiran et al. (2016) and assigned the genotype 1.9.2 — L2b. The aim of the field-test
was to assess the practicability of the MLVA-ompA system and the reproducibility of the MLVA-

ompA genotyping system (i.e. the ability to assign the same genotype upon repeat testing).

The three VNTR loci (CT1335, CT1299, and CT1291) and ompA were amplified by PCR using the
primers listed in Table 12. The PCR products for the four markers were visualised on 2% agarose
gels (Figure 17). For each marker, a single PCR product was visible in the lanes loaded with Bri038,
and the lanes loaded with the positive control. The PCR products for each marker were

subsequently purified (2.10) and sequenced (2.13).

The sequence chromatograms of the three VNTR loci (CT1335, CT1299, and CT1291) for Bri038 were
visualised (Figure 18). The VNTR types for Bri038 were CT1335 type 1 (GAAAAAG-9T8A-GCTTTTGT),
CT1299 type 9 (TTTTTATTCT-3C2T-6C-ATCAAA), and CT1291 type 2b (AAAATAGTCTA-8C-TATTG),
corresponding to a MLVA type code of 1.9.2b. Labiran et al. (2016) recorded the VNTR type of
Bri038 as 1.9.2 and not 1.9.2b. To check that the VNTR sequences that were obtained in this Chapter
were identical to those obtained for Bri038 by Labiran et al. (2016); the sequence chromatograms
obtained by Labiran were visualised. The VNTR type at CT1291 in the chromatogram obtained by

Labiran was also type 2b, however Labiran recorded the CT1291 VNTR type as type 2 mistakenly.

The ompA sequence of Bri038 was aligned against that of L2b/UCH-1/proctitis (Genbank accession
no. AM884177) and L2/434/Bu (Genbank accession no. AM884176) to determine the ompA
genotype (Appendix 3). Also included in the alignment for comparison was the ompA sequence of
Bri038 obtained by Labiran et al. (2016). Appendix 3 shows that the ompA sequence of Bri038
obtained in this Chapter is identical to the ompA sequence obtained for this isolate by Labiran et al.
(Appendix 3). The Bri038 ompA sequence contains a SNP at nucleotide position 485 (A485G). This
SNP is present in L2b (and not L2) C. trachomatis strains. A second SNP, at nucleotide position 517
(C517A) was also present. The MLVA-ompA genotype of Bri038 was therefore determined to be
1.9.2b - L2b. This matched the MLVA-ompA genotype obtained by Labiran et al. for this isolate.
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CT1335 CT1299 CT1291

LANES SL 1 (+) (-) 2 (+) () 3 (+) () sL

342 bp
208 bp

1,019 bp -

LANES SL 4 (+) (-) SL
OmpA
Figure 17 A 2% agarose gel showing the PCR products after amplification of three VNTR regions
(CT1335, CT1299 and CT1291) and ompA from Bri038. The lane labelled “1” shows the products
from amplification of CT1335 in Bri038; the lane labelled “2” shows the products from amplification
of CT1299 in Bri038; the lane labelled “3” shows the products of amplification of CT1291 in Bri038;
and the lane labelled “4” shows the products of amplification of ompA in Bri038. SL represents the
DNA ladder Smartladder. (+) represents the positive control, SotonK1. (-) represents the no-

template negative control (NTC).

103






CT1335 type 1

| |
AATATAATCGTATAAGAAAAAGTTTTTTTTTAAAAAAAAGCTTTTGTGCGAGAGACTAAG

A
W WA gpananmanya AW WA )
CT1299 type 9
| |
AAAGAT GGGAAGAAGAAATTTTTATTCTCCCTTCCCCCCATCAAACAGAAGTATTITTACTH
B

T e A e ooy

CT1291 type 2b

AGGTTTTAAAGTAAAATAGI CTACCCCCCCCTATTIGCTAGATTIGACAACACATGCTCCCT C

e

Figure 18 Chromatograms showing the three VNTR regions (CT1335, CT1299, and CT1291) in Brighton isolate Bri038. The sequence chromatograms of (A) CT1335,

(B) CT1299, and (C) CT1291 are shown. The corresponding VNTR type is indicated in bold above each chromatogram.

105






4.5 Discussion

The aim of this Chapter was to evaluate four high-resolution multi-locus genotyping systems for C.
trachomatis (Klint et al., 2007; Pannekoek et al., 2008; Pedersen et al., 2008; Dean et al., 2009) in
order to determine which system would be most suitable to apply in a genotyping survey of LGV
strains collected from MSM in London (Chapter 5). To achieve this aim, we took an in silico data
approach and obtained whole genome sequence data for all LGV strains deposited in NCBI Genome.
We excluded any laboratory-generated LGV strains from this analysis, opting to only genotype
“wild-type” LGV strains (i.e. non-laboratory modified). The reason for this was to ensure that our
results were as close as possible to those that could be obtained from real-world clinical LGV
specimens. We identified a total of 33 LGV strains using the NCBI Genome database that matched
this criterion. The sequence types (STs) and MLVA-ompA genotypes were determined for each of
these 33 strains. We assessed the discriminatory power of each genotyping system (i.e. the ability
of the genotyping system to discriminate between un-related strains) by calculating Simpson’s
Index of Diversity (van Belkum et al., 2007), and calculated the typeability for each genotyping

system.

Our results showed that the MLST schemes developed by Pannekoek et al. (2008) and Dean et al.
(2009) lacked resolution and could not sufficiently distinguish between the LGV strains analysed.
The Dean et al. MLST scheme resolved the LGV strains into one single sequence type (ST), ST 1. The
Pannekoek et al. MLST scheme resolved the LGV strains into 2 sequence types, ST 11 and ST 44.
However, ST 44 was assigned to 97% of the LGV strains analysed using this typing system, and ST
11 was assigned to one LGV strain only (L1/440/LN). The discriminatory index of both systems was
correspondingly low. The discriminatory power for the Pannekoek et al. (2008) MLST scheme was
0.22, and the discriminatory power of the Dean et al. (2009) MLST scheme was 0.06. Given that

|II

typing systems with Index values above 0.95 are considered to have more or less “ideal” resolution,
the Pannekoek et al. (2008) and Dean et al. (2009) MLST systems can be seen to have very low
resolution. However, it should be noted that these two MLST schemes are based on housekeeping
genes that are stable and not under immune selection. In addition, these schemes were developed
to describe intra-specific variation and population structure rather than to operate as ultimate
strain typing schemes (Urwin and Maiden, 2003). The low resolution provided by these two MLST

schemes makes them unsuitable candidates for application in the LGV genotyping survey in London

(Chapter 5).

The Klint et al. MST scheme (Klint et al., 2007) is based on five hypervariable genetic loci, including

two non-housekeeping genes, pbpB and hctB. These two genes are subject to selection pressure
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which introduces sequence variation. As such, applications of MST include short-term outbreak
investigations and local epidemiological studies. In this Chapter, the Klint et al. MST scheme was
able to discriminate the LGV strains analysed into nine sequence types, including three STs that had
not previously been reported. The discriminatory index of this system was the highest of all four
systems evaluated in this Chapter (Dust= 0.75). The MST scheme was the only system evaluated
that was able to resolve L2b strains into more than one ST (ST 58 and ST 143). However, the
typeability of the system was the lowest of all four genotyping schemes evaluated, and STs could
not be assigned to four strains (12%). The lower typeability obtained from MST is likely due to the
fact that some of the genomes included in the in silico analyses were highly fragmented with a large
number of contigs (HPA1IMS — HPA34IMS had contig numbers ranging from 419 to 8,120). A highly
fragmented genome produces difficulties when analysing sequence variation and would explain

why these strains were unable to be assigned a type at larger gene loci (pbpB and hctB) by MST.

Our results indicate that the MLVA-ompA system had the highest typeability (100%) of all four
systems, with MLVA-ompA genotypes assigned to all 33 LGV strains. The system was able to resolve
LGV strains into eight MLVA-ompA genotypes, and identified one new VNTR sequence variant that
had not previously been defined in the published literature (Wang et al., 2011; Satoh et al., 2014;
Labiran et al., 2016, 2017; Qin et al., 2016): CT1291 type 4b (AAAATAGTCTA-10C-TATTG) (Table 17).
However, the MLVA-ompA system was able to resolve the 18 L2b strains into one MLVA-ompA
genotype only, 1.9.2b - L2b. The discriminatory index of the system was 0.59, which is lower than
the Klint et al. MST system (Dwst= 0.76), but also lower than the discriminatory index values for
MLVA-ompA that have been previously reported in other studies (between 0.94 and 0.99)
(Pedersen et al., 2008; lkryannikova et al., 2010; Labiran et al., 2017). It is possible that the strains
included in this Chapter were not a particularly diverse population, and as a result, the genotypic
diversity in LGV strains is not being accurately reflected. A MLVA-ompA genotyping study by Labiran
et al. (2016) identified a high level of genotypic diversity amongst L2b isolates, assigning seven
distinct MLVA-ompA genotypes to nine L2b isolates. This contrasts with the single MLVA-ompA

genotype identified amongst L2b strains in this Chapter.

We have shown that both MST and MLVA-ompA were able to resolve the LGV strains into eight and
nine MLVA-ompA genotypes and STs, respectively. Hence, both are excellent candidates for
application in the genotyping survey of LGV clinical specimens collected in London (Chapter 5).
However, the practicability of both schemes must be considered when selecting the most suitable
system for a large-scale genotyping survey. A limitation of MST is that two of the regions (CT058
and pbpB) are over 1,500 bp in length and require multiple internal primers for sequencing. The
original Klint et al. MST system has been adapted to a nested PCR (Bom et al., 2011), however the

adapted method is also problematic. Nested PCR is highly sensitive but highly susceptible to
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contamination as it involves more sample manipulation (da Silva et al., 2013). In contrast, MLVA-
ompA targets short (<225 bp) VNTR sequences in addition to the ompA gene (1,019 bp), and each
can be amplified by a single set of primers. This is highly advantageous when the number of clinical

specimens to be processed in the genotyping survey (Chapter 5) is considered.

It was decided to conduct a field-test for the MLVA-ompA genotyping system using genomic DNA
extracted from a rectal isolates, Bri038, collected in Brighton (Labiran et al., 2016). This isolate had
previously been MLVA-ompA genotyped by Labiran et al. (2016). It was decided to repeat the
MLVA-ompA analysis conducted on the isolates to assess the reproducibility of the MLVA-ompA
genotyping system (i.e. the ability to assign the same MLVA-ompA genotype to an isolate upon
repeated testing). We identified that the MLVA-ompA genotype of Bri038 was 1.9.2b - L2b. The
ompA sequence obtained from Bri038 in this Chapter, and that obtained from Bri038 by Labiran et
al. (2016) were aligned. The sequences were found to be identical. In terms of the practicability of
MLVA-ompA, the PCR set-up was not time-consuming, and the assignation of VNTR types and ompA
genotypes was straight-forward. We can now conclude that the MLVA-ompA genotyping system

will be applied to genotype LGV clinical specimens in Chapter 5.
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CHAPTER5 Diversity of Lymphogranuloma venereum

(LGV) Strains in High-Risk Groups in London

Part of the work described in this Chapter has been published in Manning et al. (2021) (Appendix
4).

5.1 Introduction

LGV is diagnosed almost exclusively amongst men who have sex with men (MSM) (1.8.3 and 1.10),
and LGV epidemics in MSM have been reported in Europe, Australia, North America, and Canada
(Martin-lguacel et al., 2010). LGV infections in MSM typically manifest as proctitis, however
asymptomatic infections have been reported in approximately 27% - 43% of cases (Spaargaren,
Fennema, et al., 2005; Saxon et al., 2016) (1.10.2). LGV testing is provided for asymptomatic HIV-
positive MSM with a C. trachomatis diagnosis (Nwokolo et al., 2016), however not all asymptomatic
LGV cases will be detected and treated, and these un-diagnosed cases can form a reservoir of C.
trachomatis infection (Saxon et al., 2016) that can spread un-detected through a high-risk

population (1.8.3).

The UK has the largest documented LGV outbreak amongst MSM in Europe, and in 2019, the
number of LGV cases in MSM in England (n= 1,076) was the highest recorded since UK-wide LGV
surveillance began (Public Health England, 2020d). Asymptomatic carriage of LGV amongst MSM
may partially explain the rise in cases in England (Public Health England, 2020d), however increased
screening in MSM may also have contributed to a reported increase in case numbers (Public Health
England, 2020d). The diagnostic rates of LGV are highest amongst MSM living with HIV, and it has
been suggested that this may be due to HIV seroadaptive behaviours including serosorting (1.8.3)
(Hughes et al., 2013; Ronn et al., 2014; Public Health England, 2020d). Although serosorting can
offer some benefit in terms of reduced risk of HIV transmission, it provides no protection against

other STls including LGV (Grov et al., 2015).

Whilst the rate of LGV is higher amongst HIV-positive MSM, a report published by Public Health
England has shown that the diagnostic rate of LGV amongst HIV-negative MSM has steadily
increased in recent years, with a 95% increase between 2018 and 2019 (Public Health England,
2020d). It has been suggested that the increase in cases within HIV-negative MSM could be
associated with the increasing availability of pre-exposure prophylaxis (PrEP). PrEP use has been
linked to an increase in sexual risk-taking including condom-less sex and number of sexual partners

(1.8.3and 1.10.5.2) (Gafos et al., 2019; Traeger et al., 2019). In England, LGV cases are concentrated
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in London (77% of all cases in 2019 were in London), and cases in London have risen by 34%

between 2018 and 2019 (Public Health England, 2020d).

Amongst MSM diagnosed with LGV, ompA genotype L2 was the dominant circulating genotype until
2003, when ompA genotype L2b was identified as the cause of an LGV outbreak in a sexual network
of MSM with proctitis in Rotterdam (Gotz et al., 2004; Spaargaren, Fennema, et al., 2005) (1.10). A
single SNP (A485G) causing an amino acid substitution (N162S) in variable segment 2 of the ompA
gene (1.11) distinguishes ompA of L2b strains from L2 C. trachomatis strains (Seth-Smith et al.,
2021). The L2b variant has since been implicated in LGV outbreaks worldwide (Nieuwenhuis et al.,
2004; Spaargaren et al., 2005; Ward et al., 2007; Rodriguez-Dominguez et al., 2015; Isaksson et al.,
2017; Cole et al., 2020b). It was retrospectively identified that C. trachomatis isolates with ompA
genotype L2b were circulating in the US between 1979 and 1985 (Spaargaren et al., 2005;
Christerson et al., 2010) (1.10.1). It has been suggested that the European LGV outbreaks may have
originated in North America, and are the result of clonal L2b expansion facilitated by global travel
and involvement of MSM in international sexual networks (Seth-Smith et al., 2013; Borges et al.,

2019).

Over the past decade, a resurgence in the L2 ompA genotype has been reported in Austria and
Croatia (Cole et al., 2020a), Spain (Rodriguez-Dominguez et al., 2014), France (Peuchant et al., 2016)
and Sweden (Isaksson et al., 2017); and in these countries, strains with ompA genotype L2 now
dominate. A retrospective study of LGV C. trachomatis strains collected in France between 2010
and 2015 (Peuchant et al., 2016) found that the proportion of LGV cases caused by L2b declined
after 2012, whilst the proportion caused by ompA genotype L2 increased from 2012 onwards
(Chapter 6). In contrast, ompA genotyping of LGV samples from the UK (Cole et al., 2020b) in 2020
showed that the L2b, and not L2, ompA genotype predominated. However, this study only collected
a small number of LGV-positive clinical specimens (n =22) for ompA genotyping. To more accurately
assess sequence diversity within LGV strains circulating in the UK, a larger-scale genotyping survey

of LGV strains is required.

Novel L2 and L2b ompA variants have been detected across Europe (Stary et al., 2008; Cole et al.,
2020b; Marangoni et al., 2021; Seth-Smith et al., 2021), including the L2bV1 variant reported in
Austria (Cole et al., 2020b); L2bVS5, identified in four samples from the UK (Cole et al., 2020b); and
L2bVe, identified in one sample from the UK in 2020 (Cole et al., 2020b). High levels of
recombination within ompA have been detected (Brunelle and Sensabaugh, 2006; Borges and
Gomes, 2015b). Recombination is a driver of C. trachomatis evolution (Joseph et al., 2012; Seth-
Smith et al., 2013; Hadfield et al., 2017). One recombination event between the ompA gene of an

ompA genotype D strain and the L2b genomic backbone has resulted in a hybrid L2b/D C.
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trachomatis strain identified in Portugal in 2017 (Borges et al., 2019). The transmission and

pathogenic capabilities of this hybrid L2b/D strain are still unknown (Borges et al., 2019).

Genotyping systems that explore polymorphisms at multiple loci can provide a more accurate
depiction of genetic variation within C. trachomatis than typing systems based on a single locus
(such as ompA genotyping) (van Belkum et al., 2007) (1.11). High-resolution genotyping systems
can be applied to determine the distribution of genotypes circulating within populations
(Gravningen et al., 2012) and to track the transmission of circulating strains within sexual networks
(Klint et al., 2007; Labiran et al., 2016). The MLVA-ompA genotyping system (Pedersen et al., 2008)
has been successfully applied to genotype C. trachomatis strains globally (Wang et al., 2011;
Peuchant et al., 2012; Satoh et al., 2014; Herrmann et al., 2015; Labiran et al., 2016, 2017), and in
2016, the system was applied to clinical specimens collected from the rectum of MSM in Brighton
(Labiran et al., 2016). The study detected a high level of genotypic diversity within LGV strains: nine
distinct LGV MLVA-ompA genotypes were identified within eleven LGV-positive specimens, with
seven distinct LGV MLVA-ompA genotypes detected within specimens assigned L2b. No large-scale
genotyping survey of LGV strains using the MLVA-ompA genotyping system has been conducted in
the United Kingdom, hence it is unknown whether the high level of genotypic diversity within LGV

strains in Brighton is also present within LGV strains circulating in other UK cities.

The hypothesis for this Chapter was that a high level of genotypic diversity may be found within
LGV strains in London, given that London has the highest incidence of LGV in the UK. It was decided
to conduct a preliminary genotyping survey of LGV strains in London. The data collected on
genotypic diversity within the London population could later be used to determine whether a
larger, multi-city genotyping survey of LGV strains should be carried out in the future, to assess
genotypic diversity in LGV strains in other UK cities. In a previous Chapter, the MLVA-ompA
genotyping system was shown to be most well-suited to genotype LGV strains (Chapter 4). Hence,
it was decided to apply MLVA-ompA to genotype LGV-positive clinical specimens collected from

London.

5.2 Aims and Objectives

The aim of this Chapter was to assess genotypic diversity within LGV strains in London, by
determining the distribution of LGV MLVA-ompA genotypes in LGV-positive clinical specimens from

eight London genitourinary medicine (GUM) clinics.

To achieve this aim, the objectives were as follows:
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e To gain ethical approval to collect and genotype LGV-positive clinical specimens from eight
London-based GUM clinics

e To apply the MLVA-ompA genotyping system (Pedersen et al., 2008) and assign MLVA-
ompA genotypes to LGV-positive specimens collected from eight London GUM clinics

e To determine the typeability of the MLVA-ompA genotyping system, i.e. - the percentage
of samples assigned a MLVA-ompA genotype out of the total number of samples analysed.

e To determine the discriminatory power of the MLVA-ompA genotyping system, using
Hunter-Gaston’s modification of Simpson’s Index of Diversity (Hunter and Gaston, 1988)

(2.20.1).

5.3 Study Design

The study was a high-resolution genotyping survey of LGV strains utilising the MLVA-ompA
genotyping system (Pedersen et al., 2008). The study was designed to assess genotypic diversity
within LGV strains in London. London was selected as the location for the study as it reports the
highest incidence of LGV in the United Kingdom. Hence, basing the study in London would allow us
to collect and genotype a large number of clinical specimens from across a wide range of sexual

networks.

To determine the London Genitourinary Medicine (GUM) clinics to approach for involvement in the
study, we consulted Dr John Saunders, a Medical Consultant in the Blood Safety, Hepatitis, STl and
HIV Division at Public Health England. To keep logistics as simple as possible, it was decided to
collect clinical specimens from clinics reporting the highest number of diagnoses of LGV. This would
maximise the number of clinical specimens that could be collected from each clinic. Dr Saunders
provided a list of GUM clinics across England that reported the highest number of LGV diagnoses in
MSM between 1% January 2017 and 31 December 2017 (the list was generated in January 2018,
hence this period covered the preceding 12 months). The list is shown in Table 20. The list was
generated using data on diagnoses available on Genitourinary Medicine Clinic Activity Dataset
(GUMCAD). GUMCAD is the national STI surveillance system and collects data on STI tests and
diagnoses from all sexual health services in England (1.10.5.1). It should be noted that Table 20
includes only diagnoses of LGV within MSM, and excludes diagnoses made in females and
heterosexual males during the time period. This was due to their infrequency — there were 18
diagnoses made in females, and 20 diagnoses in heterosexual males, across all GUM clinics in

England in 2017.
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Table 20 GUM?! clinics in England reporting the highest number of LGV diagnoses in MSM? *
between 01/01/2017 and 31/12/2017. Data was collected from GUMCAD? by Dr John Saunders

(Personal Communication).

GUM! Clinic Number of LGV Diagnoses in MSM?" in 2017
56 Dean Street, London 150

Burrell Street Sexual Health Centre, London 50

Mortimer Market Centre, London 31

John Hunter Clinic, London 25

The Hathersage Centre, Manchester 23

Claude Nichol Centre, Brighton 11

Total number of diagnoses made in MSM in|290

2017

1GUM = Genitourinary Medicine Clinic; 2 MSM = Men who have sex with men; ¥ MSM includes men

who reported being gay or bisexual; * GUMCAD = Genitourinary Medicine Clinic Activity Dataset.

Table 20 identified that four of the six GUM clinics reporting the highest number of LGV diagnoses
amongst MSM in 2017 were based in London - 56 Dean Street, Burrell Street Sexual Health Centre,
Mortimer Market Centre, and John Hunter Clinic (Table 20). We contacted Consultant Physicians at
each of these four GUM clinics to enquire about participation in the genotyping study and received
responses from Dr Gary Whitlock (56 Dean Street) and Dr Achyuta Nori (Burrell Street Sexual Health

Centre).

At GUM clinics, clinical specimens ranging from rectal swabs, throat swabs, urine or “pooled 3-in-
1” specimens (a rectal swab and pharyngeal swab in urine, from a single patient) are obtained from
patients by clinicians or nurses. These clinical specimens are subsequently sent to pathology

providers for C. trachomatis testing.

Clinical specimens from 56 Dean Street are tested for C. trachomatis by North West London
Pathology (NWLP). NWLP is an NHS pathology partnership between Imperial College Healthcare
NHS Trust, Chelsea & Westminster NHS Foundation Trust, and the Hillingdon Hospitals NHS
Foundation Trust. It is hosted by Imperial College Healthcare NHS Trust and is based at Charing

Cross Hospital. NWLP also provides C. trachomatis testing for clinical specimens collected from
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patients attending John Hunter Clinic, 10 Hammersmith Broadway, and Jefferiss Wing. At NWLP,
clinical specimens are tested for C. trachomatis using the BD ProbeTec™ ET C. trachomatis/N.
gonorrhoeae Amplified DNA Assay (Becton, Dickinson and Company, USA). This is a nucleic acid
amplification test (NAAT) that amplifies and detects C. trachomatis DNA in clinical specimens using
amplification primers and a fluorescent labelled detector probe. At NWLP, all rectal NAAT-positive
specimens are subsequently tested for LGV. Nucleic acids are isolated from specimens using the
MagNA Pure Compact Nucleic Acid Isolation Kit | (Roche Life Science, UK), and LGV confirmation
testing (1.10.3) is undertaken using a triplex LGV PCR assay developed by the Sexually Transmitted
Bacteria Reference Laboratory (STBRL) at Public Health England (PHE) (Appendix 5) (Morré et al.,
2005; Alexander, Martin and Ison, 2007; Chen et al., 2007). This assay targets the pmpH gene
located on the C. trachomatis chromosome; in addition to an 88 bp region of the C. trachomatis
cryptic plasmid; and the human RNase P gene as an internal control. The assay distinguishes LGV
from non-LGV C. trachomatis strains, as it targets a unique 36 bp deletion in the polymorphic
membrane protein H (ompH) gene that occurs only in LGV strains (Morré et al., 2005) (Chapter 6).
The inclusion of RNase P in the assay is to detect any inhibition in the PCR and to ensure that each
sample contains human DNA (as would be expected in the correct sample types). At NWLP, all

residual DNA extracts are stored at -20°C.

Clinical specimens from Burrell Street Sexual Health Centre are tested for C. trachomatis at Viapath,
a private-sector diagnostic laboratory based at St Thomas’ Hospital. Viapath also provides C.
trachomatis testing for clinical specimens collected at Streatham Hill Clinic, Walworth Road Clinic,
and Harrison Wing. At Viapath, clinical specimens are tested for C. trachomatis using the Aptima C.
trachomatis/N. gonorrhoeae (CT/NG) Combo 2 Assay (Hologic® USA). This assay is a NAAT that
detects C. trachomatis ribosomal RNA (rRNA) in clinical specimens (Hologic, 2017). At Viapath, all
NAAT-positive specimens from MSM are subsequently tested for LGV. Nucleic acids are isolated
from specimens using the Complex 200 Protocol for the QlAsymphony DSP Virus/Pathogen kit
(QIAGEN, USA) and LGV confirmation testing is undertaken using an adapted version (adaptations
to the primers and probes as indicated in Appendix 5) of the triplex LGV PCR assay developed at
STBRL (Appendix 5). Residual DNA extracts are stored at -20°C.

Ethical approval was sought to collect residual C. trachomatis DNA extracts confirmed as LGV (“LGV-
positive”) from NWLP and Viapath. As NWLP and Viapath each receive clinical specimens from
several GUM clinics across London, we sought ethical approval to collect DNA extracts from all
clinics providing specimens to NWLP and Viapath. These were: 56 Dean Street, John Hunter Clinic,
10 Hammersmith Broadway, Jefferiss Wing, Burrell Street Sexual Health Centre, Streatham Hill
Clinic, Walworth Road Clinic, and Harrison Wing. The ethical approvals process required to obtain

these DNA extracts is outlined in section 5.4. The inclusion criterion for the study was: all residual
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DNA extracts confirmed as LGV by pmpH PCR that were sourced from patients aged >16 years that
attended the aforementioned clinics. We opted to exclude any LGV-positive DNA extracts collected
from patients aged <16 years from the study, as inclusion of these specimens would have required
parental permission. This would not logistically have been feasible given the scale of the genotyping

study.

As the study was designed as a preliminary investigation with the purpose of assessing genotypic
diversity in LGV strains; we elected not to collect patient clinical data, instead focusing solely on
genotyping the DNA extracts and forming conclusions on the genotypic diversity within the LGV
strains. Whilst not collecting clinical data is a limitation of the study and this is addressed in section
5.10; it does give some scope for a future multi-city genotyping survey of LGV in the UK, which could

specifically analyse clinical data in addition to genotypic data (5.10).

Clinical specimens were tested at NWLP and Viapath, and all LGV-positive DNA extracts were set
aside for the study and stored at -80°C. The window for sample collection was February 2018 —June
2019. This sample collection window allowed us to collect as many LGV-positive DNA extracts for
the study as possible. During this time, a total of 230 LGV-positive DNA extracts were collected for
the study; 180 from NWLP and 50 from Viapath. This represented approximately 12% (230/1,880)
of all positive LGV tests in England during 2018 and 2019.

For the study, all DNA extracts confirmed as LGV at NWLP and Viapath were selected consecutively
with no bias for positivity strength. DNA extracts were anonymised by laboratory personnel at
NWLP and Viapath and labelled with “NWLP” or “V” followed by a sample number i.e. 001. Prior to
anonymisation, laboratory personnel screened the DNA extracts to exclude any DNA extracts
sourced from individuals aged <16 years. DNA extracts were transported on dry ice to the University

of Southampton. Upon arrival, DNA extracts were stored at -20°C.
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5.4 Ethical Approvals

Ethical approvals were required to gain access to the residual LGV-positive DNA extracts from NWLP
and Viapath. The ethical approvals process is outlined in Figure 19. All research studies carried out
at the University of Southampton are screened and approved by University of Southampton Ethics
and Research Governance Online (ERGO) before external ethical approval is sought. Once ERGO has
issued an outcome of approval, the University of Southampton provides insurance and sponsorship
for the study. The ERGO reference number for this study was 45840. The study required access to
DNA extracts collected from NHS GUM clinic patients, hence ethical approval was required from a
research ethics committee (REC). REC approval was sought by submitting an Integrated Research
Application Service (IRAS) online application. This study (IRAS reference number: 254542) was
allocated for proportionate review by the East of Scotland REC. Proportionate review is an
accelerated ethical review process for studies raising no material ethical concerns (i.e. minimal risk,
burden or intrusion to participants). The study was approved by REC (reference number:
19/ES/0012), and subsequently by the Health Research Authority (HRA), with the condition that
management approvals be sought from each NHS Trust involved in the study. Management
approvals were subsequently obtained from Imperial NHS Foundation Trust (NWLP) and Guy’s and
St Thomas’ NHS Trust (Viapath). Material Transfer Agreements (MTAs) were prepared by the
University of Southampton legal department. These MTAs governed the transfer of the LGV-

positive DNA extracts from the testing sites (Viapath and NWLP) to the University of Southampton.
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Figure 19 Flow diagram showing the process required to gain ethical approval for this study.
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5.5 Clinical DNA Extracts

A total of 230 DNA extracts that were confirmed as LGV-positive using the pmpH real-time PCR-
based assay at NWLP and Viapath were obtained for this study. These included 180 DNA extracts
from NWLP and 50 DNA extracts from Viapath. The volumes of DNA extracts received were variable
—the average volume of an NWLP extract was 53 pL, and the average volume of each extract from
Viapath was 23 plL. Fifty per cent of the volume of each extract was aliquotted into sterile
microtubes prior to commencing genotyping, to form a “reproducibility stock”. The purpose of a
“reproducibility stock” was to ensure that there was a set of un-opened DNA extracts in case of
future analyses, for any confirmatory tests, or if required for publication. Sterile microtubes were
labelled with the matching sample number and “RS” (for reproducibility stock), and the

reproducibility stock was stored in a separate -20°C freezer to the original DNA extracts.

The DNA extracts included in the study were collected from patients between February 2018 and
June 2019 (Appendix 6). All DNA extracts from NWLP were sourced from rectal swabs. The GUM
clinic distribution of DNA extracts from NWLP was as follows: 56 Dean Street (n= 151, 84%), 10
Hammersmith Broadway (n= 11, 6%), Jefferiss Wing (n= 7, 4%), John Hunter Clinic (n= 6, 3%), and
unknown (n= 1). The four remaining DNA extracts from NWLP were External Quality Assurance
(EQA) samples (Appendix 6). EQA samples are quality control samples that are included in the
diagnostics process to assure lab quality. They are typically panels of known control material sent

out blind to labs to test their quality.

The 50 DNA extracts from Viapath were sourced from 23 pooled “3-in-1” specimens, 24 rectal
swabs, 1 throat swab and 2 urines (Appendix 6). The GUM clinic distribution of DNA extracts from
Viapath could not be obtained as this information was purged from the Lab Information System at

Viapath.
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5.6 Typing of LGV-positive DNA extracts from London

5.6.1 Methods used to assign MLVA-ompA genotypes to the DNA extracts

The DNA extracts were genotyped using the Pedersen et al. MLVA-ompA genotyping system (2008).
The three VNTR regions (CT1335, CT1299, and CT1291) and the ompA gene were amplified from
the DNA extracts using PCR (2.9). The PCRs were conducted in 20 plL volumes consisting of 10 uL
Phusion Flash High-Fidelity DNA Polymerase, 0.5 uM of forward and reverse primers (Table 3 and
5.6.1.2), 1 uL neat DNA, and UltraPure™ DNase/RNase-Free distilled H,0 (2.9). The PCR conditions
used are listed in Table 4 (2.9). The PCRs were conducted using appropriate controls (5.6.1.1). PCR
products were subsequently loaded onto 2% agarose gels to check amplicon size and quality (2.11).
Bands of the expected amplicon size (Table 3) were excised from gels, and DNA was purified using
the Wizard® SV Gel and PCR Clean-Up System (Promega, UK) (2.10). Purified PCR amplicons were
commercially sequenced at Source Bioscience Cambridge (2.13). Alphabetical ompA genotypes
were assigned using the method outlined in section 2.19.2. VNTR types were assigned by

comparison with existing VNTR types (Table 5).

5.6.1.1 Controls

Positive and negative controls were employed in each PCR run. The positive control used was
SotonK1 (Genbank Accession No. HE601794.1) at 1:100 dilution. SotonK1 is an ompA genotype K C.
trachomatis strain that was isolated from the endocervix of a patient in 2009. The live isolate is

stored in the Chlamydia Biobank (http://www.chlamydiabiobank.co.uk/Strainlists.html). Genomic

DNA was previously isolated from SotonK1 using the NucleoSpin DNA Tissue Kit (2.4.2) and was
stored at -20°C. SotonK1 was selected as the positive control so that it could be differentiated from
the LGV-positive DNA extracts in the event of contamination. A 1:100 dilution of SotonK1 was used
as this dilution produced bands of strong intensity after 40 cycles of amplification, and this dilution

was previously used for MLVA-ompA genotyping by Labiran (2014).

No-template negative controls (NTC) were employed in each PCR run — the NTCs contained 1 pL of
UltraPure™ DNase/RNase-Free distilled H,0 (2.9) in lieu of template DNA. Approximately 1 NTC per
10 DNA extracts was employed in each PCR run. This ratio of NTC: DNA extract was decided
following standard protocols employed by diagnostic testing facilities. The use of multiple NTCs

ensured that any contamination during the process could be detected quickly.

121


http://www.chlamydiabiobank.co.uk/Strainlists.html

5.6.1.2 Primers

Amplification of VNTR regions in clinical DNA extracts was initially conducted using the primers

outlined in Pedersen et al. (2008) and Wang et al. (2011).

In 2014, Labiran (2014) reported issues with the original primers used to amplify the VNTR regions
(CT1335F, CT1335R, CT1299F, CT1299R, CT1291F, and CT1291R) (Table 3). In the Labiran study,
VNTR types could be assigned to only 30% of extracts using these primers. Labiran designed a new
set of primers to amplify the VNTR regions (CT1299F*, CT1299R*, CT1291F* and CT1291R*; Table
3). The new set of forward primers annealed upstream of the original VNTR amplicon sequences,
and the reverse primers downstream, so that the original amplicon sequences were encompassed
by the new set of primers. Labiran (2014) found that PCR amplification using the new primers
increased the percentage of samples that could be genotyped to 76% (which is in line with the
typeability of other MLVA-ompA studies) (Wang et al., 2011); and visible amplicons were produced
for samples that previously had not amplified using the original primer set. It was suggested that
the DNA extracts that had previously failed to amplify the VNTRs in Labiran (2014) may have had
single nucleotide polymorphisms (SNPs) in the primer binding sites that prevented the original

primers from annealing.

Before embarking on the full study, we decided to select a small number of DNA extracts and to
amplify one of the VNTR regions, and to see whether PCR amplicons could be produced using the
original primer set. Five DNA extracts from NWLP (NOO1 — NO0O5) were selected for PCR
amplification of the CT1335 VNTR region using the original primers (CT1335F and CT1335R; Table
3). PCR reaction tubes containing Phusion Flash High-Fidelity Master-mix (2.9), CT1335F and
CT1335R (2.9.1, Table 3), and 1 plL of neat DNA were prepared (2.9), and PCRs were conducted
using the PCR conditions listed in section 2.9 (Table 4). The PCR products were subsequently loaded
onto 2% agarose gels and imaged under UV light (2.11.2). One (N004) of the five DNA extracts
produced a very faint band of the expected size (approx. 200 bp), and a band of the same size was
present in the lane loaded with positive control. This indicated that the CT1335 region had been
amplified in the extract and the positive control; however, the other four DNA extracts did not
amplify at the CT1335 region. To avoid depleting the volume of the first five DNA extracts, it was
decided to repeat the process with a different set of five DNA extracts (NOO6 — N010) in case the
first five extracts were anomalies. When the agarose gel containing PCR products was visualised
under UV light, a faint band of the expected size (~ 200 bp) was visible for one of the five DNA

extracts (NOO6). The positive control produced a product of the same size (Figure 20).
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Figure 15 A 2% agarose gel showing the PCR products after amplification of the CT1335 VNTR
region in five LGV-positive DNA extracts from North West London Pathology (NWLP) (NOO6-
N010), with appropriate controls. (+) represents the positive control, SotonK1, at 1:100 dilution;
(-) represents the no template negative control (NTC). H2 represents the DNA ladder HyperLadder
1.

It was decided to test the extended primers, CT1335F* and CT1335R*, to see if application of these
primers could produce CT1335 PCR amplicons. We selected the first ten NWLP extracts (N0OO1 -
N010) and set up two PCR tubes containing Master-mix for each extract — one tube contained 1 pL
of neat DNA, and the second tube contained 3 uL of neat DNA. This was to test whether a higher
sample DNA concentration could result in PCR amplicons being produced if the reaction tubes
containing 1 pL of neat DNA failed to amplify. Of the ten DNA extracts tested using CT1335F* and
CT1335R*, nine DNA extracts produced amplicons of the expected size (for tubes containing 1 plL
and 3 pL of DNA). The DNA concentration of the DNA extract that did not amplify at CT1335 (N0Q7)
was determined by fluorometry using a Qubit® (2.12). The concentration of DNA in NOO7 was 3.3
ng/uL. The DNA concentrations of NOO1 — NOO6 and NOO8 — N010 ranged from 15.8 ng/ul to 63.5
ng/uL. It is possible that the DNA extract that did not amplify contained too low an amount of C.
trachomatis DNA to produce amplicons. It is important to note that this DNA concentration is the
total DNA concentration of the sample, and not the C. trachomatis DNA concentration. As such, a
higher total DNA concentration does not necessarily indicate a high C. trachomatis DNA
concentration. It was decided to use the CT1335F* and CT1335R* primers to amplify all DNA

extracts in the study.

This process was repeated for the other two VNTR markers, CT1299 and CT1291; however to
conserve sample volumes, we used 1 pL of DNA. For CT1299, PCR reaction tubes containing the

CT1299F* and CT1299R* primers, master-mix and 1 pL of DNA, were set up for five DNA extracts.
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All five DNA extracts produced PCR amplicons using this set of primers. It was decided to use the
CT1299F* and CT1299R* primers to amplify all DNA extracts in the study. For CT1291, reaction
tubes were set up containing the original CT1291F and CT1291R primers, master-mix and 1 pL of
DNA. PCR amplicons were produced for all but one DNA extract. As a result, the CT1291F and
CT1291R primers were used for amplification of all DNA extracts in the study. The PCR conditions

remained unchanged (Table 4).

For each DNA extract, after purification of PCR amplicons and sequencing; sequence
chromatograms were visualised. Any DNA extracts that produced amplicons that yielded poor
quality sequences were repeat-sequenced by Source Bioscience. If there was no improvement in

sequence quality, these DNA extracts were repeat PCR amplified.
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5.7 Genotyping Results

5.7.1 OmpaA distribution

In total, we received 226 DNA extracts from patients. Of these, 170 (75.2%) were assigned an ompA
genotype in this study (Appendix 7). The remaining 56 DNA extracts that were not assigned an
ompA genotype in this study did not produce amplicons even upon repeat PCR. One hundred and
sixty two extracts (95.3%) were assigned an LGV ompA genotype, and 8 (4.7%) were assigned non-
LGV ompA genotypes. The non-LGV ompA genotypes identified were genotypes E (n=3), G (n=4),
and J (n=1). All LGV ompA genotypes were detected in the sample set, except L3. The most
prevalent LGV ompA genotype identified in the study was L2/434/Bu (n= 78, 48.1%), followed by
L2b/UCH-1/proctitis (n=48, 29.6%) (Table 21). We also detected three extracts with ompA genotype
L1 (n= 3, 1.9%). We detected four LGV ompA variants. These included a hybrid ompA sequence,
L2b/D (n= 8, 4.9%) (Table 21). This hybrid L2b/D ompA sequence is detailed in section 5.7.4. We
also detected the L2 ompA variant L2h (Genbank Accession No. MH253042) (n= 1, 0.62%) (Table
21); in addition to the L2b ompA variants L2bV5 (Genbank Accession No. MH253040) in 18 extracts
(11%) (Table 21); and L2bV6 (Genbank Accession No. MH253042) in 6 extracts (3.7%) (Table 21).

The distribution of ompA genotypes identified in the London study population is shown in Figure

21.

We also received four external quality assurance (EQA) samples from NWLP. These are indicated
by asterisks in Appendix 6 and 7. The ompA genotypes assigned to these samples were: L2/434/Bu
(n=2), G (n=1), and one sample could not be assigned an ompA genotype. The EQA sample that
could not be assigned an ompA genotype did not produce amplicons even upon repeat PCR. This

sample also did not amplify at any of the VNTR loci.
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Table 21 LGV ompA sequences derived from patient* LGV-positive DNA extracts from London

LGV ompA sequence (Genbank n % of 162 patient* DNA extracts
Accession Number) assigned an LGV ompA genotype
L2/434/Bu (AM884176) 78 48.1
L2b/UCH-1/proctitis (AM884177) 48 29.6
L2bV5 (MH253040) (most similar to 18 11.0

L2b/UCH-1/proctitis, with C493A and
G271A)

L2bV6 (MH253041) (most similar to 6 3.7
L2b/UCH-1/proctitis, with G998A)

L2h (MH253042) (most similar to 1 0.62
L2/434/Bu, with A997G)

L2b/D (MN094864.1) 8 4.9
L1/440/LN (HE601950) 3 1.9

*OmpA genotypes from clinical specimens collected from patients were included in the Table.
OmpA genotypes assigned to EQA samples (i.e. non-patient samples) are excluded from the Table,

but these were assigned the following: L2/434/Bu (n=2), G (n=1), and un-typed (n=1).
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Figure 21 The distribution of ompA genotypes within LGV-positive DNA extracts from patients*in
London. LGV ompA genotypes were assigned to 162 clinical DNA extracts, and non-LGV ompA
genotypes were assigned to 8 patient DNA extracts. These included ompA genotypes E (n=3), G (n=
4), and J (n=1).

*These are ompA genotypes that were derived from clinical specimens collected from patients. We
also obtained four External Quality Assurance (EQA) samples that were assigned the ompA

genotypes: L2/434/Bu (n=2), G (n=1), and un-typed (n=1).
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5.7.1.1 OmpA distribution by testing provider

In this study, DNA extracts from patients were provided by NWLP (n=176) and Viapath (n = 50). Of
the 176 patient DNA extracts provided by NWLP, 144 (81.8%) extracts were assigned ompA
genotypes in the study (Appendix 7). Twenty six (52%) DNA extracts from Viapath were assigned
ompA genotypes in the study (Appendix 7). The distribution of ompA genotypes identified in DNA

extracts tested at NWLP and Viapath is shown in Figure 22.

Nine distinct ompA genotypes were detected in extracts from NWLP —six LGV ompA genotypes and
three non-LGV ompA genotypes (ompA genotypes E, G and J). The most prevalent ompA genotype
assigned to clinical DNA extracts from NWLP was L2/434/Bu (n= 62), followed by L2b/UCH-
1/proctitis (n= 44). We also identified 7 DNA extracts with the L2b/D hybrid ompA sequence. This
represented 88% of all DNA extracts assigned L2b/D in the study. Within extracts tested at NWLP,
we detected the LGV ompA variants L2bV5 (n= 15), and L2bV6 (n= 6), representing 83% and 100%
of DNA extracts assigned these genotypes in the study, respectively. The LGV ompA variant L2h was
not identified amongst DNA extracts tested at NWLP (Figure 22). We also obtained four External
Quality Assurance (EQA) samples from NWLP — these were assigned the ompA genotypes

L2/434/Bu (n=2), G (n=1), and one could not be assigned an ompA genotype.

Of the extracts tested at Viapath, six distinct ompA genotypes were detected. These included five
LGV ompA genotypes and one non-LGV ompA genotype (ompA genotype E in one extract). The most
prevalent ompA genotype assigned to DNA extracts tested at Viapath was L2/434/Bu (n= 16),
followed by L2b/UCH-1/proctitis (n=4). The ompA genotype L2/434/Bu represented 62% of all DNA
extracts from Viapath assigned an ompA genotype. Within DNA extracts tested at Viapath, we
detected one extract with the L2b/D hybrid ompA sequence. We also detected the LGV ompA
variants L2bV5 in three extracts from Viapath, representing 17% of extracts with this variant in the
study. No DNA extracts tested at Viapath with the L2bV6 variant were detected. One extract from
Viapath had an identical ompA sequence to the LGV ompA variant L2h (Genbank Accession No.
MH253042).
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Figure 22 The distribution of ompA genotypes within LGV-positive clinical DNA extracts tested
at North West London Pathology (NWLP) and Viapath. This does not include the four External
Quality Assurance (EQA) samples that were obtained from NWLP — these were assigned ompA

genotypes L2/434/Bu (n=2), G (n=1), and one could not be assigned an ompA genotype.

5.7.2 MLVA-ompA genotype distribution

Of the 226 patient DNA extracts genotyped in the study, 180 (79.6%) DNA had a type assigned at
all three VNTR markers. One hundred and fifty nine (70.4%) DNA extracts were assigned complete
MLVA-ompA genotypes in the study. Of the 67 remaining extracts with incomplete MLVA-ompA
genotypes, 38 (41.2%) had a type assigned to at least two markers, 5 (7.5%) had a type assigned to
one marker, and 24 (35.8%) were unable to be typed at any of the four MLVA-ompA markers
(Appendix 7).

One hundred and fifty seven (98.7%) of the 159 extracts assigned complete MLVA-ompA genotypes

were assigned LGV MLVA-ompA genotypes, and the remaining 2 extracts were assigned 3.9.3 - G.
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Of those assigned LGV MLVA-ompA genotypes, ten distinct MLVA-ompA genotypes were identified
(Table 22). The most prevalent LGV MLVA-ompA genotype assigned in the study was 1.9.2b - L2 (n=
75, 47.8%). The MLVA profiles 1.9.2b and 1.9.3b were each associated with several ompA
genotypes: 1.9.2b was assigned to extracts with ompA genotypes L2, L2b, L2b/D, and the LGV ompA
variants L2bV5 and L2h (Table 22); and 1.9.3b was assigned to extracts with ompA genotypes L2b,
L2bV5 and L2bV6 (Table 22).

All eight DNA extracts with the hybrid L2b/D ompA sequence were assigned the MLVA-ompA
genotype 1.9.2b-L2b/D. The DNA extract assigned the MLVA profile 1.4a.2b was ompA genotype
L2b. All of the five DNA extracts containing the L2bV6 ompA variant were assigned the MLVA-ompA
genotype 1.9.3b - L2bV6 (Table 22). DNA extracts containing the L2bV5 ompA variant were divided
into two sub-types: 1.9.2b (56%) and 1.9.3b (44%). All ompA genotype L2 DNA extracts were
assigned the MLVA profile 1.9.2b (Table 22).

Six extracts with partial MLVA-ompA genotypes and with a non-LGV ompA genotype were also
identified in the study (Appendix 7). These included: 3.X.3-G (n= 2), 3.X.3-J (n= 1), 8.5.X-E (n=1),
and 8.6.X-E (n=2) (where X indicates the marker that could not be assigned a VNTR type) (Appendix
7).

We also received four External Quality Assurance (EQA) samples from NWLP. Three of the four
samples (75%) were assigned a complete MLVA-ompA genotype in the study — 1.9.2b-L2 (n=2), and
3.9.3-G (n=1). One EQA sample could not be assigned a complete MLVA-ompA genotype. This
sample could not be assigned a VNTR type at any of the three VNTR loci, nor could it be assigned
an ompA genotype. No amplicons were produced at any of the VNTR loci or ompA for this sample,

even upon repeat PCR and re-sequencing.
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Table 22 Complete LGV MLVA-ompA genotypes identified in the study (n=157). Extracts with
partial LGV MLVA-ompA profiles were excluded from the table. Also excluded from the table were
the two patient DNA extracts assigned the non-LGV MLVA-ompA genotype, 3.9.3-G, and the 3 EQA
samples that could be assigned complete MLVA-ompA genotypes (1.9.2b-L2 (n=2), and 3.9.3-G
(n=1)).

OmpA (Genbank Accession No.) MLVAT n (% of 157
extracts)
L1/440/LN (HE601950) 5.9.2b 3 (1.9)
L2/434/Bu (AM884176) 1.9.2b 75 (47.8)
L2b/UCH-1/proctitis (AM884177) 1.4a.2b 1 (0.64)
1.9.2b 43 (27.4)
1.9.3b 3 (1.9)
L2b/D (MN094864.1) 1.9.2b 8 (5.1)
L2bV5 (MH253040) 1.9.2b 10 (6.4)
1.9.3b 8 (5.1)
L2bV6 (MH253041) 1.9.3b 5 (3.2)
L2h (MH253042) 1.9.2b 1(0.64)

t MLVA profile was designated by the 3 VNTR loci in the order: CT1335; CT1299; and CT1291.

5.7.3 VNTR sequence variants identified in the study

5.7.3.1 Sequence variants identified in extracts assigned LGV ompA genotypes

Table 23 shows the distribution of VNTR sequence variants identified in clinical DNA extracts
assigned LGV ompA genotypes (n= 162). In total, 157 (96.9%) of 162 extracts assigned a CT1335
type were CT1335 type 1 (GAAAAAG-9T8A-GCTTTTGT) (Table 23). The remaining three extracts
assigned a CT1335 type were CT1335 type 5 (GAAAAAG-11T8A-GCTTTTGT) (Table 23), of which all
were ompA genotype L1 and were assigned the complete MLVA-ompA genotype 5.9.2b -L1
(Appendix 7).

Also detected in the study were VNTR variants first identified in Wang et al. (Wang et al., 2011):
CT1299 type 4a (TTTTTATTCT-10C-T3C-ATCAAA) (n= 1), CT1299 type 9 (TTTTTATTCT-3C2T-6C-
ATCAAA) (n=159), and CT1291 type 2b (AAAATAGTCTA-8C-TATTG) (n= 144) (Table 23). The CT1299
type 9 was assigned to 159 (98.1%) of the 162 DNA extracts with LGV ompA genotypes (Table 23).
This variant was detected in extracts with ompA genotypes L1 (n=3), L2 (n=78), L2b (n= 46), L2b/D
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(n=8),L2h (n=1), L2bV5 (n=18), and L2bV6 (n=5). The extract assigned CT1299 type 4a in the study
had the complete MLVA-ompA genotype 1.4a.2b-L2b (Appendix 7). All extracts assigned a CT1291

type 2b in the study were the 2b variant identified in Wang et al. (2011).

The VNTR variant code, CT1291 type 3b (AAAATAGTCTA-9C-TATTG), was identified in 20 extracts in
the study (Appendix 7). Sixteen (80%) extracts with the 3b variant could be assigned an ompA
genotype, of which five extracts were L2bV6 (31.3%), eight extracts were L2bV5 (50%), and three
extracts were L2b (18.8%) (Table 23). The MLVA profile of these sixteen extracts was 1.9.3b. The
CT1291 type 3b was previously described by Satoh et al. (2014), where it was assigned to the LGV
reference strains L1/440/LN and L2/434/Bu.

Table 23  VNTR sequence analysis of patient DNA extracts assigned LGV ompA genotypes
(n=162). VNTR type codes of extracts that were assigned non-LGV ompA genotypes (n=8) or that

could not be assigned an ompA genotype (n=56), were excluded from the table.

VNTR type codes n CT1335 Variants® References
1 157 GAAAAAG-9T8A-GCTTTTGT (Pedersen et al., 2008)
5 3 GAAAAAG-11T8A-GCTTTTGT (Pedersen et al., 2008)
Non-typeable 2

CT1299 Variants?®
4a 1 TTTTTATTCT-10C-T3C-ATCAAA (Wang et al., 2011)
9 159 |TTTTTATTCT-3C2T-6C-ATCAAA (Wang et al., 2011)
Non-typeable 2

CT1291 Variants®
2b 144 |AAAATAGTCTA-8C-TATTG (Wang et al., 2011)
3b 16 AAAATAGTCTA-9C-TATTG (Satoh et al., 2014)
Non-typeable 2

2 Repeating mononucleotide sequences at each VNTR locus are shown in bold

Flanking region variation is underlined.
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5.7.4 Detection of a hybrid L2b/D ompA genotype

In this study, eight ompA sequences with an L2b/D hybrid profile were identified (Figure 21). In
each of these eight extracts, the first 365 bp (numbers given relate to L2b/UCH-1/proctitis) of ompA
were identical to ompA L2 and L2b reference sequences (L2/434/Bu and L2b/UCH-1), whilst the
region spanning 366 — 1,023bp revealed an ompA genotype D profile matching the reference strain
D/UW-3/CX (Genbank Accession No. NC_000117.1) (Appendix 8). A nucleotide BLAST of the eight
sequences indicated 100% sequence identity to the ompA sequence of a hybrid L2b/D strain
identified in Portugal (Genbank Accession No. MN094864.1) (Borges et al., 2019). An alighment of
the ompA sequence of the eight extracts with the Portuguese L2b/D ompA, and ompA of L2/434/Bu,
L2b/UCH-1/proctitis, and D/UW-3/CX is shown in Appendix 8. In this study, the eight hybrid
sequences were designated L2b/D, in order to distinguish them from DNA extracts with ompA

sequences matching L2b/UCH-1/proctitis (which were assigned ompA genotype L2b).

All eight DNA extracts assigned ompA genotype L2b/D could be assigned a complete MLVA-ompA
genotype — of which all were 1.9.2b - L2b/D (Table 21). The VNTR profile of the Portuguese hybrid
L2b/D strain (strain Ct_L2b/D _PTO5; European Nucleotide Archive (ENA) Accession No.
CAAKNDO010000000) was determined in silico. This was done by firstly converting the available
.fastq files for the strain to .fasta using the conversion tool on the public server at usegalaxy.org
(Afgan et al., 2018). Secondly, the .fasta files were opened using BioEdit (version 7.0.5.3), and the
VNTRs located by inputting the VNTR primer sequences into the search tool. The VNTR profile of
the Portuguese strain was: GAAAAAG-9T8A-GCTTTTGT at CT1335 (CT1335 type 1), TTTTTATTCT-
3C2T-6C-ATCAAA at CT1299 (CT1299 type 9), and AAAATAGTCTA-8C-TATTG at CT1291 (CT1291 type
2b). This corresponded to a MLVA-ompA genotype of 1.9.2b-L2b/D — the same MLVA-ompA

genotype as identified for the L2b/D extracts in the study.

5.8 Typeability of the MLVA-ompA genotyping system

The typeability of a genotyping system (2.20.2) is its ability to assign a genotype to all isolates tested
by the genotyping system. The typeability of each MLVA-ompA genotyping marker, and the overall
typeability of the MLVA-ompA system was calculated using the method detailed in section 2.20.2.
The typeability of each of the markers for the patient clinical DNA extracts was as follows: CT1335
(86.7%, 196/226), CT1299 (85.4%, 193/226), CT1291 (83.6%, 189/226), and ompA (75.2%,
170/226). The overall typeability of the MLVA-ompA genotyping system in this study was 70.4%
(159/226). Inclusion of the four External Quality Assurance (EQA) samples obtained from NWLP
results in the following typeabilities: CT1335 (86.5% , 199/230), CT1299 (85.2% , 196/230), CT1291
(83.5%, 192/230), and ompA (75.2% , 173/230).
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5.9 Simpson’s Index of Diversity for the MLVA-ompA genotyping system

The Simpson’s Index of Diversity was calculated using the Hunter-Gaston modification (Hunter and
Gaston, 1988) to determine the discriminatory power of MLVA-ompA for the 226 DNA extracts that
comprised the LGV genotyping study. We wished to determine the level of discrimination provided
by the MLVA-ompA genotyping system, and to determine whether the addition of the three VNTR
markers increased the discriminatory power of the system, compared to typing the extracts using
just ompA. To do this, the equation provided in section 2.20.1 was used to calculate the
discriminatory power of each of the four markers. This was then followed by calculating the
discriminatory power of the three VNTR markers combined. Finally, the discriminatory power of
the three VNTR loci in conjunction with ompA was calculated. For the 226 clinical DNA extracts, the
following values were obtained: the marker CT1335 had a Simpson’s Index of Diversity of 0.33; the
marker CT1299 had an Index of Diversity of 0.29; the marker CT1291 had an Index of Diversity of
0.45; and ompA had an Index of Diversity of 0.77. The three VNTR markers had a combined Index
of Diversity of 0.50. The MLVA-ompA genotyping system had a Simpson’s Index of Diversity of 0.76
for this sample set. Inclusion of the four External Quality Assurance (EQA) samples obtained from
NWLP resulted in the following values for discriminatory power for each of the four markers: the
marker CT1335 had a Simpson’s Index of Diversity of 0.33 (this remains unchanged); the marker
CT1299 had an Index of Diversity of 0.29 (this remains unchanged); the marker CT1291 had an Index
of Diversity of 0.45 (this remains unchanged); and ompA had an Index of Diversity of 0.77 (this
remains unchanged). The three VNTR markers had a combined Index of Diversity of 0.50 (this
remains unchanged). The MLVA-ompA genotyping system had a Simpson’s Index of Diversity of

0.76 (this remains unchanged).

To more directly compare the findings of this study with that of Labiran et al. (2016), Simpson’s
Index of Diversity was calculated for each locus (CT1335, CT1299, CT1291, and ompA), in addition
to the three VNTR loci combined, and for the MLVA-ompA genotyping system overall. To ensure
that the results were more comparable, only those specimens with LGV ompA genotypes were
included in the calculations. All non-LGV specimens were excluded. Table 24 indicates the values

obtained in each study for Simpson’s Index of Diversity.
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Table 24 Simpson’s Index of Diversity (D) values obtained for each locus (CT1335, CT1299,
CT1291, and ompA), the three VNTR loci combined, and for the MLVA-ompA genotyping system,

compared to those obtained by Labiran et al. (2016).

D (CT1335) | D (CT1299) | D (CT1291) | D (ompA) |D (VNTRs) |D (MLVA-
ompA)
This study 0.04 0.02 0.15 0.33 0.33 0.69
(n=157)
Labiran (2016) |0.56 0.55 0.78 0.32 0.93 0.95
(n=11)

5.10 Discussion

In 2016, Labiran et al. (2016) applied the MLVA-ompA genotyping system to genotype rectal swab
specimens collected from men who have sex with men (MSM) in Brighton. The purpose of the
Labiran study was to determine the distribution of MLVA-ompA genotypes in MSM with rectal C.
trachomatis infections. The study identified eleven LGV specimens that were assigned ompA
genotypes L2 (n=1) and L2b (n = 9) (Labiran et al., 2016). These specimens were resolved into nine
distinct MLVA-ompA genotypes, with seven MLVA-ompA genotypes identified within the L2b
specimens. These results demonstrated that the MLVA-ompA genotyping system was able to
discriminate between LGV clinical specimens. In addition, the findings showed that a high level of
genotypic diversity existed within the LGV strains circulating in Brighton. Whilst the study included
only a small number of LGV clinical specimens, it hinted at the diversity that may exist within LGV
strains in the UK. Prior to this Chapter, no large-scale high-resolution genotyping survey of LGV
strains had been conducted in the United Kingdom. As a result, little was known about the nature
of LGV strains circulating amongst MSM in the UK. This presents an issue given that the UK has the

largest LGV epidemic in MSM in Europe (European Centre for Disease Control, 2019).

High-resolution genotyping systems can be used to determine the distribution of genotypes within
populations (van Belkum et al., 2007). This facilitates the prevalent strains circulating in a
population to be identified, which can indicate the number of individuals in a population that are
infected with each strain. In the UK, London accounts for 77% of all LGV cases in England (Public
Health England, 2020d). It was decided to conduct a genotyping survey of LGV strains in London.
The main aims of the study were to determine the distribution of LGV genotypes within MSM in
London, in order to assess the level of genotypic diversity in this population. This would act as a
pilot study, giving an idea of the diversity within LGV strains in the UK. The pilot study could be
developed further in the future into a multi-city genotyping survey of LGV strains. It was

demonstrated in Chapter 4 that the MLVA-ompA genotyping system had the highest typeability of
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the available high-resolution genotyping systems when applied to 33 LGV strains of C. trachomatis.
Chapter 4 also identified that MLVA-ompA was able to resolve the 33 LGV strains into eight distinct
MLVA-ompA genotypes. It was decided to apply the MLVA-ompA genotyping system to genotype
LGV-positive clinical specimens from London. An advantage of using the MLVA-ompA genotyping
system to genotype LGV-positive specimens was that it enabled us to compare our genotyping

study results with those collected in Brighton (Labiran et al., 2016).

It was important to include as many LGV-positive clinical specimens in the study as possible, to
ensure that the study was representative of a wide range of sexual networks in London. The LGV-
positive DNA extracts genotyped in this study were obtained from two pathology providers, NWLP
and Viapath. NWLP and Viapath provide C. trachomatis testing for clinical specimens collected from
patients attending eight London-based GUM clinics. We obtained ethical approval to collect
residual LGV DNA extracts stored at NWLP and Viapath. This was a strength of the study as it meant
that our study included DNA extracts from patients from eight GUM clinics, hence is more likely to
be representative of LGV strain diversity within the London population. The sole exclusion criterion
for the study was that clinical specimens collected from patients younger than 16 years old were
not to be included. The reason for this was because inclusion of specimens from patients under the
age of 16 would have required permission from a parent or guardian, which was not feasible for
this study. Given that very few cases of LGV are reported in this age-group, it is unlikely that many

LGV specimens would have been collected from clinics (Public Health England, 2020d).

The LGV-positive DNA extracts in the study were collected from patients over an 18 month period
(February 2018 - June 2019). In total, 230 LGV-positive DNA extracts were included in the study.
However, it was identified that four of the DNA extracts from NWLP were external quality assurance
(EQA) samples. EQA samples are quality control samples that are included in the diagnostics process
to assure lab quality. They are typically panels of known control material sent out blind to labs to
test their quality. The MLVA-ompA genotypes of the EQA samples were excluded from the LGV
genotyping study. We obtained the following MLVA-ompA genotyping results from these four EQA
samples: 1.9.2b-12/434/Bu (n=2), 3.9.3-G (n=1), and one EQA sample could not be assigned a MLVA-
ompA genotype. The sample that could not be assigned a MLVA-ompA genotype did not produce
amplicons at any of the three VNTR loci, nor the ompA locus, even upon repeat PCR and sequencing.

It is unclear as to why this sample did not produce amplicons during the study.

In accordance with a previous study (Cole et al., 2020b), we identified that the L2b ompA genotype
was not the most common in the pooled dataset; instead, the L2 ompA genotype predominated.
The L2 ompA genotype was assigned to 48% of all LGV-positive DNA extracts genotyped in the

study. Whilst the predominance of the L2 ompA genotype has been reported in Sweden (Isaksson
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et al., 2017), Spain (Parra-Sanchez et al., 2016), France (Peuchant et al., 2016), and Austria and
Croatia (Cole et al., 2020b); this is the first report of its predominance within the United Kingdom.
In a 2020 study that applied ompA genotyping to 22 LGV-positive rectal specimens from MSM in
the UK; it was found that the L2b ompA genotype dominated — with 41.7% of extracts from the UK
assigned ompA genotype L2b in the study, compared to one extract assigned ompA genotype L2
(8.3%). However, as noted, the Cole et al. study (2020b) included only a small number of LGV
specimens, and as a result, the study results may not have been reflective of the entire population
of LGV-infected MSM. In contrast, a retrospective study by Peuchant et al. (2016) applied ompA
genotyping to 179 LGV-positive anorectal specimens collected from MSM in France between 2010
and 2015; identifying that L2b was the dominant genotype until 2012, when the proportion of cases

caused by L2 increased.

We observed a high level of sequence diversity within the ompA gene, identifying a hybrid ompA
genotype (L2b/D), two L2b ompA variants (L2bv5 and L2bv6), in addition to an L2 ompA variant
(L2h) in the study. The L2bv5, L2bv6 and L2h LGV ompA variants were first identified in LGV-positive
rectal specimens from the UK by Cole et al. (2020b), where they comprised 33% (n=4), 4.5% (n= 1),
and 4.5% (n= 1) respectively of the specimens assigned ompA genotypes. In our London study, the
L2bV5 ompA variant comprised 11% (n = 18) of all DNA extracts assigned LGV ompA genotypes in
the study. This variant has an ompA sequence that differs from L2b/UCH-1/proctitis by two SNPs
(C493A and G271A). A second L2b ompA variant, L2bV6, was identified in six DNA extracts in the
study. This variant has an ompA sequence that differs from L2b/UCH-1/proctitis by one SNP
(G998A). Also identified in the study was one extract assigned ompA genotype L2h. The L2h ompA
variant has an ompA sequence that is most similar to L2/434/Bu with one SNP (A997G). These SNPs
are within variable segment 2 of the ompA gene, which is the primary antigenic marker of C.
trachomatis. These results demonstrate that several LGV ompA variants are circulating in the

London study population.

We identified three DNA extracts with ompA genotype L1 in the study. OmpA genotype L1 is not
typically associated with the LGV proctitis epidemic in MSM, and is instead associated with the
inguinal LGV syndrome (1.6.3). As this study did not collect any patient data relating to symptoms,
we are unable to comment on the clinical presentation of the three patients with the L1 ompA

sequence in the London study population.

The non-LGV ompA genotypes E (n= 3), G (n=4) and J (n =1) were detected in this study. OmpA
genotypes G and J have commonly been found in the rectum of MSM (Jeffrey et al., 2010; Quint et
al., 2011), and co-infections with LGV and urogenital genotype E have been reported previously

(Rodriguez-Dominguez et al., 2015). However, the DNA extracts that were genotyped in this study
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were those that had provided a positive test result in the LGV pmpH PCR assay at NWLP and Viapath,
i.e. only extracts with the characteristic 36 base pair deletion within the pmpH gene. These non-
LGV ompA genotypes had a low prevalence in the study, comprising 4.7% (8/170) of all DNA extracts
assigned an ompA genotype. There are a few possible explanations for their detection in the study.
Firstly, the extracts could have been false positives of the LGV biovar assay. The likelihood of this is
slight, given that the assay has previously demonstrated excellent diagnostic performance in
distinguishing LGV and non-LGV C. trachomatis infections in earlier studies (Chen et al., 2007). A
second possible explanation is that the individuals that provided the specimens assigned non-LGV
ompA genotypes may have been infected with both an LGV strain of C. trachomatis, and a non-LGV
strain. A study (Quint et al., 2011) provided an estimate of the prevalence of non-LGV co-infections
amongst MSM with LGV, and this was found to be 6.1%. In the Quint et al. study, of the six LGV
cases with non-LGV strain co-infections, ompA genotypes E, G and J comprised 67%. Another
possible explanation for the detection of the non-LGV ompA genotypes in our study, is that co-
infections could have resulted in pmpH variants caused by genetic exchange between LGV and
ompA genotype E, G, or J C. trachomatis strains. Recombination is a driver of evolution in C.
trachomatis (Gomes et al.,, 2007), and mixed infections can facilitate the selection of new
recombinants, including the hybrid Portuguese strain (Borges et al., 2019), which was caused by a
recombination event between an L2b strain and a D strain; and the L2c strain identified by

Somboonna et al. (2011), that was caused by a recombination between an L2 strain and a D strain.

Of the 226 DNA extracts obtained from patients in the study, 159 (70.4%) could be assigned
complete MLVA-ompA genotypes. The most prevalent MLVA-ompA genotype assigned in the study
was 1.9.2b - L2, which comprised 47.8% of all DNA extracts assigned complete MLVA-ompA
genotypes in the study. This MLVA profile was associated with several ompA genotypes, including
L2, L2b, L2b/D, and the LGV ompA variants L2bV5 and L2h. The MLVA profile 1.9.3b was also
associated with more than one ompA genotype, and was detected in DNA extracts assigned ompA
genotypes L2b, L2bV5, and L2bV6. This would suggest that several LGV ompA genotypes with the
same VNTR profiles are co-circulating amongst MSM in London. This is likely the result of
recombination within the ompA gene, as ompA is a recombination hotspot within the C
trachomatis genome (Gomes et al., 2007). Our study showed that 100% of DNA extracts assigned
ompA genotype L2 (for which a complete MLVA-ompA profile was obtained) had the MLVA-ompA
genotype 1.9.2b-L2. This is indicative of a clonal spread of the 1.9.2b-L2 genotype within the

London population (Harris et al., 2012).

We noted the most diversity in MLVA-ompA genotypes within extracts designated ompA genotype
L2b, with the VNTR profiles 1.9.2b, 1.9.3b, and 1.4a.2b assigned. Diversity in L2b genotypes was

previously reported in Brighton by Labiran et al. (2016). However, whilst in London 1.9.2b - L2b and
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1.9.3b - L2b comprised 43/157 (27%) and 3/157 (1.9%) respectively of extracts assigned a complete
LGV MLVA-ompA genotype in the study; the Brighton study reported only three cases with 1.9.2b-
L2b and no cases with 1.9.3b-L2b. In addition, the Brighton study identified eight LGV MLVA-ompA
genotypes that were not detected in our London study population. These regional differences in
MLVA-ompA genotypes in Brighton and London are likely the result of distinct dissemination
patterns within each population, however, the differences could also represent a temporal shift in
genotypes, given that our London study genotyped specimens collected in 2018 and 2019, and the
Brighton study took place between 2011 and 2013. It should be noted that the Brighton study
included only 11 LGV samples, that were assigned the ompA genotypes L2 (n=2) and L2b (n=9). Due
to the small number of LGV samples included in the study, it could be suggested that the results of
the Brighton study are not representative of the full picture of LGV strain diversity, hence caution
should be applied when forming direct comparisons. This is discussed further on page 163.0ur
study identified the CT1291 type 3b variant (AAAATAGTCTA-9C-TATTG) in 20 DNA extracts. Sixteen
of these DNA extracts were assigned a complete MLVA-ompA genotype, of which all were 1.9.3b-
L2b. Prior to the London study, the CT1291 type 3b variant was detected by Satoh et al. (2014)
within the L1/440/LN and L2/434/Bu reference strains, and these were assigned the MLVA-ompA
genotypes 5.9.3b - L1 and 5.9.3b - L2. However, the Satoh et al. study did not include any L2b
isolates, and the 3b variant was not detected in any of the 44 clinical isolates that were also MLVA-
ompA genotyped by Satoh et al. As far as we are aware, our London study is the first report the
CT1291 type 3b variant in L2b strains. We also detected VNTR variants that were first identified in
Wang et al. (2011) and Pedersen et al. (2008). These included the CT1299 type 4a variant
(TTTTTATTCT-10C-T3C-ATCAAA), CT1291 type 2b (AAAATAGTCTA-8C-TATTG), and CT1299 type 9
(TTTTTATTCT-3C2T-6C-ATCAAA). In our study, CT1299 type 9 comprised 159/162 (98.1%) of DNA
extracts assigned an LGV ompA genotype. This contrasts with the findings of Wang et al. (2011),
where CT1299 type 9 comprised only 6/93 (6.5%) of isolates yielding a complete MLVA-ompA
genotype. It should be noted that the Wang et al. (2011) study genotyped only endocervical swabs
collected from women and had a low sample size. The prevalence of the CT1299 type 9 variant in
our study of LGV-positive DNA extracts could indicate that this variant has a closer linkage to LGV

strains than genital C. trachomatis strains.

We detected a hybrid L2b/D ompA sequence in DNA extracts from NWLP (n=7) and Viapath (n=1).
The first 365bp of the hybrid ompA sequence were identical to L2/434/Bu and L2b/UCH-1/proctitis
reference sequences, whilst the region spanning 366bp — 1,023bp was identical to the ompA
genotype D reference strain, D/UW-3/CX. The hybrid ompA sequence was found to be identical to
the ompA of a recombinant L2b/D C. trachomatis strain detected in Portugal (Borges et al., 2019).

As of 2019, 25 cases with the recombinant L2b/D strain have been reported in Portugal. Our London
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study is the first to report of the hybrid L2b/D ompA sequence in the United Kingdom. All eight
extracts identified in the study with the L2b/D hybrid sequence were assigned the MLVA-ompA
genotype 1.9.2b - L2b/D. We demonstrated by in silico means that the Portuguese hybrid L2b/D
strain possessed the MLVA-ompA genotype 1.9.2b - L2b/D, confirming that the Portuguese L2b/D
strain and the eight L2b/D extracts from the London study population shared the same MLVA-ompA
genotype. Borges et al. (2019) performed whole genome sequencing of the Portuguese
recombinant strain, and this revealed that the strain was the result of genetic transfer of a 4.2 kb
fragment from a C. trachomatis ompA genotype D strain to an L2b strain. This recombinant
fragment included 75% of the ompA gene encoding the major outer membrane protein (MOMP),
in addition to four genes downstream of ompA, each with functional roles in protein synthesis
(Borges et al., 2019). The L2b/D ompA sequence has 19 amino acid replacements and one amino
acid insertion compared to L2b/UCH-1/proctitis; and 18 of these amino acid replacements are
within the surface-exposed epitope-enriched variable domains of the MOMP. This resulted in a new
combination of epitopes, with mixed L2/L2b epitopes in variable domain 1 of the MOMP, and D
epitopes in variable domains 2 and 4 of the MOMP (Borges et al., 2019). The widespread genetic
recombination within the hybrid L2b/D strain, particularly within the MOMP epitope region that is
targeted by the host immune response, may have implications for the transmission and pathogenic
capabilities of the strain. A particular limitation of our London study was that we did not collect any
clinical data relating to patient symptoms, hence we cannot comment on the clinical manifestation
of patients with the L2b/D ompA sequence in London. However, Borges et al. (2019) identified that
all individuals with the hybrid strain presented with clinical features that are consistent with a
typical LGV infection, including rectal pain, anal discharge, and rectal bleeding. It was noted that
many of the individuals with the L2b/D strain in Portugal were involved in international sexual
networks, which would explain how the variant likely reached the London population. Given the
high-risk sexual practices of MSM (1.8.3), and the involvement of MSM in international sexual
networks, it is very likely that this hybrid strain will be transmitted further within the high-risk

population.

The MLVA-ompA genotyping method had limited resolution when applied to our London study
population, with two LGV MLVA-ompA genotypes (1.9.2b - L2 and 1.9.2b - L2b) comprising 74% of
DNA extracts assigned complete MLVA-ompA genotypes in the study. As a result, we did not reach
a Simpson’s Index of Diversity of 0.95, which is the Index value for a genotyping system to be
considered to have more or less “ideal” resolution (van Belkum et al., 2007). In fact, the three VNTRs
combined had a Simpson’s Index of Diversity of 0.50, which was lower than the level of
discrimination provided by the ompA gene for the sample set (D = 0.77). The overall discriminatory

index of the MLVA-ompA system was 0.76. This demonstrated that for this sample set, the highest
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level of discrimination was provided by the ompA gene (0.77) followed by the combination of the
ompA gene and the three VNTRs. However, even the VNTR with the highest discriminatory index in
this study population (CT1291, D = 0.45) had a lower discriminatory capacity than the ompA gene
for this sample set. To more accurately compare the findings of the London study with the Brighton
study (Labiran et al., 2016), Simpson’s Index of Diversity was re-calculated for only those samples
assigned an LGV ompA genotype in the London study (n=157) and in the Brighton study (n=11). This
was because the values stated for Simpson’s Index of Diversity in the Brighton paper were
calculated for specimens assigned LGV ompA genotypes in addition to non-LGV ompA genotypes,
which does not reflect the genotypic diversity of LGV strains only. We showed that Simpson’s Index
of Diversity for the Brighton study was higher at all four loci, in addition to the combined VNTR loci
and the MLVA-ompA genotyping system overall, when compared to the London study. However it
should be noted that the Labiran study consisted of only 11 LGV specimens, hence caution should
be applied when directly comparing the results of both studies. As such, the lower discriminatory
capacity of the MLVA-ompA system in our substantially larger London study is likely reflective of

the clonal nature of the LGV epidemic in MSM.

The study was able to assign complete MLVA-ompA genotypes to 159 (70.4%) of DNA extracts
included in the study. This was a slightly lower typeability than the Labiran et al. study in Brighton,
which was able to assign MLVA-ompA genotypes to 76% of specimens. However, the lower
typeability of MLVA-ompA in the London study population is not necessarily a limitation of the
typing system applied to genotype the DNA extracts. Whilst typeability is a good indicator of the
ability of a typing system to genotype clinical specimens; DNA extracts that failed to amplify and
could not be assigned genotypes in the London study population may have contained degraded
DNA or had a low C. trachomatis DNA concentration; hence would not have generated genotypes

regardless of the genotyping system applied.

5.11 Conclusions

This was the first large-scale genotyping survey of LGV strains using the MLVA-ompA genotyping
system that has ever been conducted in the United Kingdom. The study has demonstrated that the
predominant ompA genotype within the London population is the L2 ompA genotype, and not the
L2b ompA genotype that has been reported in UK populations since 2005 (Macdonald et al., 2005).
We have also provided evidence for the co-circulation of two dominant VNTR types in London —
1.9.2b and 1.9.3b —that are associated with several distinct ompA genotypes. We have reported a
high level of diversity within ompA in the London study population, detecting several L2b and L2
ompA variants in London, including the L2bV5 and L2bV6 ompA variants previously identified in

four samples from the UK in a 2020 study. We also provided the first UK report of a hybrid L2b/D
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ompA profile previously detected in Portugal. At present, little is known about the pathogenic
capability of this hybrid strain, and as a result, the public health implications of the L2b/D
recombinant strain are as of yet unknown. We also demonstrated that the MLVA-ompA genotyping
system had low resolution and the discriminatory capacity of the system for this sample set was

low.

A limitation of our study was that we did not collect patient clinical data relating to symptoms, STI
history, and HIV-positivity status. As a result, we were unable to form conclusions relating to the

distribution of MLVA-ompA genotypes circulating within these high-risk sub-populations in London.
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CHAPTER 6 Genomic Diversity within LGV C. trachomatis
Strains Isolated from Asymptomatic and Symptomatic MSM

in Brighton

Note: Bri038, Bri088, and Bri098 were grown in cell culture by Dr Colette O’Neill.

6.1 Introduction

As discussed in Chapter 5, C. trachomatis strains with ompA genotypes L1 — L3 cause
Lymphogranuloma venereum (LGV). These strains are more invasive than those with ompA
genotypes A — K; causing systemic infections, infecting monocytes and macrophages, before

disseminating to local lymph nodes (1.6.3).

In 2003, an outbreak of LGV in MSM in the Netherlands was reported (Go6tz et al., 2004). The
majority of these patients presented with painful haemorrhagic proctitis, rectal discharge and rectal
pain. These symptoms differed from the classical LGV inguinal syndrome seen in tropical regions,
characterised by inguinal buboes and genital ulcers (1.6.3). It was speculated that the LGV proctitis
outbreak represented a new emerging infection, and this appeared to be supported by sequence
data of the polymorphic ompA gene, which showed that the LGV proctitis cases were caused by a
new L2 ompA variant termed L2b (Spaargaren, Fennema, et al., 2005). The L2b ompA variant is
distinguished from L2 by a single SNP (A485G) that causes an N162S amino acid substitution within
variable domain 2 of the major outer membrane protein (MOMP) (Seth-Smith et al., 2021) (1.11).
It was later shown that isolates collected from MSM in San Francisco between 1979 and 1985
contained the L2b ompA variant (Spaargaren, Schachter, et al., 2005). This demonstrated that the
newly observed proctitis cases were the result of a slowly-evolving LGV epidemic, rather than a new

epidemic.

Since 2003, cases of LGV caused by the L2b variant have been reported amongst MSM globally. It
is now known that the L2b epidemic is the result of clonal expansion and widespread transmission
of the L2b variant amongst MSM (Harris et al., 2012). The L2b strain is associated with both
symptomatic and asymptomatic disease. Asymptomatic LGV infections have been previously

reported in 27% - 43% of LGV cases (Spaargaren, Fennema, et al., 2005; Saxon et al., 2016).

Whole genome sequencing (WGS) has provided insight into the genomic diversity of LGV C.
trachomatis strains. In 2007, the genomes of two LGV strains — L2/434/Bu, which causes the

inguinal LGV syndrome and was originally isolated from an inguinal bubo in California; and
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L2b/UCH-1/proctitis, which was isolated from a patient with LGV proctitis in London — were
sequenced (Thomson et al., 2007). It was found that the L2b genome was nearly identical to that
of strain L2/434/Bu. Each genome consisted of a 1.04 Mb chromosome and a 7.5 kb plasmid,
encoding 889 and 8 coding sequences (CDS), respectively (Thomson et al., 2007). However, the L2
and L2b strains are differentiated by 573 single nucleotide polymorphisms (SNPs) across their
genome. Of these, 457 SNPs occur within CDSs. The highest variation between the genomes is
found within tarp (Thomson et al., 2007). The tarp gene encodes an effector protein (a translocated
actin-recruiting phosphoprotein, TarP) that is secreted via the C. trachomatistype Ill secretion
system (T3SS). The secretion of this protein induces actin polymerisation within the host cell, which
facilitates the uptake of EBs into an inclusion (Borges and Gomes, 2015b) (1.4). Mutations within
the tarp gene account for more than 40 amino acid alterations amongst LGV strains (Borges and
Gomes, 2015a). Sequence variation within tarp has also been noted amongst L2b C. trachomatis

strains (Borges and Gomes, 2015a).

A further region of variation between the genomes of L2 and L2b strains is within the polymorphic
membrane protein H (ompH) gene. This gene encodes an auto-transporter polymorphic membrane
protein (Seth-Smith et al., 2013, 2021). PmpH is located on the elementary body (EB) surface and
is thought to function as an adhesin (Seth-Smith et al., 2021). PmpH is strongly immunogenic and
has been shown to elicit a strong pro-inflammatory cytokine response (Byrne, 2010). All LGV strains
contain an LGV-specific 36 bp deletion in the pmpH gene, and this deletion is exploited in a real-
time PCR assay used to diagnose LGV infections (Morré et al., 2005). L2b C. trachomatis strains have
a characteristic 9 bp insertion in the pmpH gene. This insertion was initially thought to be specific
to L2b strains, however the insertion was later identified in strains with ompA genotype L2 (Touati

et al., 2016).

The ompA gene is recognised as a mutational hotspot within the C. trachomatis genome (Nunes et
al., 2009). Amongst LGV strains, there is high variability of ompA (Borges and Gomes, 2015a). Since
2012, there has been a resurgence in LGV cases caused by strains with ompA genotype L2 (Stary et
al., 2008; Peuchant et al., 2016; Isaksson et al., 2017; Cole et al., 2020a) (Chapter 5). Novel L2 and
L2b ompA variants have been detected across Europe (Stary et al., 2008; Cole et al., 2020b;
Marangoni et al., 2021; Seth-Smith et al., 2021). High levels of recombination within the ompA gene
have been evidenced (Somboonna et al., 2011; Borges et al., 2019). One recombination event
resulted in an LGV strain with a chimeric genome (Somboonna et al., 2011). Genomic analysis
revealed that this recombinant strain contained clustered regions of genetic exchange between L2
and D C. trachomatis strains, resulting in a hypervirulent disease phenotype (Somboonna et al.,

2011). The L2/D recombinant strain (‘L2c’) was obtained from the rectum of a HIV-negative MSM
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with severe haemorrhagic proctitis. The study suggested that disease severity could be influenced

by key genetic variation within the LGV genome.

Genomic analyses of LGV strains have been conducted on strains isolated from patients with
symptomatic infections (i.e. the inguinal LGV syndrome or LGV proctitis). Strains isolated from
patients with asymptomatic infections have never been analysed. It is unknown whether the
absence of disease symptoms is the result of genetic variation within the genome, or a host effect.
Further investigation into the genetic characteristics of asymptomatic LGV infections may reveal

key marker sequences within the genomes.

In this Chapter, LGV isolates collected from asymptomatic and symptomatic MSM in Brighton
(Labiran et al., 2016) were whole genome sequenced. The hypothesis for this study was that
sequence differences at genomic loci between isolates from symptomatic and asymptomatic MSM
in Brighton could account for the difference in patient symptomology. The resulting genomes were
compared in order to investigate genomic diversity within these isolates and to indicate genomic

loci that may be linked with the presence (or absence) of clinical symptom:s.

6.2 Aims and Objectives

The aim of this Chapter was to investigate genomic diversity within LGV strains collected from
symptomatic and asymptomatic MSM in Brighton. We wished to determine whether sequence
differences at genomic loci within the genomes of these strains could potentially explain the

differences in symptomology.
To achieve this aim, the objectives were as follows:

e To undertake whole genome illumina sequencing of genomic DNA from three LGV isolates
obtained from symptomatic and asymptomatic MSM in Brighton.

e To assemble and annotate whole genome sequences for each LGV isolate.

e To compare the three assembled genome sequences and identify regions of interest for

future studies.

6.3  Study Design

This comparative genomic study was designed to analyse and compare the genome sequences of
LGV strains isolated from symptomatic MSM and those isolated from asymptomatic MSM, in order

to determine if any regions of sequence variation within the genomes existed.
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A previous study in our research group collected C. trachomatis-positive rectal swab specimens
from MSM attending the Claude Nichol GUM Clinic in Brighton (Labiran et al., 2016). A number of
these swab specimens were isolated using cell culture, including seven LGV isolates; these isolates
were subsequently MLVA-ompA genotyped (Labiran et al., 2016). The symptomology of each
patient providing an isolate was recorded by the clinician. Table 24 shows the symptomology and

the MLVA-ompA genotypes for each of the 7 cultured LGV isolates.

Of the seven patients providing LGV isolates in the Labiran study, five reported rectal symptoms
(Bri038, Bri085, Bri087, Bri088, and Bri1l04) and two reported no symptoms (Bri086 and Bri098)
(Table 25). In this Chapter, we specifically wanted to utilise whole genome sequencing to compare
the genome sequences of LGV isolates collected from symptomatic and asymptomatic MSM. This
method was selected as whole genome sequencing provides the maximum resolution for strain

discrimination.

It was initially decided to sequence and compare the genomes of two symptomatic LGV isolates
(Bri038 and Bri088) and two asymptomatic LGV isolates (Bri086 and Bri098). These isolates had
previously been grown in cell culture and the harvested C. trachomatis stored at -80°C (6.4.1).
Whilst genomic DNA (gDNA) was extracted from the isolates in the earlier study (Labiran et al.,
2016) for MLVA-ompA genotyping, we could not use these gDNA extracts for whole genome
sequencing as the gDNA was of insufficient volume and concentration. For this Chapter, the
harvested C. trachomatis was thawed and re-grown in cell culture (6.4.2). The first isolate to be
grown in cell culture was Bri086. This isolate was discovered to be contaminated. When the tissue
culture flask containing the Bri086-infected McCoy cell monolayer was visualised under the phase
contrast microscope (2.17), rod-shaped structures were present, indicating contamination by
enteric bacteria such as E. coli. Vancomycin (50 pL of 1 mg/ml) and gentamycin (10 pL of 10 mg/ml)
were added to treat the E. coli contamination. When the flask was titrated, no C. trachomatis was
present. For Bri038, Bri088, and Bri098, it was decided to add the bacterial inocula (200 pL from
Labiran harvested stock), vancomycin, gentamycin and cycloheximide in 5 ml of DMEM to the
McCoy cell monolayer (6.4.2). When tissue culture flasks containing McCoy cell monolayers
infected with Bri038, BriO88 and Bri098 were visualised under the phase-contrast microscope, no
E. coli contamination was present. All 3 isolates produced good-sized C. trachomatis inclusions that
were visible after 24 hours (6.4.2). C. trachomatis was harvested from each of the three flasks after

48 hours. Genomic DNA was extracted (6.4.2) and sent for whole genome sequencing (6.4.2).
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Table 25 Cultured rectal Isolates collected from MSM! attending the Claude Nichol GUM? Clinic
in Brighton between 2011 and 2013. Isolates were collected using rectal swabs, grown in cell
culture, and MLVA-ompA genotyped by Labiran et al. (2016). Symptomology data was available for

each patient.

Isolates Symptoms (Y/N)* MLVA-ompA genotype
Bri038 Y 1.9.2-12b

Bri0O85 Y 1.5.2-L2b

Bri086 N 1.9.2-L2b

Bri087 Y 1.5.3-12b

Bri088 Y 1.9.2-1L2b

Bri098 N 3.5.2-12b

Bril04 Y 1.9.4-12

IMSM = men who have sex with men; 2 GUM = Genitourinary Medicine Clinic; *Symptoms reported

as “Y” refer to rectal symptoms.

6.4 Methods

6.4.1 C. trachomatis isolates

The three isolates that were whole genome sequenced in this Chapter (Bri038, Bri088, and Bri098)
were originally sourced from MSM attending the Claude Nichol Clinic in Brighton between 2011
and 2013 (Labiran et al., 2016). Isolates were collected from patients using rectal swabs, and these
swabs were immediately placed in £-VCM™ Universal Transport Medium (Sigma-Aldrich, UK). This
Medium is specially formulated to allow the survival and recovery of Viruses, Chlamydia,
Mycoplasma and Ureaplasma from swabs. According to Labiran (2014), the swab transport medium
for each isolate was vortexed followed by centrifugation at 110 xg for 5 minutes, and was
subsequently diluted 1:10 using DMEM, before placing on a McCoy cell monolayer. McCoy cells
infected with each isolate (2.16) were incubated for 48 hours after which C. trachomatis was
harvested (2.17). The cryopreservative 4X Sucrose Phosphate (4SP) was added and harvested
samples were subsequently stored at -80°C. Labiran extracted genomic DNA from each harvested

sample using the Wizard® Genomic DNA Purification Kit (Promega, UK).
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The Labiran et al. (2016) study also collected data relating to symptomology from each patient.
Bri038 and Bri088 were collected from symptomatic MSM (MSM with rectal symptoms), and Bri098

was collected from an asymptomatic MSM (Table 25).

6.4.2 Revival of C. trachomatis LGV isolates from Brighton in 2020

Each harvested isolate was removed from the -80°C freezer and thawed. For each isolate, 5 ml fresh
DMEM containing bacterial inocula, cycloheximide (1 pg/ml), vancomycin (10 pg/ml), and
gentamycin (20 pug/ml) was added to a McCoy cell monolayer (2.14.2; 2.16). After 24 hours, C.
trachomatis inclusions were visible. C. trachomatis isolates were harvested 48 hours post-infection
(2.17). Phase contrast microscope images showing the McCoy cell monolayers infected with each
of the three isolates were taken at 48 hours post-infection (Figure 23). Inclusions are visible within
the McCoy cell monolayer of each tissue culture flask (one inclusion per flask is indicated with a
black arrow).Genomic DNA was extracted from each using the NucleoSpin® Tissue kit (Macherey-

Nagel, Germany) (2.4.2).

The MLVA-ompA genotype of Bri038 was determined prior to sending the genomic DNA for whole
genome sequencing, to confirm that the genotype was the same as that obtained by Labiran (2014).
This process was described in Chapter 4 (4.4.1). The MLVA-ompA genotype of Bri038 was identified
as 1.9.2b - L2b. This was the same MLVA-ompA genotype as reported by Labiran (2014). To note,
the VNTR sequences and ompA sequence were identical to those obtained from Bri038 by Labiran,
however Labiran noted the CT1291 VNTR type as 2 and not 2b (4.4.1). It was deemed unnecessary
to MLVA-ompA genotype the remaining isolates given that we could later confirm the MLVA-ompA

genotype using the whole genome sequence.

6.4.3 Whole genome sequencing

Genomic DNA (150 ng per isolate) was sent for whole genome illumina sequencing at MicrobesNG
(2.18). MicrobesNG used 250 bp paired-end reads, and adapter trimmed using Trimmomatic
(version 0.30) with a sliding window quality cut-off of Q15 (Bolger, Lohse and Usadel, 2014).
MicrobesNG performed de novo assembly on each sample using SPAdes (version 3.7) (Bankevich et
al., 2012), and annotated contigs using Prokka (version 1.11) (Seemann, 2014). The number of
reads, number of contigs, mean coverage (average depth of reads across the genome), and N50 for

each of the three isolates can be found in Table 26.
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Table 26

three rectal isolates, Bri038, Bri088, and Bri098.

The number of reads, number of contigs, mean coverage, and N50* values for the

Number of reads |Number of contigs | Mean Coverage|N50*
(average read
depth)
Bri038 137,813 282 23.2X 1,033,306
Bri088 216,959 2,963 5.4X 792
Bri098 148,953 97 46.2X 1,038,696

*N50 represents the smallest contig such that half of the genome is represented by contigs of size N50 or

larger).

Contigs were re-annotated using Prokka with the Chlamydia genus and a list of proteins (in fasta

format) derived from the reference genome L2b/UCH-1/proctitis (Genbank Accession No.

AMB884177) as a basis for annotation. The Galaxy server was used to perform these analyses (Afgan

et al., 2018).

6.4.4 Assignation of MLST and MST sequence types (STs) for Bri038, Bri088, and Bri098

MLST (Pannekoek et al., 2008; Dean et al., 2009) and MST (Klint et al., 2007) sequence types (STs)

were assigned to the 3 isolates using the method described in section 4.4.3.
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(A)

Figure 23 Phase Contrast microscope images of McCoy cell monolayers infected with three LGV
C. trachomatis isolates in a T25 cell culture flask. (A) Bri038; (B) Bri088; (C) Bri098. Images were
taken 48 hours post-infection using x40 magnification. Inclusions (indicated with a black arrow) are
visible within McCoy cells in all three flasks.

150



6.5 Genomic Strain Comparison

To identify genomic differences between the three LGV isolates, sequencing reads (fastq files) for
each isolate were mapped to the L2b/UCH-1/proctitis reference genome sequence (Genbank
Accession No. AM884177) using Snippy (version 2.2) (Seemann, 2018). Read data was also mapped
against the plasmid sequence for L2b/UCH-1/proctitis (Genbank Accession No. AM886279). This
identified any single nucleotide polymorphisms (SNPs), insertions (ins), or deletions (del) within
each genome (Table 27). Snippy was accessed using the Galaxy server (Afgan et al., 2018). The raw
Snippy output data can be found in Appendix 9. All called SNPs were checked manually using BAM

files visualised in Artemis.

A total of eleven mutations were identified between the three isolates relative to L2b/UCH-
1/proctitis. All eleven mutations were located within the chromosome; no mutations were detected
within the plasmid of each isolate. The plasmid sequence of each isolate was identical to that of
L2b/UCH-1/proctitis (Genbank Accession No. AM886279). No mutations were shared by all 3
isolates. Of the 11 mutations detected, 1 was a deletion, 2 were insertions, and 8 were single
nucleotide polymorphisms (Table 27). The deletion was observed within an intergenic region of
Bri098 only. The two insertions were also within intergenic regions, however one insertion was

observed in Bri088 only, and the second insertion was observed in both Bri088 and Bri098.

Of the eight SNPs identified, six were missense mutations within coding sequences (CDS) that
resulted in amino acid substitutions in the corresponding proteins (Table 27). Two SNPs (25%) were
within the ompA gene encoding the major outer membrane protein (MOMP). One SNP at
nucleotide position 59,310 (nucleotide position given relative to L2b/UCH-1/proctitis) caused a
change from leucine to isoleucine in the amino acid sequence of the MOMP (L1731). This SNP was
observed in both Bri038 and Bri088, but was not observed in Bri098. The second SNP (at nucleotide
position 59,342) in ompA was present in Bri088 and Bri098, and resulted in the amino acid serine
being substituted by asparagine (S162N). This substitution altered the ompA genotype of Bri088
and Bri098 from L2b to L2. These two non-synonymous mutations within ompA occurred within

variable segment 2 of the ompA gene, which encodes variable domain 2 of the MOMP (Figure 24).

The three remaining missense mutations identified were each observed in one isolate only. In
Bri088, a SNP at nucleotide position 615,012 was present in the accA gene encoding Acetyl-
coenzyme A (CoA) carboxylase carboxyl transferase subunit alpha. This SNP resulted in the amino
acid tyrosine being substituted by serine (Y284S). This SNP in accA was not observed in Bri038 or
Bri098. In Bri038, a missense mutation (at nucleotide position 630,873) in the ngrE gene that
encodes the Na*-translocating NADH-quinone reductase subunit E caused an amino acid change

from glycine to aspartic acid (G74D). The two remaining non-synonymous mutations were observed
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in Bri098 only, and resulted in amino acid substitutions within two hypothetical proteins (Table 27).

These were at nucleotide positions 72,990 and 760,790, and resulted in the amino acid changes

Q124K and V5411, respectively.

Table 27

Mutations in Bri038, Bri088, and Bri098, relative to L2b/UCH-1/proctitis (Genbank

Accession No. AM884177). *these SNPs were located on the reverse strand and have been reverse

complemented.

Isolates |Type Location |Effect Gene Product

Bri038 snp (C->A)* |CDS Missense (L->1) | Major outer membrane protein (MOMP)

Bri088

Bri088 snp (G->A)* |CDS Missense (S->N) | Major outer membrane protein (MOMP)

Bri098

Bri098 snp (C->A) |CDS Missense (Q- Hypothetical protein
>K)

Bri098 snp (A->G) |Intergenic

Bri088 ins (T->TG) |Intergenic

Bri038 snp (G->A) |Intergenic

Bri088

Brio88  [snp (A->C)* |CDS Missense (Y->S) | Acetyl-coenzyme A (CoA) carboxylase

carboxyl transferase subunit alpha

Bri038 snp (G->A) |CDS Missense (G- Na (+)-translocating NADH-quinone reductase
>D) subunit E

Bri098 snp (G->A) |CDS Missense (V->1) |Hypothetical protein

Bri098 del (AT->A) |Intergenic

Bri088 ins (C->CT) |Intergenic

Bri098

Ins = insertion; snp = single nucleotide polymorphism; del = deletion; CDS = coding sequence.
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Figure 24 Location of altered amino acids (circled in blue) within the major outer membrane
protein (MOMP) of Bri038, Bri088, and Bri098.

Figure is adapted from the model developed in Fehrer et al., (2013) that was based on the C.
trachomatis ompA genotype C sequence (Genbank Accession No. DQ116399). Amino acid
substitutions in Bri038, Bri088, and Bri098 differing from those in L2b/UCH-1/proctitis are given
next to the position of the amino acid (positions given relative to L2b/UCH-1/proctitis). Bri038 and
Bri088 contained the SNP* resulting in the amino acid change L173l, and Bri088 and Bri098
contained the SNP* resulting in the amino acid change S162N. The two amino acid substitutions

are located within variable domain 2 (VD 2) of the MOMP.

*SNP = single nucleotide polymorphism.
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None of the mutations identified in Bri038, Bri088, and Bri098 were located within the genetic loci
comprising the MLST (Pannekoek et al., 2008; Dean et al., 2009) and MST (Klint et al., 2007)
schemes for C. trachomatis. The MLST and MST allelic profiles and sequence types (STs) for Bri038,
Bri088, and Bri098 are provided in Table 26. All 3 isolates shared the same STs — ST 44 (Pannekoek
etal., 2008), ST 1 (Dean et al., 2009), and ST 58 (Klint et al., 2007). These STs were identical to those
of L2b/UCH-1/proctitis (Genbank Accession No. AM884177) (Table 28).

Table 28 MLST (Pannekoek et al., 2008; Dean et al., 2009) and MST (Klint et al., 2007) sequence
types (STs) for Bri038, Bri088, and Bri098. The MLST and MST STs for the L2b reference genome
L2b/UCH-1/proctitis (Genbank Accession No. AM884177) are also provided in the table.

MLST (Pannekoek et al., | MLST (Dean et al., 2009) | MST (Klint et al., 2007)

2008)

Allelic profile! |ST Allelic Profile? ST Allelic Profile® |ST
Bri038 1-3-3-3-2-2-19 |44 1-1-3-8-1-4-11 1 13-17-13-27-28 |58
Bri088 1-3-3-3-2-2-19 |44 1-1-3-8-1-4-11 1 13-17-13-27-28 |58
Bri098 1-3-3-3-2-2-19 |44 1-1-3-8-1-4-11 1 13-17-13-27-28 |58
L2b/UCH- 1-3-3-3-2-2-19 |44 1-1-3-8-1-4-11 1 13-17-13-27-28 |58
1/proctitis

1 For MLST (Pannekoek et al., 2008), allelic profiles given in the order: enoA, fumC, gatA, gidA, hemN, hifX,
and oppA.

2 For MLST (Dean et al., 2009), allelic profiles given in the order: glyA, mdhC, pdhA, yhbG, pykF, lysS, and leusS.
3 For MST (Klint et al., 2007), allelic profiles given in the order: CTO58, CT144, CT172, pbpB, and hctB.

The VNTR types of Bri038, Bri088, and Bri098 were 1.9.2b (CT1335 type 1: GAAAAAG-9T8A-
GCTTTTGT; CT1299 type 9: TTTTTATTCT-3C2T-6C-ATCAAA; CT1291 type 2b: AAAATAGTCTA-8C-
TATTG). This VNTR type was identical to that of L2b/UCH-1/proctitis (Chapter 4). The ompA
genotypes of the isolates were L2b (Bri038) and L2 (Bri088 and Bri098). The MLVA-ompA genotype
assigned by Labiran (2014) to Bri098 was 3.5.2- L2b. Sequence chromatograms generated by
Labiran (2014) were viewed to compare the sequence at each VNTR locus to those obtained in this
Chapter by whole genome sequencing. The sequence quality obtained by Labiran at each VNTR
locus for Bri098 was poor hence the Labiran assignation of the genotype 3.5.2 should be treated

with caution (Appendix 10). The 1,185 bp Bri098 ompA sequence that was obtained by whole
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genome sequencing in this Chapter was aligned against the 923 bp ompA sequence obtained for
Bri098 by Labiran (2014) (Appendix 11). These sequences were identical. The SNP that reverts the
L2b ompA sequence to L2 (G485A) was present in both sequences, confirming that Bri098 was

ompA genotype L2 (Appendix 11).

The pmpH gene sequence of the three LGV isolates were identical to L2b/UCH-1/proctitis. Each of
the isolates contained the characteristic 36 bp deletion within the pmpH gene, in addition to the 9

bp insertion that has previously been detected within L2b and L2 C. trachomatis strains (Figure 25).

To observe the relative genetic relatedness of Bri038, Bri088, Bri098 and L2b/UCH-1/proctitis, the
data generated in Table 25 was combined to produce a core SNP genome using Snippy core (version
4.6.0). MEGA-X (version 10.1.8) was used to produce a phylogenetic tree based on the divergence
of each isolate from the core genome, using the Generalised Time Reversible (GTR) model with

1,000 bootstraps. The phylogenetic tree was rooted on L2b/UCH-1/proctitis (Figure 26).
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Figure 25 Sequence Alignment of sections of the pmpH gene from three LGV isolates from Brighton. The pmpH sequences were obtained from the three

isolates by whole genome sequencing. Also included in the sequence alighment were the pmpH sequences of L2/434/Bu (Genbank Accession No. AM884176),

L2b/UCH-1/proctitis (Genbank Accession No. AM884177), and D/UW-3/CX (Genbank Accession No. NC_000117) for comparison. (A) shows the characteristic

36 bp deletion in the pmpH gene of LGV C. trachomatis strains (indicated by a black box). (B) shows the 9 bp insertion in the pmpH gene of L2b C. trachomatis

strains (indicated by a red box). This insertion is not present in the L2/434/Bu strain, however the insertion has been identified in other L2 strains (Touati et al.,

2016).
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Figure 26 Phylogenetic Tree of Bri038, Bri088, Bri098, and L2b/UCH-1/proctitis.

Sequencing reads for isolates Bri038, Bri088, and Bri098 were mapped to the L2b reference
genome, L2b/UCH-1/proctitis (Genbank Accession No. AM884177) using Snippy (version 2.2). A
core SNP genome was produced using Snippy core (version 4.6.0). MEGA-X (version 10.1.8) was
used to produce a phylogenetic tree based on the divergence of each isolate from the core SNP
genome, using the Generalised Time Reversible (GTR) substitution model and 1,000 bootstrap
replications. The phylogenetic tree was rooted on L2b/UCH-1/proctitis. The branch lengths indicate

the number of substitutions per variant site.
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6.6 Discussion

The incidence of LGV has increased in recent years (Public Health England, 2020d). The proportion
of asymptomatic LGV infections has also increased (Cole et al., 2020b). In the Netherlands, the
proportion of asymptomatic LGV infections has increased from 31.4% in 2011 to 49.3% in 2017 (van
Aar et al., 2020). No comparative genomic analysis has ever been conducted between LGV isolates
obtained from patients with asymptomatic LGV infections, and LGV isolates obtained from patients

with symptomatic LGV infections.

A study by Somboonna et al. (2011) analysed the genome of an LGV strain with a hypervirulent
disease phenotype that produced severe haemorrhagic proctitis in a HIV-negative MSM. This study
identified that the strain possessed a chimeric L2/D genome and was a recombinant of L2 and D C.
trachomatis strains. There were extensive clustered regions of genetic exchange including a 78 kb
region and a partial toxin gene within the strain genome. Indels (insertions/deletions) were
identified within an ftsK gene promoter, and in the tarp and hctB genes. These regions encode
proteins involved in replication, inclusion formation, and histone H1-like protein activity,
respectively. The study concluded that the significant disease pathology of the strain may be

attributed to its widespread genetic recombination (Somboonna et al., 2011).

In this Chapter, we utilised whole genome sequencing to sequence three LGV isolates collected
from asymptomatic and symptomatic MSM in Brighton. Two of these isolates (Bri038 and Bri088)
were obtained from MSM with symptomatic LGV infections, and one isolate (Bri098) was collected
from an MSM with an asymptomatic LGV infection. We hypothesised that sequence differences at
genomic loci between isolates from symptomatic and asymptomatic MSM could account for the
difference in patient symptomology. The genomes were compared to investigate genomic diversity
within the isolates and to identify genomic loci that could be linked with the presence or absence
of clinical symptoms. Studies of genotype-phenotype using a whole genome sequencing approach
have previously been conducted in other species within the Chlamydia genus. As discussed in
section 1.5.2, Ramsey et al. (2009) identified several unique non-synonymous SNPs when
comparing two C. muridarum strains (C. muridarum Weiss and C. muridarum Nigg) that varied in
virulence in vivo and possessed distinct growth characteristics in vitro. A limitation of this study was
that it was unclear whether the isolates used in this study were representative of the entire
population. However the study did show that genomic differences exist within stock isolates that
varied in virulence. Similarly, genotype-phenotype studies that have adopted a WGS approach have
also been conducted in C. trachomatis. A study by Kari et al. (2008) analysed the genomes of four
trachoma strains to assess whether sequence variation played a role in disease outcome. The study

identified a subset of genes that were polymorphic amongst the four trachoma strains and
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demonstrated that most of these polymorphic genes also varied in recent clinical trachoma isolates.
It was shown that six genes were likely associated with distinct phenotypic properties within the

trachoma strains, including growth rate, such as hctB.

In this Chapter, we identified 11 mutations within the LGV isolates compared to the genome of the
L2b proctitis outbreak strain, L2b/UCH-1/proctitis (Table 26). This low number of SNPs
distinguishing the isolate genomes from that of L2b/UCH-1/proctitis indicates that the isolates have
an L2b genomic backbone. In comparison, the genome of C. trachomatis L2 strains differ from

L2b/UCH-1/proctitis by 573 SNPs (Thomson et al., 2007).

Two of the 11 mutations identified between the three isolates and L2b/UCH-1/proctitis were within
the ompA gene encoding the major outer membrane protein (MOMP). Both mutations were non-
synonymous SNPs that resulted in amino acid changes in variable domain 2 of the MOMP (L173lI
and S162N) (Figure 24). The variable domains encode surface-exposed epitopes, and amino acid
changes in these domains may affect the epitopes targeted by the hosts’ immune system. A key
finding of the study was that Bri0O88 and Bri098 contained a SNP within ompA that reverted the L2b
ompA genotype to L2 (G485A resulting in S162N) (Table 26).The isolate Bri038 did not contain this
SNP. Our results indicate that Bri088 and Bri098 have an L2b genomic backbone and an L2 ompA
genotype, whilst Bri038 has an L2b genomic backbone and an L2b ompA genotype. The reversion
of the L2b genomic backbone to ompA genotype L2 has previously been reported by Seth-Smith et
al. (2021). The Seth-Smith et al. (2021) study utilised whole genome sequencing to sequence 42
LGV-positive specimens, and identified 26 genomes with ompA genotype L2 and an L2b genomic
backbone, and three genomes with ompA genotype L2b and an L2b genomic backbone. All 26
genomes with ompA genotype L2 contained the SNP reversion identified in our study at position
59,342 (G485A, resulting in the amino acid change S162N). It has been suggested that the reversion
to ompA genotype L2 may be due to strong selective pressure on the immunogenic variable
domains of MOMP, such that chance mutations within the variable domains are selected for in
circulating strains (Seth-Smith et al., 2021). The L2 ompA genotype is predicted to be slightly less
antigenic than that of L2b (Seth-Smith et al., 2021), hence infections with strains with ompA
genotype L2 may be at a selective advantage within a naive host. This was determined through
modelling of MOMP epitope antigenicity, which indicated that L2b MOMP with a serine at position
162 had a higher antigenicity than L2 with a glutamine at position 162 (Seth-Smith et al., 2021).
However, it should be noted that the antigenicity scores for L2b (0.939) were only marginally higher
than that of L2 (0.906), hence caution must be applied when interpreting and forming conclusions
from these results. In the London population, we observed the L2b genomic backbone in all 3 LGV
isolates in this study, including the two isolates with ompA genotype L2 (Bri088 and Bri098). These

results are consistent with the findings of Harris et al. (2012) and Hadfield et al. (2017) that
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determined that the LGV proctitis outbreak is the result of clonal expansion of L2b within high-risk
sexual networks. It was suggested by Seth-Smith et al. (2021) that the combination of the L2b
genomic backbone with ompA genotype L2 may improve the chances of infection in populations
with pre-existing immunity to ompA genotype L2b. However, owing to the small number of isolates

included in our study, we are unable to form any conclusions relating to this.

No mutations were present within the pmpH gene of the three isolates, and the pmpH gene
sequence was identical to that of L2b/UCH-1/proctitis. Our results show that all three isolates
contained the 36 bp deletion that is characteristic of all LGV strains, in addition to the 9 bp insertion
that has previously been detected amongst L2b and L2 strains of C. trachomatis (Touati et al., 2016)
(Figure 25). The 36 bp deletion within the pmpH gene is targeted by a real-time PCR assay used to
detect LGV in clinical specimens. Our results demonstrate that this assay can still detect LGV within

isolates with an L2b genomic backbone and an L2 ompA genotype.

The eleven mutations identified within the 3 isolates compared to L2b/UCH-1/proctitis were
located within the chromosome; the three isolates had an identical plasmid sequence to that of
L2b/UCH-1/proctitis. None of the 11 mutations identified within the 3 isolates from Brighton were
within the genetic loci targeted by the MLST (Pannekoek et al., 2008; Dean et al., 2009) and MST
(Klint et al., 2007) genotyping systems. All three isolates were assigned ST 44 (Pannekoek et al.,
2008), ST 1 (Dean et al., 2009), and ST 58 (Klint et al., 2007) (Table 27). These STs were identical to
those assigned to L2b/UCH-1/proctitis (Table 27). The MLVA-ompA VNTR type (Pedersen et al.,
2008) of all three isolates was 1.9.2b. This VNTR type was identical to that assigned to L2b/UCH-
1/proctitis. In this study, Bri098 was assigned the complete MLVA-ompA genotype 1.9.2b - L2. This
contrasted with the MLVA-ompA genotype previously assigned to this isolate by Labiran (Labiran et
al., 2016), which was 3.5.2 - L2b. The sequence chromatograms for the three VNTR loci obtained by
Labiran were viewed to compare against the sequences obtained by whole genome sequencing.
The sequence quality of the chromatograms was poor and contained a high level of background
(Appendix 10), making it difficult to determine the VNTR type at each locus from the sequence
traces. Furthermore, Labiran assigned Bri098 the ompA genotype L2b, whereas in our study it was
assigned the ompA genotype L2. The ompA sequence obtained for Bri098 in our study was aligned
against the ompA of Bri098 obtained by Labiran (Appendix 11). The sequence alignment showed
that the ompA sequences obtained in both studies were identical. Both sequences showed the SNP
reversion of L2b to L2 (G485A, resulting in the amino acid change S162N) in Bri098. Given these
findings, we can conclude that the ompA genotype L2b was mis-attributed to Bri098 by Labiran

(Labiran et al., 2016). This confirmed the assignation of ompA genotype L2 to Bri098 in our study.
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We identified that 75% of the SNPs in protein coding regions across the genome are non-
synonymous. This supports previous observations in the L2b clade of 75% - 90.2% of the SNPs in
CDSs being non-synonymous (Borges and Gomes, 2015a; Seth-Smith et al., 2021). Outside of the
ompA gene, there were 4 non-synonymous SNPs in CDSs compared to L2b/UCH-1/proctitis. The
two isolates obtained from symptomatic MSM (Bri038 and Bri088) contained SNPs within genes
that are thought to play functional roles in intracellular replication (ngrE and accA) and transition
of EBs to RBs (accA). Bri038 contained a non-synonymous SNP within the ngrE gene. This gene
encodes the Na*- translocating NADH — quinone reductase subunit E. This subunit is one of six
subunits that comprise the sodium ion (Na*) - pumping NADH-quinone oxidoreductase (Na* - NQR)
enzyme. This enzyme acts as a sodium ion pump and generates a sodium ion gradient that drives
metabolic processes within C. trachomatis. A study by Liang et al. (2018) showed that the enzyme
sustains aerobic metabolism that is required for RB replication. The effect of the non-synonymous
SNP within ngrE on the Na*- NQR enzyme in Bri038 is unclear, however the SNP was not present in
Bri088 or Bri098. Bri088 (also isolated from a symptomatic MSM) contained a non-synonymous
mutation within the acetyl co-enzyme A (CoA) carboxylase subunit alpha (accA) gene. This gene
encodes one of the four subunits that comprise the acetyl CoA carboxylase enzyme complex
(AccABCD). The AccABCD enzyme complex catalyses the conversion of acetyl CoA to malonyl CoA
in the first step of fatty acid synthesis (Yao and Rock, 2018). Fatty acid synthesis is required for the
transition of EBs into RBs as well as the replication of RBs (Yao and Rock, 2018). The SNP within
accA of Bri088 is not present in either Bri038 or Bri098. It is of interest that the two isolates collected
from symptomatic MSM (and not the isolate collected from an asymptomatic MSM) had non-
synonymous SNPs within genes with roles in C. trachomatis infection and growth. The
asymptomatic isolate, Bri098, contained two SNPs within hypothetical proteins compared to
L2b/UCH-1/proctitis. These SNPs were not present within the two isolates obtained from
symptomatic MSM. All of these SNPs were non-synonymous, which may suggest that there is a
selection pressure within these genes. It is unclear whether mutations within these genes
contribute to the difference in symptomology that was exhibited by patients infected with Bri038,
Bri088, and Bri098. Future studies could apply whole genome sequencing to a larger sample size of
symptomatic and asymptomatic isolates in order to further investigate causality between the
genome sequence and presence or absence of clinical symptoms. Whilst outside of the scope of
this study, other factors including the host immune response to C. trachomatis may also impact
clinical manifestation and should be further investigated. In this way, a limitation with taking solely
a WGS approach to considering clinical outcome is that it is a one-sided approach to a complex,
multifactorial issue. It considers only one factor — that sequence variation within the pathogen
accounts for differences in clinical manifestation in the host. Further, whilst we have identified

polymorphisms within the genomes of these three LGV isolates, we cannot form any conclusions
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about whether this genetic variation contributed to the symptomatic/asymptomatic phenotype in
the host. In this way, it would perhaps have been more appropriate to combine comparative WGS
analysis with in vitro or in vivo experimentation, in order to experimentally test whether the subtle
genetic differences identified resulted in different pathogenic properties in the three LGV isolates.
These methods were adopted by Kari et al. (2009), Ramsey et al. (2009), and Miyairi et al. (2011)
(these are discussed further on pages 13-14 and 160). Specifically, Kari et al. (2009) was able to
show that genetic variations manifested in differences in virulence between two trachoma-causing
strains, through measurement of factors such as in vitro growth rate, sensitivity to IFN-y, and

infectivity of both strains in a non-human primate model.

6.7 Conclusions

The study has shown that genomic diversity is present within LGV isolates collected from
asymptomatic and symptomatic MSM. We have shown that all three isolates possessed an L2b
genomic backbone, however there was variation within the ompA gene sequence of the three
isolates. Bri088 and Bri098 contained a SNP that reverted the ompA genotype from L2b to L2,
whereas Bri038 was assigned ompA genotype L2b. The study identified that the two isolates
collected from MSM with symptomatic LGV infections contained SNPs within the coding sequences
of genes associated with intracellular multiplication of RBs, and that these SNPs were absent from
the isolate collected from an asymptomatic MSM (Bri098). Further research combining in vitro
models and comparative WGS analysis for a larger number of asymptomatic and symptomatic LGV
isolates is required in order to more fully investigate these differences in clinical outcome within

patients with LGV infections.

164



CHAPTER 7 Final Discussion

The overall strategic aim of this PhD was to characterise genetic diversity within C. trachomatis
strains in high-risk sexual networks. We applied several methods including ompA genotyping, trpA
gene sequencing, MLVA-ompA genotyping, and whole genome sequencing, in order to achieve this

strategic aim.

In Chapter 3, we determined the ompA genotype of C. trachomatis DNA extracted from a
conjunctival swab collected from a 10 year old female. The child had recently been resident in
Afghanistan and had presented in clinic with symptoms of conjunctivitis. A positive C. trachomatis
diagnosis in children outside of the neonatal period is un-common outside of trachoma-endemic
countries, and is indicative of child sexual abuse (Hammerschlag, 1998). We utilised ompA
genotyping to ascertain whether the child was infected with a C. trachomatis strain causing
trachoma (i.e. strains with ompA genotypes A — C), or a C. trachomatis strain associated with
sexually transmitted urogenital tract infections and sexually-acquired adult inclusion conjunctivitis
(i.e. strains with ompA genotypes D — K), which could have implications for child safe-guarding. Our
ompA gene sequencing results indicated that the child was infected with a C. trachomatis strain
with ompA genotype C. Strains with this ompA genotype are exclusively associated with trachoma,
and there have been no reports of strains with this genotype causing urogenital disease (Andersson
et al., 2016; Hadfield et al., 2017). We confirmed these results by sequencing the tryptophan
synthase alpha subunit (trpA) gene, as polymorphisms within this gene have been previously shown
to differentiate between genital and trachoma-causing C. trachomatis strains (Caldwell et al., 2003).
PCR amplification of the trpA gene yielded a poor quality sequence, and repeat sequencing and
repeat PCR failed to improve the sequence quality. We developed a cloning strategy using a pUC19
cloning vector that would allow a full-length trpA sequence to be obtained from the C. trachomatis
DNA. A trpA PCR product was ligated into a pUC19 vector that was subsequently transformed into
competent E. coli cells. The recombinant plasmids were sequenced from six transformed E. coli
colonies, and trpA gene sequences were obtained from each plasmid. Previous studies (Fehlner-
Gardiner et al., 2002; Caldwell et al., 2003) have shown that trachoma-causing (and not genital) C.
trachomatis strains have a triplet deletion at nucleotide position 408 — 410 and a nucleotide
deletion at position 531; whereas urogenital strains have two point mutations at position 531 that
result in amino acid substitutions that vary amongst the serovars. Our results were inconclusive,
and 3 trpA sequences contained the mutations indicative of trachoma-causing strains, and the
remaining 3 trpA sequences contained mutations indicative of genital C. trachomatis strains. As a
result, we were unable to confirm the nature of the ompA genotype C strain through our trpA

sequence analyses.
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Multi-locus genotyping systems including MLVA, MST, and MLST have been developed for C
trachomatis. We evaluated four high-resolution genotyping systems in Chapter 4, in order to
identify which typing system would be most well-suited to genotype LGV strains in a genotyping
survey of LGV in London (Chapter 5). This was essentially an in silico genotyping survey of LGV
strains, and was carried out using whole genome sequence data obtained from NCBI Genome. We
determined the discriminatory capacity and typeability for each system. Our results showed that
the two MLST schemes (Pannekoek et al., 2008; Dean et al., 2009) had the lowest resolution of the
four typing systems evaluated. This was partly expected as these two schemes were based on stable
housekeeping genes that are not under immune selection. As a result, sequence variation at these
genetic loci is infrequent, explaining the low resolution obtained in our study for these MLST
schemes. We also demonstrated that the MST (Klint et al., 2007) system had the highest resolution
when applied to the LGV strains in Chapter 4. This supports the findings of studies by Christerson
et al. (2010), that show that this system is highly discriminatory. Our study identified that the MLVA-
ompA genotyping system had the highest typeability of all four genotyping systems, and had a
discriminatory capacity of 0.59, which was lower than that obtained in other MLVA-ompA
genotyping studies (0.94 — 0.99) (Pedersen et al., 2008; lkryannikova et al., 2010; Labiran et al.,
2017). A study by Labiran et al. (2016) in Brighton indicated that a high level of genotypic diversity
within L2b isolates existed in Brighton. Hence, we determined that the LGV isolates included in the
in silico study may not have been representative of the genotypic diversity that exists within LGV
strains. We assessed the practicability of the MLVA-ompA genotyping method by utilising MLVA-
ompA to genotype a rectal isolate obtained from an MSM in the Brighton (2016) study. This field-
test also provided a platform to assess the reproducibility of the MLVA-ompA system, as Bri038 had
previously been genotyped by Labiran et al. (2016). We obtained an identical MLVA-ompA genotype
to that assigned to the isolate in 2016, and this demonstrated that the MLVA-ompA system is
reproducible. Other studies also determined that the system is highly reproducible (Pedersen et al.,

2008; lkryannikova et al., 2010).

Over the past decade, a resurgence in LGV cases caused by ompA genotype L2 has been reported
in Austria and Croatia (Cole et al., 2020a), Spain (Rodriguez-Dominguez et al., 2014), France
(Peuchant et al., 2016) and Sweden (Isaksson et al., 2017); and in these countries, strains with ompA
genotype L2 now dominate. In contrast, ompA genotyping of LGV samples from the UK (n=22) (Cole
et al., 2020b) in 2020 showed that the L2b, and not L2, ompA genotype predominated. The Cole et
al. (2020b) study included only a small number of LGV samples from the UK. No large-scale
genotyping survey of LGV strains applying the high-resolution MLVA-ompA genotyping method had
been conducted in the UK prior to our study in Chapter 5, and our understanding of the UK LGV

epidemic previously relied on smaller studies utilising ompA genotyping (Cole et al., 2020b). As
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London has the highest incidence of LGV in the UK, it was decided to conduct a genotyping survey
of LGV strains in London (Chapter 5). We obtained LGV-positive DNA extracts from high-risk groups
(predominantly MSM) attending eight London GUM clinics, and utilised the MLVA-ompA
genotyping system to assign genotypes to these DNA extracts. We demonstrated that the
predominant ompA genotype within the London population was the L2 ompA genotype, and not
the L2b ompA genotype that had been reported in UK populations since 2005 (Macdonald et al.,
2005). This was the first report of the predominance of L2 in the UK. We also found that two
dominant VNTR types were co-circulating in London — 1.9.2b, and 1.9.3b — and these were
associated with several distinct ompA genotypes. A previous MLVA-ompA genotyping study of
rectal C. trachomatis strains in Brighton (2016) reported only 3 cases of 1.9.2b-L2b and no cases
with 1.9.3b-L2b. These regional differences in genotypes could be the result of distinct
dissemination patterns within each population, or the differences could represent a temporal shift
in genotypes, given that our London study genotyped specimens collected in 2018 and 2019, and
the Brighton study took place between 2011 and 2013. We detected a high level of diversity within
ompA in the London study population. A high level of ompA diversity in LGV strains has previously
been reported by Stary et al. (2008) and Cole et al. (2020b). Cole et al. (2020b) detected the novel
L2b variants, L2bV5 and L2bV6, in four samples and one sample respectively from the UK. In
contrast, our study reported a higher frequency of these variants, with L2bV5 and L2bV6 detected
in 18 and 6 DNA extracts respectively. Our study has increased knowledge of the current LGV UK
epidemic in MSM. We have also provided the first UK report of a hybrid L2b/D ompA profile
previously detected in Portugal. Little is known about the pathogenic capability of this hybrid strain,
and as a result, the public health implications of the L2b/D recombinant strain are as of yet

unknown.

Whilst multi-locus genotyping systems allow genotypic diversity within C. trachomatis strains
circulating within high-risk sexual networks to be elucidated; the resolution provided by these
systems does not match that achieved by whole genome sequencing. Whole genome sequencing
has provided insight into the genomic diversity of C. trachomatis strains (Jeffrey et al., 2010; Harris
et al., 2012; Hadfield et al., 2017). Whilst genomic analyses have been conducted on LGV strains
isolated from patients with symptomatic LGV infections (i.e. the inguinal LGV syndrome or LGV
proctitis) (Thomson et al., 2007; Somboonna et al., 2011; Borges and Gomes, 2015a); strains
isolated from patients with asymptomatic LGV infections have not previously been analysed. It is
unknown whether the absence of disease symptoms is the result of genetic variation within the
genome, or a host effect. In Chapter 6, we applied whole genome sequencing to three LGV isolates
obtained from symptomatic (n = 2) and asymptomatic (n=1) MSM. The study hypothesis was that

sequence differences at genomic loci between isolates from symptomatic and asymptomatic MSM
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in Brighton could account for the difference in patient symptomology. We showed that genomic
diversity was present within the LGV isolates, and identified that all three isolates possessed an L2b
genomic backbone. A key finding of the study was that two isolates (Bri088 and Bri098) contained
a SNP that reverted the ompA genotype from L2b to L2, resulting in an L2b genomic backbone and
an ompA genotype L2. This reversion SNP confirms the findings previously noted in Seth-Smith et
al. (2021). In the Seth-Smith (2021) paper, 26 LGV genomes with ompA genotype L2 and an L2b
genomic backbone were identified, all of which contained the SNP reversion detected in our study.
In Chapter 6, we also identified that the two isolates obtained from symptomatic MSM (and not the
isolate obtained from an asymptomatic MSM) contained SNPs within genes thought to play
functional roles in intracellular replication and transition of EBs to RBs. The asymptomatic isolate
(Bri098) contained two SNPs within hypothetical proteins, and these SNPs were not present in
Bri038 or Bri088. These SNPs were all non-synonymous. It was unclear whether mutations within
the identified genes contributed to the difference in symptomology exhibited by the three patients,

and this was identified as a limitation of the study.

This PhD project has led to multiple avenues for further research. The key question that remains to
be addressed is whether the genomic variation identified within the three LGV isolates in Chapter
6 contributed to the symptomatic or asymptomatic phenotype in the host. Potential next steps for
this work could include obtaining a larger sample size of LGV isolates from patients with a
symptomatic versus asymptomatic clinical manifestation. This would provide more assurance that
variation within isolates is representative of the population. Comparative genomic analysis of each
isolate could be combined with in vitro experimentation in order to test whether the genetic
variation results in different pathogenic properties within isolates, and whether these can be
correlated with clinical manifestation. A possible avenue for research could be to observe growth
rate and inclusion morphology by visualising under phase contrast at various time points after

infection.
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APPENDIX 1 Publication One: OmpA Genotyping of a
Conjunctival Swab Obtained from a Child
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SUMMARY

Chizmypdia iredhomsts 5 3 Gram-negative bactenum
that c3uses wogerdtal mact infections, 2nd ooular
infections including trachoma, neonatal mnjunctivits
and edult chlamydial inclusion conjundtiitis. & positive ©
frachomatis diagnoss in children ofien reises suspacions
of szoual abuge Whils puter membrane protein A [ompd )
genotypes AL ae nor-mwasive ard e associated with
trachoms, ompd genoiypes O-K are'ofién associated
wiith sexually trarsmitted wogenital miedions or
segually acquined chlamydial conjunciivitie. & 10-year-old
female presented with & 7-manth history of undates|
canjunciivits with itching, watsning and hyperasmiz
She had recemtly mned from an urban centre |
Afghanistan ta the UKL A conjunctival s430 mken from
the child tested pasitive for £ techamalis. Apphation
of ompd genctyping ta congunctival seab chizmydial
OflA demanstrated that the O irachamats had an
ompA genatype C. Chizmydial strains with this ampd
genntype cause tachoma and have neves previoushy
been assiociated weth urngenital infection. Thes reswit
supported cessation of child protedicn investigations

BACKGROUND

Chlanrydia trachomuetts 5 an oblgare miracellobar
Gram-negative bacterinm with a biphasic devel-
apmental cycle that albernates between mivctions
extracellular elementary badees, and non-miechons
intracellufar reticobate bodies.” It primacily infeces
ocular and genatad trace epethelial cells. Chlamydeal
imfection of ocular eputhelial cells con resalt m
trachoma, neonatal confunctivits and adolt chls-
mydial inclusion conuncrivie”

The outer membrane protein A fompd) gene
cncodes the major onter membrane protein of
trachontatis. This pene exhibin extensive nocle-
otide seguence varmtion that b kcalised to four
discrete regions, termed varishle segments | oo IV
(WS V). ampd genotyping allows for chlamydsal
serain differentiation,” Strams with omepd genotvpes
A-C cauie the blinding disease trachoma, which is
the keading inbectioos camsé of blindness world-
wide. Trachonta s 2 public health problem m 44
coumtries, partscularly i rural regions of Afnca,
Central and South Amenca, Asia, Australis and the
Middle Easi® © trachomatis steains with ompA
genotypes D-K can came orogensal infections and
adok melosion conpometvitis. Chlamydial inclosson
conjunctivits is a chrome mocoporulent follicofar
cotjunctivitts which s often ambteral, wath asoc-
ated lid vedema and non-tender lymphadenopathy:
The vomea can shaoer ponctate epithebial erosum,
subepethelial opaches and margmal infilirages. It

can be chaflenping to disstnguish from other forms
of conunctrvitis mitally and 16 often diagnosed
from conmnctmval swabs when cemeal suspicron has
been mised.

CASE PRESENTATION

A 1D-year-old femule presented to the Ophihal-
muology Department wia ber opocan describing a
T-month hustory of persistent left schy, watery eye
and mild hed swelling. She had travelbed by land
to the UK from an wrhan centre m Afghanistan §
months provemsly. She had no sggnificane medecal
history or previons eye complaints and had no
known allergres. A recent conree of chloramphen-
bl eve drops had been found to make no sabjec-
tive difference to symiptsms or appearance of the
cye.

The vesual acuoity in the npht eye was 036840, lett
eye D380 [oghlAl visml acusry unaided. The left
conjonctva showed soperficial punctate siaim and
superior igection with fne corneal vasculansation
and panmus. There was hyvperaema and papillac
of the bower bd subtaral comjunctiva, with radsed
fleshy lesinns m the mierme i, with andd folhe-
ukir ‘reactson of the supenor tarsal comunctiva.
Subeputhelial mbbrates were foond throughout
the cemral and nferor cornea with oo saocazed
eprtheliopathy on Auorescem staimimg. The ante-
rior chamber was deep with no inflammatory cefls
seen, and the rest of her ocolar examimaton was
withm mormal Hmdes, with o healthy, umaffecied
right eve. Cycloplegic retinoscopy showed an
uncorrected small byvpermetropia with astgmatism,
and spectacles were prescribed. Findings were atyp-
ical for conuncoivites and grven the social context,
a conjunctival swab of the left eve was taken amd
tested bor C, trachomuits and Netssera pomrrironee.

INVESTIGATIONS
The swabs taken from the keft eye were tested far
. trachomatis aud N, goorrrfoese nung the real-
tmme CTNG combmed PCR assay (Abbaott). The
wwab tested posstive for O frochomratis and nega-
tive for M. gomorrbosge. Formal child protection
imvestigations were unaberaken by 3 paediarscian
with expertise i child dbose bor did not inclode
gemital exammation or swreenmg for other sexaally
transmitted infections. The patient denued any inap-
proposts mbmsste contact, with no gemtal pain,
vagiial bleeding or discharge. The parents had
not knowmgly been infected wath Chlamydia and
densed having amy sympboms

A leh comjunctival swab was wnt 1o the Deparr-
ment of Molecular Mecrobiology st Sonthampon

BMJ

WSichell &, er al G0 Cage Aep 202118623887, doi: 10 F 36100201 38871 1
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Figure 1  Slit-lamp photegraph showdng rescheed comeal
vasculastzation and fine subepittielial coemeeal Infittrates centrally and
Inferinrhy fofiowing treatment,

Gieneral Hospital for ompd genotyping. Chiamydial genome
L13MA was wolated from. the swab aing NoceobSpan DMNA Trace
lissne Kit (Mackerey-Nagel, Germany). omrpd was amplified
using premers FETAS and ME1L" PCR was carried out i a2 20
pl velome conssting of 10 pl. Phusion Flash High-Fidelin: MR
Master Mix (Thermo Saemtibe, UKL 500 oM of the forward
and reverse prmers (Eurogentes, Belgbum) and 1 pl of DMA
MCR amplification was condocted oeng a Venn Thermal Cre
iApplied Biosystems, UK). The PCR conditsons were a3 falliow
K denataraton DEC tor 10 s, 40 cyches of 98U hor Ty
S99 for 5w and 729 for 10 & and a final extension ap 724
for 1 oun. PCR product was punfied using the Wieand 5Y Gel
anad PCR Clmm-Up Svstem (Promega, UK), accorshing o niann-
facturer's instroctons. PCR amplicons {1 og'pl/ 100 bpp were
commercially sequenced at Soorce Broscience (Cambridge, LK)
An alphabetsal ourpd genotype was assagned o the sample via
onrik sequence comparson o Ue SCB dacidsie osing BLAST.

The sample shared the closst compd sequence: adembity 1o
strming with ompd genotype C) 4 known trachoma-cmsing
ontpd genotype that has never been associated with wrogen-
atal infectson. This mded oot the posibilny of acqoeiton of

trachkooruntis via sexumal routes and esablished the diagnoss ol
trachoma,

OUTCOME AND FOLLOW-UP
Following a 2-week coonree of oral erythromyon, comeal vasco-
larisatiem and ocalar by persemo regressed {fgore 1) Sympioms

umproved subjectively and have been controlled 0 date with
occasional preservative free lnbricant eyedrops. Best subsequent
wiaal acmeves are 018 mght oye, 0.3 leh eye wath spectacke
correction 2 vears following tmitial presentation. & comadental
and imcorrecred avtigmatsam has cassed the
final best samon. Conjoncival swabs were mken from each eye

Lalnl ] r|.'-.|'.||.':|-::u| in

1l.|.|rl'ﬂ.'.'nj; trcatment, and each teed oegative bor L. fraciommdls.

Thie child protection team were sabshed that ths was noe a
case of swexual abnse, either intrafamilial o non-famthal, that
no further mvestgations were regmred, and chald proteciion
proceedmgs were hafved.

DISCUSS10N
Acuate bactersal conpmctivitis 8 4 common presentatsm o

PrIELETY 2a0c JII-J CHCTEENCY eye serveoes. Antibnoid reatimenks

are often prescnbed and have been shown o redsce the dura-
tiont of symeptoms and may have 2 role n bn
mumimmal sade effects

ILIIE mlccisg wi II:I

ermatal ransmssaon rom the mother dofing delivery can
camse peomnatal conjunctival and resprratory ract imfections.

Chtside of the neonatal period, chlamydml conpmctivtis 1s
classscally described as o mnilaterl, persistent follsular conjunc-
tivitis, often with mucopuralen dischange.” * Between 0,390 anad
i1 oof pematal chbamydial mfections are comphicated by conpune-
trvitrs and a large proporteen of patiends {op te &1% of men and
up tiy #H of women) presntng with chlirmydial COMEINCIIVELS
have concomitunte wrogenital infeceoon. Gemial infectom have
often sarted o heal by the tme of ocolar mvolvement, thos

in sbults, rates of pomary genital mbection may be even higher
than described.”

wnpd genotyping ix a iseinl ool fos O Frachomialts ssrain
method o relabvely low cost and
performel in 4 mesarch labomdory setting. [n a saovey of O
trociumratis ol genotvpes: anculatmg m trachoma-endemic
regions of A a, 0 of the 217 prnotyped wrogemtal spedt-
mens Fielded trachomas onrpd genotypes.”

discremmation.  The

I non-endemic régions, clinbeal suspicson of chlamydial infec-
thon b5 often rised i arypacal presemtations or when sympioms
taxl 1o r-.':-rri:-ud ter mmdtzal brevad spectrom ireatmeent. In prepa-
bertal chibdren investggated for child abuose, gemit] chlamydesl
frdections were foond 1 3 1% " Chiamvdial conmnctivite 15
nncamman vntide of the neonatal penod and may be the only
presenting feature of chuld abuie. These pattents. are consabered
bl erred for child protection mvesngatson.

Current UK NICE godelines recommend MNuocleic Acd Amph-

risk and are

fication Test (MAAT) for orogendtal and extragesital samples
fromm adulis,™ and the Bonsh Ascociaton for Sexual Healith and
HIV recommends the me of WAAT o vest for . frachomtis
in prepubertal children, recognmang that availability of vahdaeed
colmre pesting = exeremely Mmited if svailable a0 all "' Concerns

far the nse of NAAT for . frachonratts tn prepubereal children
inclode low posoyve predictive valoe ina low prevalencs popa-
lation. In the UsA, MAAT & recommended when testmng for
trachumraiis in all aduls, however culbure remams the preferned
method of testing extragemtal sites in boys and prepuberal
i enses af smspected child abme, doe to insufficient dapa ™

While mappropriae mactsm can lad o rape aihores,

1%

mnwarranted investigatsons can lead to wimecessary, costly and
disproportomate mtervenbions which can damage trust anad
commumacatton beeween famibes and the profesoonals they
irderact wath

# Chlammydial conjunciivitis beyond the neonatal period can be
the oaly presenting festure of child ghuse.

= Oiger membrane pratein A (ompd] gene seguence analysis
can be appliad to differentizte between trachoma-causing
strains and sexually transmitted uregenital strains of
Chiamyalia rachomatis.

= Exclusion of ompd genotypes associated with urogenital
infecticet has profound Emplications for child protecton
imvestigaticins.
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Case report

As the mfection oragenaied m Afghaninsan, where collectson of
epidemandogical data on trichoma has been Hmited by conflic,
Ihl'l-l:l'l.'lj' represent one of the bt reported confirmed trachona-
caming strains from that country to be ampd gl:rm'rpnd_

While the lack of gental chlamydha swab investigation, as
deemed not necessary by the chuld protection team, may repre-
sent a mitition of our conchusions; the trachoma-caismg ompd
genotypes of L, tmchomatie have not previoasly been asocisied
with child sexoal abuse. In the case, onnped genotype deterom-
natioi had a p:ufmu‘u.l Pt aned :suppurllnl the El.l.'lpl!l'l.'ﬂ.lJI:l ot
wvestigations by the child provection team
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APPENDIX 2 Alignment of the C. trachomatis trpA gene
from six white colonies (W1-W6)

Sequence alignment of tryptophan synthase alpha (trpA) gene from six white colonies, W1 - W6.

The trpA sequence of C/TW3 (Genbank Accession No. NC_023060.1) was used as a reference.

Nucleotide numbers are given according to C/TW3. TrpA sequences extracted from fifty C.

trachomatis strains were also included in the alignment, Genbank Accession Numbers are provided

in brackets for each strain. Coloured dots indicate bases that were identical to C/TW3.

C/TW3 (NC_023060)

Wi

W2

w3

W4

W5

W6

A/362 (BEG01796)
A/2457 (KC_D17437)
A/5291 (HEGD1810)
A/Harl3 (NC_007429)
B/7249 (HEGOD1797)
B/TZ1ABZE-OT (NC_012687)
B/Jali20 (NC_012686)
D/UW3/CX (NC_000117)
D/SotonDl (HEG01798)
D/SotonDS (HEE01799)
D/SotonDé (HEGO1800)
Dis) /2923 (NZ_ACFJ01000001}
E/SotonES (HEGO1803)
E/SotonE4 (HEG01802)
E/Bour (HEGD1870)
E/150 (NC_017433)
E/SW2 (NC_017441)
E/SW3 (BEGD1801)
F/SotonF3 (HEG01806)
F/S5W4 (BEGD1804)

F/5WS (BEG01805)
G/11074 (CPOD1S89)
G/11222 (CPOO1838)
G/SotonGl (HE&O1807)
G/9768 (HC_0D17429)
G/9301 (HC_D174332)
Ia/SotonTal (HEE01808)
Ia/Sotonla3 (HEED1509)
J/UW36 (AYD96814)
K/SotonKl (HE&01794)
L1/115 (HE6D1952)
L1/224 (HEGD1953)
Li/440 (HEED1950)
L1/1322/p2 (HEED1951
L2/424/Bu (AMB24176)
L2/2566TR (HEG01954)
L?b/kmsl (HEE01959)
LZb/AmaZ (HEE01961)
L2b/Amad (HEG01364)
L2b/kma5 (HEE019E5)
L2b/Canadal (HEE01963)
L2b/Canada2 (HEE01957)
L2b/UCH-1/proctitia (AMBB4177)
L2b/UCH-2 (HEG01956)
L2b/5200/07 (HEED1795)
L2b/CVZ04 (HE601960)
L2b/795 (HEE01349)
L2b/L5ST (HEE601358)
L3/404/LH (HEGO1955)
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C/TW3 (NC 023060)

o |

W2

k!

We

W5

WE

L/363 (HEG01T796)
A/2497 (NC_D1743T)
L/5291 (HEGD181D)
A/Barl3 (NC_007429)
1/7249 (HEGD1797T)
E/TZ1A828-0T (NC_012687)
B/Jali20 (NC_012686)
D/UW2/CY (NC 000117)
D/SotonDl (HEG0179%)
D/SotonD5 (HEGD1799)
D/SotonDé (HEGD1B00)
D(a) /2923 (NZ_ACFJ01000001)
E/SotonER (HEG01803)
E/SotonE4 (HEG01802)
E/Bour (HEGD1870)
E/150 (HC_017433)
E/SWZ (HC_017441)
E/5W3 (EEGO1801)
F/SotonF3 (HEAD1B06)
F/5W4 (HEGO1B04)
F/5W5 (HEGO1B05)
G/11074 (CPO01889)
G/11222 (CPO01288)
G/Sotonl (HEGOD1807)
/9768 (NC_017429)
G/9301 (NC 017432)
Ia/Sotonlal (HEGD1208)
Ia/Sotonla2 (HEGD1209)
J/UW36 (AY096814)
K/SotonKl (HEA01794)
L1/115 (HEED1952)
L1/224 (HEED1953)
L1/440 (HEED1950)
L1/1322/p2? [HEGD1951)
L2/434/Bu (2MRS4176)
L2/2566TR (HEG01954)
L7b/ims1 (HEE01959)
L7b/2ma? (HEE01961)
L7b/imad (HEE01964)
L7b/2ms5 (HEE0196K)
L?b/Canadal (HE601363)
L?b/Canada? (HE601357)
L2b/UCH-1/proctitia (AMBR41TT)
L2Zb/UCH-2 (HEG01956)
LZb/5200/07 (HEGD1735)
LZb/CV204 (HEG01960)
LZb/795 (HEG01943)
L7b/LST (HEGD1958)
L3/404/LN (HEGO1955)

=11 Eli] 100 110 130

130 140

GTACTAGTTATACTATTGAGGCCGCARARCCTCTGATTCAAGGAGGTGT - -CCATATTC TGGAACTAGEA
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150 180 170 120 130 200 210
R [ [ [ [ [ S [ I I
C/TW2 (NC_02306D) TTTCCTTTTTCTGATCCTCTTGCAGATAATCCAGARA T TCAAGTATCTCATGATCGGEC TTTAGCAGRAR
WL
W2 e S
W3
W
WS
WE e
/363 (HEED1T96)
BJ289T (HC DITAZT) e
/5291 (HEGD1810)
B 4 o1 - 3
/7249 (EEG01737)
B/TE1A828-0T (NC U1ZBBT) oottt et
B/JaliZ0 (HC D12ZEBE] oo
b o
D/SotenDl (EEBOLTIE) ettt e e e e e e e e e e e e e e e e
D/SotonDS (HEGDLTI9) e
D/SotonDE (HEGDLBO0) o
Dia)} /2923 (NE ACEJOLDOOOOLY ettt e e e e e e e e e e e e e e e
EfSotonES (HEBOLBOZ) oottt e e e e e e e e
E/fSotonE4 (HEGDL1BOZ) e
E/Bour (HEEDLBTO)
E/150 (HC_O1T439) .
ol ol
E/SW3 (HEGDLBOLY
E/SotonF3 (HEGDLBOE) o e
E/SWA (HEGDLBOA)
E/SWS (HEBDLBOB)
GALIDTE (CPODLBBI) e e e e
GA1122Z (CPODLBBB) e
G/SotonGl (HEGDLIBOT) e
G/9TER (NC D1T429) e
GAI30L (HT DLT432) e e e
Ia/SotonTal (HEBDLBOB] oottt et e e e e e e e e e e
Ia/SotonIad (HEGDLIB09) ottt
J/UM3E (BYOTBBLE)
EfSotonKLl (HEBDLTI2) e
LI/116 (HEBOLIEZ) e e e
L1/224 (HEBOL953) e
L1/440 (HEBOL950) e
L1/1322/p2 (HEEDLOGL)
L2/434/Bu (BMBRALTE) e e e
L2/2566TR (HEBOL954) e
LZb/Bmal (HEGOL1I59) e
LZb/BmaZ (HEGOLIBLY e
LZb/Bmad (HEEOLIBA) e e
LZb/Bmas (HEGOLIBE) e
LZb/Canadal (HEGDL963) ot
LZb/Canada? (HEGDL95T) oot e
L2b/UCH-1/proctitia (BMBBALTT) ot e e e
LZB/UCH-2 (HEBOLIBE) et e e e e e e e e e e e e
LZb/8200/07 (HEGDLTIE) ot
LZb/CV204 (HEBOL1960) ot e
LZB/TI6 (BEGOLIA3) e e
LZB/LET (BEGOLISB) e e e
L3/404/IH (HEBOL95E)
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C/TW3 (NC 023060)

o !

W2

W3

Wi

W5

WE

L/363 (HEGO1796)
A/2437 (NC_D17437)
Af5231 (HEROD1810)
A/Harld (HC_007429)
Af7249 (HERD1737)
B/TZ1A828-0T (NC_012687)
B/Jali20 (NC_012686)
D/UW3/CX (NC 000117)
D/SotonDl (HEGD1798)
D/SotonD5 (HEGD1799)
D/SotenDé (HEGO1800)
D{s} /2923 (NZ ACFJ01000001)
E/SotonER [HEE01803)
E/SotenE4 (HEGO1802)
E/Bour (HEGD1870)
E/150 (NC_0174339)
E/SW2 (NC_D17441)
E/5W2 (EE&01B01)
F/SotonF3 (HERO1806)
F/Sw4 (HEG018304)
F/5W5 (HEGO1BOS)
G/11074 (CPO01833)
G/11222 (CPD01388)
G/SotonGl (HEGOD1807)
G/9768 (NC_017429)
G/9301 (NC D17432)
Ia/SotonIal (HEE01808)
Ia/SotonIa3 (HE601309)
J/UW3E (RYD9E814)
K/SotonKl (HEGO1734)
L1/115 (HEGD1952)
L1/224 (HEG01953)
Li1/440 (HEG0D1950)
Li/1322/p2 (HE&D1951)
LZ/434/Bu (AMB34176)
L2/25667R (HEGD1954)
LZb/imal (HEED195%)
L2b/kma? (HEG01961)
LZb/kmad (HEG01964)
LZb/Ema5 (HE&01965)
L2b/Canadal (HE601963)
L2b/Canada? (HE&01957)
LZb/UCH-1/proctitia (AMBB4177)
L2b/UCH-2 (HEGO1956)
L2b/8200/07 (HEE01795)
L2b/CV204 (HERD1960)
LZb/795 (HEGD1543)
LZb/LST (HE&D1958)
L3/404/LN (HEEO1955)

220 230 241 250 260 270 280
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2590 300 210 320 330 240 &0
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C/TW3 (NC_023060) CTTATATAGCTACTACAATCCGCTTCTACAAAGGGACTTAGATTATCTACGCAGACTARRAGACGCGGGA
Wi

7
L
W4
W5
2
B BB (BEBDLT OB e e e e
B/S2497 {HC_UI'HB'FJ ......................................................................
B BZ29L (BEBDLBLO) e e e e
B/Harld (N DOTA29) il
B T2 (BERDL 0T e e e
B/TEARBZE-OT (NC_DL1ZEBT) oo e
B/JliZ0 (NC DLZEBE) ettt e e e e e e et
D/ X (I D00 L T e e e e e e e
DfSotonDl (EEBOLTIBE ettt et e e e e e e e e e e
D/ GotomDs [HEBOLT 00 e e e e e e e
O/80tonDE (HEBOLBD D) e e e e e e
D(g} /2923 (NZ ACEJIDLO00DDL) oottt e e e e e e e e e e e e e e e e e e e e e e e s
E/SotonEl (HEBOLBD ) e e e T....
E/SotonEd (HEEOLBOZE oot
E/Bour (HEBOLB T D) e e e e e e e
E/ABD QNG O1T439) il
E/SWZ (NG OLTAE1) ettt e e
ESBWE (HEBDLBOL Y e e e e e
E/SotomF3 (HEEOLBOEE oottt e
FOWE (HEBDL B e e e e e
E/SWS (HEBOLBOS) o
GILIOTE (CPODLEET] ottt et e e e e e e e e e e e e e e e e e e
G222 (PO BB e e e
G/SobonGl (HEBDLBOTE ettt et e e e e e e e e e e e e e e e e
G/9768 {HC_UI'HzBJ ......................................................................
G O30 [ DL TR ) e e e e
Ia,l’SntunIaI L0 1 T....
Ta/SotonIad (HEEDLB0E) ot e e e T....
JIUM3E (AYDSEBLA) T ..
K/ GotonEl [HEBDLT ) e e e e e e e
L1115 (HEBDIOBZ) e
L1/224 (HEBDLIEZE) ettt e e e e e e e
L/ 80 (HEBOLOE D) e e e e e
L1/1322/D2 (HEEDLTEL) ottt et e e e e e e e e e
LZ/A34BU [BMBEALTEY e e e e e
L2 2BEE TR (HEB DL IS e e e e e
LZ2b/Emal (HEGD195%9)
L2b Bma? (HE DL IB L] e e e e
LZB/Amad (HEEODLIEA] ottt e e e e e
L2b/Ema5 (HEGD1965)

L?b/Canadal (HEG01963)
L2b/Canada? (HEGDL IS T e e e e e
LbeUCH-lfpmctitia LI
LIZBJUCH-2 (HEBOLIEEE ettt et e e e e e et e e e e e e e e e e e
LB/ BZ00 DT BEGDL T o0 e e e e e
LZB/CV204 (HEBDLIE0) oot e e e
LZB/TI5 (BEBDLIAT) e e e e
L2 LT HEED L 08 e e e e
L3/404/LH (HEBOLIEEE oottt e e e e e e e e e e e e e
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C/TW3 (NC_023060)

Wi

w2

W3

Wi

W5

We

AL/363 (HEGO17986)
A/2497 (NC_D17437)
/5291 (HEGO01810)
A/Harl3 (WC_0D07429)
/7243 (HEGO01737)
B/TZ1A828-0T (NC_012687)
B/Jali20 (NC 012686)
D/UW2/CX (NC 000117}
D/SotonD1 (EEGD1793)
D/SotonDS (HEGO1799)
D/SotonDé (HEGO1800)
D(a) /2923 (NZ ACFJO1000001)
E/SotonES (EEGD1803)
E/SotonE4 (HEGO1802)
E/Bour (HEGD1870)
E/150 (NC_017439)
E/SW2 (NC _017441)
E/SW3 (HE6D1801)
F/SotonF3 (HEGD1806)
F/5W4 (HEGD1804)

F/SWE (EEE01805)
G/11074 (CPOD1889
/11222 (CPO0O1BEE)
G/SotonGl (HEGOD1807)
G/9768 (NC_01742%)
G/9301 (NC 017432)
Ia/Sotonlal (HEGO1308)
Ia/Sotonlad (HEGOD1809)
J/TW36 (AYD36B14)
E/SotonKl (HEGD1794)
L1/115 (HEE01952)
L1/224 (HE601953)
L1/440 (HE&01950)
L1/1322/p2 (HEGD1951)
L2/434/Bu (AMB24176)
L2/25667R (HEG01954)
L2b/2mal (HEE01359)
L2b/kmaz (HEGOD1961)
LZb/Amad (HEE01364)
L2b/Ama5 (HEE01965)
LZb/Canadal (HEGD1963)
L2b/CanadaZ (HE601957)
L2b/UCH-1/proctitia (AMBR4177)
L2b/UCH-2 (HEGO1956)
L2Zb/2200/07 (HEGD1795)
L2b/CV204 (HEGD1960)
LZb/735 (HE60194%
L2b/LST (HEG01958)
L3/404/LN (EEGO19355)

380 170 380 350 400 410

ATAMATGETGTGTGCGTTATAGATCTTCCAGCACCTTTATCACACGGACAAAAATCTCC
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C/TW3 (NC 023060)

" !

w2

W3

Wi

W5

We

A/363 (HEGD1796)
A/2497 (RC_D17437)
4/5291 (HEGO01810)
AfHarl3 (NC_DO7429)
/7249 (HEGD179T)
B/TZ1A828-0T (NC_012687)
B/fJa1i20 (NC_012686)
D/UW3/CX (NC 000117)
D/SotonDl (HEGO1798)
D/5otonD5 (HEGO1739)
D/SoteonDé (HEROLB00)
D{s) /25923 (NZ ACFJO1000001)
E/SotonER (HEGO1B03)
E/SotonE4 (HERO1802)
E/Bour (HEGD1870D)
Ef150 (NC_017439)
E/SW2 (NC_017441)
E/SW3 (HEG01301)
F/50tonF3 (HEGO1BOE)
F/SW4 (HEGD1804)
F/SWS (HEGD1805)
G/11074 (CPOD1EE9)
G/11222 (CPOD1888)
G/SotonGl (HEROLB807)
G/9768 (HC_D17429)
G/9301 (NC 017432)
Ia/Sotonlal (HEGD1308)
Ia/SotonIad (HEGD1809)
J/UW36 (AYD96814)
E/SotonKl (HERO1734)
L1/115 (HEG01952)
L1/224 (HEG01953)
L1/440 (HEG01950)
L1/1322/p2 (HEGD1951)
L2/434/Bu (EMBE4176)
L2/25667R (HEE01954)
L2b/Bmal (HE&D1359)
LZ?b/2ma? (HEGD1961)
L2b/Ema4 (HEGD1364)
LZb/kma5 (HEGD1965)
LZb/Canadal (HEG01963)
LZb/Canada? (HE&D1957)
L2b/UCH-1/proctitis (AMSB4177)
LZb/UCH-2 (HEED1956)
LZ2b/8200/07 (HEE01735)
LZb/CV204 (HEED1960)
L2b/735 (HEG0154%)
L2b/LST (HEGD1958)
L3/404/LN (HEEO1955)
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C/TW3 (NC_023060)

Wi

w2

w3

Wé

W5

W&

A/363 (HEGD1796)
A/2497 (HC_017437)
A/5291 (HEROD181D)
A/Harl3 (NC_007429)
Af7249 (HERD1797)
B/TZ1A828-0T (NC_0D1Z6E7)
B/JaliZd (NC_012686)
D/UW3/CX (NC_000117)
D/SotonDl (HEGD1798)
D/SotonD5 (HEGD1799)
D/SotonDé (HEGO1800)
D(a) /2923 (NE ACFJO1000001)
E/SotonES (EEG01803)
E/SotonE4 (HEGO1B02)
E/Bour (HEGO01870)
E/150 (NC_017433)
E/SW2 (NC_017441)
E/5W3 (HEE01B801)
F/SotonF3 (HEGD1BO&)
F/5W4 (HE&01804)
E/5W5 (HEG01805)
G/11074 (CPO01883)
Gf11222 (CPO01888)
G/SotonGl (HEGD1B07)
G/9768 (HC_017423)
G/9301 (NC 017432)
Ia/Sctonlal (HE&D1308)
Ia/SotonIa3 (HEE01209)
J/UW36 (AYD96814)
K/SotonKl (HEGO1794)
L1/115 (HE&01952)
L1/224 (HEG01953)
L1/440 (HE&01950)
L1/1322/p2 (HE&D1951)
L2/434/Bu (AMBE4176)
L2/25667R (HERD1954)
L2b/imal (HEE01959)
L?b/imaz (HEE01961)
LZ2b/Amad (HEED1964)
LZb/Ama5 (HEG01965)
L?b/Canadal (HEED1963)
L2b/Canada? (HEED1957)
L2h/UCH-1/proctitis (AMBE4177)
LZb/UCH-2 (HEGO1956)
L2b/2200/07 (HEED1735)
L2b/CV204 (BEERD1960)
L2b/795 (HEE01949)
LZ2b/LST (HEE£01958)
L3/404/LN (HEGOD1955)
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APPENDIX 3

Alignment of ompA from Bri038

The ompA sequence of Bri038 obtained in Chapter 4 was aligned against the ompA of Bri038
previously obtained by Labiran et al. (2016). Also included in the sequence alignment were the
ompA sequences of L2b/UCH-1/proctitis (Genbank Accession No. AM884177) and L2/434/Bu
(Genbank Accession No. AM884176). Nucleotide positions are given relative to L2b/UCH-
1/proctitis. Coloured dots indicate bases that were identical to L2b/UCH-1/proctitis at that
nucleotide position. The C517A SNP is visible in both Bri038 ompA sequences.
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Abstract

Background

Lymphogranuloma venereum (LGV) is caused by Chiamydia frachomatis strains with ompd
ganolypes L1 to L3, An LGV epidamic associated with the L2b ganotype has emearged in the
past lew decades amongs! men wha have sax with men (MSM). C. frachomalis genolypas
can be discrminated by outer membrane prolein A gene (ompd) saguencing, however this
method has limited resolution. This study employed a high-resolution genotyping mathod,
rarmely, mult-locus landam repeal (VNTR) analysis with ompd sequencing (MLVA-ompd),
to aszess the distribution ol LGY MLVA-ompd genolypes amaongst individuals attending
genitourinary medicine (GUM) clinics in London.

Methods

Clinical spacimens were collected from individuals attending eight London-baged GUM clin-
it5. Spacimans that lesled pasitive for C. irachamalis by commercial nucleic acid amplifica-
tion fest (NAAT) wera confirmed as LGV by pmpH real-time PCR. LGY-positive DNA
extracts were subsaguantly genotyped using MLV A-ompA.

Results

Two hndred and thirty DNA extracts wera confirmed as LGV, and 162 (70%) yielded com-
plate MLVA-ompA genolypas. Six LGV MLVA-ompA genotypes wers identified: 1.9.2b-12,
1.9.3b6-L3%, 1.9.2b-L2b, 1.9.26-1 20D, 1.4a.2b-L20, and 5.9.2b-L1. The lallowing LGY
ampd ganolypes wers identified (in descending order of abundance): L2, L2b, L26/D, and
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L1. Eight ompA sequances with the hybrid L2b/0 profile were datected. The hybnd
sequence was identical to the ompd of a recombinant L2/ strain detected in Podugal in
2017.

Conclusions

The L2 ompd ganotype was found to predominate in the London study population. The
study detecled an unusual ybad L2 ompd profile that was previously reported in Poriu-
gal. We recommand lurther manitonng and surveillance of LGY strains within the UK
population.

Introduction

Lymphogranuloma Venereum (LGV) is cansed by Cllamydia trachomatis ompA genotypes
L1, L2 and L3 [L]. In 2003, an outhreak of LGV was reported in a sexual network of men who
have sex with men (MSM] presenting with symptoms of proctitis in Rotterdam [2]. Sequenc-
ing of the ompA gene demonstrated that the initial outbreak was caused by a new genetic vari-
ant designated L2b [3]. This variant has subsequently been implicated in LGV outbreaks
worldwide [4-10]. The United Kingdom has the highest number of confirmed LGV cases in
Europe, with a total of 6,752 UK LGV diagnoses made between 2003 and 2018 [11, 12]. A
report showed that 6177919 (67%) of UK LGV diagnoses were made in London [11].

Whole genome sequencing has proven informative for elucidating the evolutionary history
and diversity of C. trachomatis [13, 14], however the high resolution provided by this method
iz not always necessary [15). For decades, sequence analysis of the ompA gene was used to dif-
ferentiate C. trachomafis strains [16]. However, the ompA gene is not always an accurate epide-
miclogical marker when used on its own, with ompA shown to be a recombination hotspot in
the genome [13]. OmpA genotyping has been largely superseded by more discriminatory geno-
typing systems including multi-locus sequence typing (MLST) [15, 17], and multi-locus vari-
ahle number tandem repeat {VNTR) analysis with ompA genotyping (MLVA-ampA) [15].

MLVA-ompA targets variation in the noumber of repeating mononucleotides at three VNTR
loci dispersed throughout the chlamydial genome (Le. CT1335, CT1299, and CT1291), con-
pled with sequencing of the ompA gene {18]. The MLV A-ompA system has been suocessfully
applied to genotype C. frachomatis strains globally [19-23]. MLV A-ompA has a high degree of
resolution which is essential for isolate discrimination, with earlier studies reporting a discrim-
inatory index between 0.94 and 0.99 [18. 24], as measured by Simpson’s Index of Diversity

25]. Whilst MLV A-ompA has not previously been applied on a large-scale to genotype LGV
strains in the United Kingdom; LGV clinical samples have been genotyped successtully using
the system in Brighton (n = 11) [19] and Southampton (n= 1) [24]. The study in Brighton
identified nine distinct LGY MLV A-ompA genotypes, with seven genotypes detected within
isolates assigned an ompA genotype L2b [19]. The genotypic diversity exhibited within LGV
strains in Brighton raised questions about whether a similar extent of genotypic diversity
might exist within LGV strains circulating in other UK cities. Given the high prevalence of
LGV in London and its substantial MSM population [11], it was decided to apply the MLV A-
ompA system to genotype LGV clinical DNA extracts from this region. The aim of this study
was o assess the distribution of LGV MLV A-ompA genatypes from clinical specimens sourced
from individuals attending eight London-based GUM cliniics.
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Methods

Clinical specimens

Clinical specimens including rectal swabs, throat swabs, wrine and “pooled 3-in-1" specimens
{a rectal swab and pharyngeal swab in urine, from a single patient} were collected from
patients attending eight London-based GUM dlinics: Specimens collected from 56 Dean Street,
Juhn Huster Clinic, 10 Hammersmith Broadway, and Jefferiss Wing were tested for C. tracho-
rmuitis at North West London Partnership (NWLP), hosted by Imperial College Healthcare
NHS Trust; and specimens collected from Burrell Street Clinic, Streatham Hill Clinic, Wal-
warth Road Clinic, and Harrison Wing were tested for C_ trachamatis at Viapath, a private-
sector diagnostic laboratory based at 5t Thomas' Hospital

At Viapath, the Aptima CT/NG Combo 2 Assay (Hologic™ , US) was used for C. trachoma-
tis detection. NAAT-positive specimens from M5M were reflex tested for LGV at Viapath,
Nucleic acids were extracted using the Complex 200 Protocol for the QlAsymphony DSP
Virus/Pathogen kit (QIAGEN, US), followed by an in-house triplex LGV PCR assay targeting
the pmpH gene Iocated on the C. trachanuitis chromosome; in addition to an 83-base poir
region of the C. trachematis cryptic plasmid; and the human RNage P gene as an internal con-
irol [26].

For the majority of clinics that send specimens to NWLP for C trachomatis testing, there is
a reflex to LGV test all rectal NAAT-positive specimens. At WWLE, the BD ProbeTec™ CT/GC
Amplified DNA Assay (Becton-Dickinson, US) was used for C. trechamatis detection. Parified
nocleic acids were isolated from each specimen using the Mag®A Pure Compact Nudeic Acid
Isolation Kit I (Roche Life Science, UK) before application of the triplex LGV PCR assay (as
described for Viapath) [26].

Far this study, DNA extracts that were confirmed as LGV at NWLP and Viapath were
selected consecutively with no bias for positivity strength. DNA extracts included in this study
were collected from patients between February 2018 and June 2019, DNA extracts were trans-
parted on dry ice to the University of Southampton Molecular Microbiology Groop for geno-
typing. All patient-identifiable information was removed from each DNA extract prior to
dispatch to Southampton. Extracts were subsequently stored at -20°C.

PCR amplification of VNTR and ompA sequences

VNTR and ompd sequences were amplified from the DNA extracts using PCR according to
Wang ef al |22]. For amp4, a fragment of this gene (ca 1,000bp) was amplified using prim-
ers PCTM3 and WR1 [27], whilst the three VENTR regions were amplified using primers
described by Pedersen et al [15]. Extracts that did not produce VNTR amplicons using
these primers were amplified using primers CT1335F° and CT1335R°, CT1299F° and
CT1249R*, and CTI291F* and CT1291R* |28] (51 Table). The forward primers annealed
upstream of the original VNTR amplicon sequences, and the reverse primers downstream,
so that the eriginal amplicon sequences were encompassed by the alternative primers. PCR
reactions were carried out in 20 pL volumes consisting of: 10 pl. Phusion Flash High-Fidel-
ity PCR Master Mix {Thermo Scientific™, UK), (.5pM of the forward and reverse primers
(Eurogentec, Belgium), and 1 pL of DNA. PCR products were loaded onto 2% (wiv) agarose
gels for the purpose of checking amplicon size and quality, The amplicons were subse-
quently purified using the Wizard 5V Gel and PCR Clean-Up System (Promega, UK) for
sequencing. PCR amplicons were commercially sequenced at Source Bioscience (Cam-

bridge, UK}.
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DN A sequence analysis of MLV A-ompA markers

Alphabetical ompa genotypes were assigned to cach extract via ompA sequence comparison to
the NOBI database using Basic Local Alignment Search Tool (BLAST) [22]. VNTR sequences
were compared to those described in Pedersen et al [ 18], Wang et al [22], Labiran e af [24],
and Satoh ef af [21]; and a single-digit number assigned at each VNTR locus based on the
number of repeating mononucleotides [22]. The final MLVA-ompA genotvpe was designated
by a three-digit code in the order: CT1335, CT1299, and CT1291, followed by the alphabetical
ompA genotype (eg. 3.9.3-G)

Bioinformatics

To confirm the VNTR profile of the Portuguese strain (strain Ct_L2b/D_PT05 European
Nucleotide Archive (EXA) accession number CAAKNDO10000000) [29] in silico,. fastq files
were downioaded and converted to fasta farmat using the conversion tool on the public server
at usegalaxy.org. The resulting fasta files were opened using the BioEdit (version 7.0.5.3) align-
ment softwire, and the YNTHRs were located by inputting the VNTR primer sequences into the
search toal.

Ethics

This study was approved by the East of Scotland Research Ethics Committee (REC reference
19/ES/D01 2L All DNA extracts were received anonymised and unlinked. No patient clinical
data, including age, sex, risk behaviour and clinical symptoms, was collected for this study.
The requirement for informed consent was waived by the ethics committee.

Results

Clinical DNA extracts

A total of 230 DN A extracts that were confirmed as LGV using the pmpH real-time FCR-based
assay were obtained for this stody. These included 180 DNA extracts from NWLE and 50
DNA extracts from Viapath. Extracts from NWLF were from rectal swabs, and extracts from
Viapath were from 23 pooled “3-in-1" specimens, 24 rectal swabs, | throat swab and 2 urines.

OmpA genotypes identified in this study

One hondred and seventy three extracts (75.2%) were assigned an ompA genotype in this
study (52 Table). OF these, 164 extracts (94.6%) were assigned an LGV ompA genotype, and 9
were assigned non-LGV ompA genotypes. The most prevalent LGV ompA genotvpe identified
in the study was L2 {n = &1, 49.3%), followed by L2b (n = 72, 43.9%). The non-LGV ampd
genotypes identified were genotypes E (n=3), G (n =5}, and ] (n=1).

MLV A-omipA genotypes identified in this study
Sequence data were obtained for all four loci for 1627230 (70.4%) of the extracts (52 Tahle). OF
these, 159 {98.1%) were assigned LGV MLV A-ompA genotypes, and the remaining 3 extracts
were assigned 3.9.3-G. Six distinct LGV MLV A-ompA genotypes were identified in this study
{Tzhic 1). The most prevalent LGV MLV A-oenpA genotypes were 1.9.2b-12 (n= 78, 49.1%),
1.9.2b-L2b {n = 53, 33.3%), and 1.9.3b-L.3b (m = 16, 10.1%). Also detected were 5.9.2b-L1
{n=3, 1.9%), 1.4a.2b-12b {n = 1, 0.6%), and 1.9.3b-L2b/D {n = &, 5.0%).

VNTR sequence variants identified in the study. The VMNTR variant code, CTE291 tvpe
3b (ARARTAGTCTA=9C-TATTE), was identified in 20 extracts in this study. Sixteen extracts
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Table | Complete LGY MLVA-ampA genotypes ientified in this study (n = 159).

ompd MLVAT m (% of 159 extracts)
Ll 55.h 3i1.9)
L} 1.9.2b FLIEERY]
L% I.4a.2b 1 (&)
1.9 A3{3L%)
1.9.3h 16 {a)
Lb/Dy 193 2{5.0)

" MLV A genotype was designated by the 3 VNTR loci in the order: CT1 335 CTI209; and CT1291.
Extracts with partzal MLV A -0mpA profiles were excluded from this table.

e hokol org 10U 137 1 joumnal pone 0354 233 £10

with the 3b variant code could be assigned an ompA genotype, of which all were ampA geno-
type L2b (52 and 53 Tables). The complete MLV A-ompA genotype of these sixteen extracts
was 1.9.3b-L2h. The CT1291 type 3b was previously identified by Satoh et af [21] and assigned
to the reference strains L1/440/Bu and LY/434/Bu.

VNTR variants identified by Pedersen et al [15] and Wang et af [22] were detected in this
study (53 Table). The extract assigned a CT1299 type 4a in this study was the 4a variant
(TTTTTATTCT-10C-TIC-ATCARA) first identified in Wang ef al [22]. All extracts assigned
a CT1291 type 2b in this study were the 2b variant (ARAATAGTCTA-BC-TATTE) initially
identified in Wang et af [22] (33 Table).

In our study, CT1299 VNTR type 3 (TTTTTATTCT=3C2T-6C-ATCARA) was assigned to
161/164 (98.2%) extracts with LGV ompA genotypes (53 Table).

Detection of a hybrid L2b/D onpA genotype.  We identified eight ompA sequences with
an L2b/D hybrid profile (51 Fig), Le. whilst the first 365bp (numbers given relative to L2h/
UCH-1/proctitis) of each sequence was identical to ompd L2 and L2b reference sequences
(L2/434/Bu and L2b/UCH-1/proctitis); the region spanning 366bp-1,023bp revealed an ompa
genotype I} profile matching the reference strain D/UW-3/CX (Genbank accession no.
NC_000117.1). Nucleotide BLAST of the eight sequences indicated 100% sequence identity to
the ompA sequence of a novel hybrid L¥b/D strain identified in Fortugal [29] (Genbank acces-
sion no. MN094864.1). The eight hybrid sequences were designated L2b(I}, to distinguish
them from extracts with an ompA sequence matching L2by/UCH- 1/ proctitis.

Al extracts assigned the L2b/D ompA genotype could be assigned a full MLV A-ompA geno-
type, all eight of which were 1.9.2b-L2b/D (52 Table). We confirmed the VINTR protile of the
Portuguese strain (ENA accession number CAAKNDO10000000) in silfco: GAAAARG- TR~
GCTTTTGET at CT1335(CT1335 type 1), TTTTTATTCT=-3C2 T=-6C=-ATCAAR at CT1299
(CT1299 type 9), and ARRATAGTCTA=BC-TATTS at CT1291 (CT1291 type 2b), correspond-
ing to the same MLV A-ompA genotype of 1.9.2b-L2b/D as identified in this study.

This study represents the first MLV A-ompA genotyping survey of LGV strains of C. trachoma-
tis in a London population. Amongst the extracts that could be assigned a type at all four loci,
we identified six distinct LGV MLVA-ompA genotypes: 5.9.2b-L1, 1.9.2b-12, 1.9.2b-12b,
1.9.3b-L2b, 1.4a.2b-L2b, and 1.9.2b-L2b/D.

In accordance with a previous study [30], we found that the L2b ompA variant was not the
most comman in the pooled data set; the L2 ompA sequence predominated. However, in the
previous study this varied by country, and the L2 ompA sequence predominated in Anstria
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and Croatia, whilst the L2b ampA sequence predominated in the UK. Whilst the predomi-
nance of the L3 smpA genotype has been documented in France [31], Sweden [5], Spain [32],
and Awnstria and Croatia [30], this is the first report of its predominance within the United
Kingdom. A retrospective study of LGV C trachomatis straing collected in France between
2010and 2015 by Peuchant ef al. [31] demonstrated that the proportion of LGV cases caused
by [2b declined after 2012, whilst the proportion caused by ompA genotype L2 increased from
2012 onwards, which supports our findings. Our study showed that of those L2 extracts with a
complete MLVA-ompA genotype (7881, 96.3% ), 100% had the MLV A-ompd genotvpe
1.9.2b-L1. This VNTR profile, 1.9.2b, was found to be shared amongst extracts designated L2,
L2h and L2b/'D) in this study. These data show that at least three LGV ompA genotypes with
the same VINTR profile are co-circulating within the London population. This is likely due to
recombination within the ompA gene, given that empA is known to be a recombination hot-
spot within the chlamydial genome [13, 33].

We noted the most diversity in MLY A-ompA genotypes within extracts designated ompa
genotype L2b, with VNTR profiles 1.9.2b, 1.9.3b, and 1.4a.2b assigned. Diversity in L2b geno-
types has previously been reported in Brighton [19]. Interestingly, whilst 1.9.2b-L2b and
1.9.3b-1.2b comprised 53/159 (33.3%) and 16/159 (10.1%) respectively of all extracts assigned a
complete LGV MLV A-ompd genotype in this study (Table 1); the Brighton study reported
only three LGV cases with 1.9.2b-L2b and none with 1.9.3b-L3h, Furthér, the Brighton sty
identified eight LGV MLV A-ompA genotypes that were not detected in our London study
pepulation. These regional differences in MLV A-ompA genotypes between Brighton and Lon-
don are likely the result of distinct dissemination patterns within each population; however,
given that the Brighton study took place between 2011 and 2013, and the specimens for this
London study were collected between 2018 and 201%; these differences coald represent a tem-
poral shift in genotypes.

We detected a hvbrid 136/D ompA sequence in DNA extracts from Viapath {n = 1) and
NWLP (n = 7). All were assigned the MLV A-ompA genotype 1.9.2b-LIb/D. The hybrid ompA
sequence was identical to the ompA of a recombinant LIb/D strain detected in Portugal [29]
(51 Fig). Asof 2019, a total of 25 cases of the recombinant L2h(D) strain have been reporsted in
Portugal. Chor study is the first report of the hybrid L2b/D ompA sequence in the United King-
dom. We demonstrated by i silico means that the Portuguese L2b/D strain possessed the
1.9.2b-L2b/D MLV A-ompa genotvpe. This result confirmed that the Portuguese E2h( T strain
and the eight extracts assigned 12b/D from our Londor study population shared the same
MLV A-ompd genotype. Whole genome sequencing of the Portugnese strain performed by
Borges et al. [29] revealed that the strain resulted from the transter of a 4 2kbp fragment from
a C. trachomatis D strain to an L3b strain. The recombinant fragment comprised 75% of the
ompA gene encoding the major outer membrane protein (MOMP), and foor genes down-
stream of ampA each with functional roles in protein synthesis. This widespread genetic
recombination, particularly within the MOMP epitope region that is responsible for influenc-
ing the ability of C. trachomatis strains to interact with the host immune response [34, 35],
may have implications for the transmission and pathogenic capability of the hybrid strain [356,
7). A limitation of our study was that we did not collect clinical data relating to patient symp-
tooms, and as o result, we are unable to comment on the clinical presentation of patients with
the L2h/I} ompd sequence in the London study population. However it was noted by Borges
et al. [29] that all of the individuals infected with thie hybrid L2b/D strain presented with simi-
lar symptoms and clinical features (Le. rectal pain, anal discharge and rectal bleeding), that are
consistent with a typical LGV infection [ []. Of note, many of the individuals infected with the
L2h/[} strain in Portugal were involved in international sexual networks, which would explain
how the variant likely reached our study popalation,
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We detected the CT1291 variant code, type 3b (AAAATAGTCTA=9C=-TATTE) (53 Tahle)
in 20 extracts; Sixteen of these extracts could be assigned a complete MLV A-ompd genotype,
of which all were 1.9.3b-L2b. Prior to this stady, CT1291 type 3h wae detected by Satoh et al. in
the L1/440/Bu and L2/434/Bu reference strains [21], and these were assigned the MLVA-
ompA genotypes 5.9.3b-L1 and 5.9.3b-L2. The Satoh & af. study did not include any L2b iso-
lates. The CT1291 type 3b was not detected in any of the 44 clinical isolates also MLV A-ompd
genotyped by Satoh ef al. In this study, we also detecied VHTR variant codes first identified in
Pedersen ef al [15] and Wang ef af [22], incuding CT1299 type 42 (TTTTTATTCT=-10C-
TIC=ATCAAR], CT1299 type 9 (TTTTTATTCT=382T=6C=-ATCARR), and CT1291 type 2h
[AARRTAGTCTA=BC=TATTE)

The MLV A-onipA genotyping method had limited resolution when applied to our London
study population, with three LGV MLV A-ampA genotypes (1.9.2b-L2, 1.9.3b-L2b, and 1.9.2b-
L2b) comprising 92.5% of extracts assigned complete MLV A-ompA genotypes in the study. As
a result, we did not reach a Simpson’s index of diversity of (.95, the index value for a genotyp-
ing system to be considered to have more or less “ideal” resolution [38].

We detected the non-LGV empA genotypes Efn=3), Gin=75)and | in= 1) in this study.
Cenotypes G and | have commonly been found in the recium of MM {39, 40], and co-infec-
tions of LGV and urogenital genotype E infection have been reported previously [4]. However,
exiracts that were genotyped in this study were those that had given a positive result in the
LGV biovar assay at WWLP and Viapath; that is, only extracts with the 36-bp deletion within
the prpH gene that is characteristic of LGV strains. Given the low prevalence of these non-
LGV ompA genotypes in our study (9/173, 5.2%, of those with an assigned ompd genotype),
there are a few possible explanations for their detection. Firstly, the nine extracts could have
been false positives of the LGV hiovar assay. The likelihood of this s slight—the assay has dem-
onstrated excellent diagnostic performance in differentiating LGV and non-LGY infections in
previous studies [41]. 1t is more likely that the individuals with a non-LGV omp4 genotype in
this study were infected with both an LGV strain and a non-LGV strain of C. trachomatis.
Anather possible explanation is that mixed infection could have resnlted in prpH variants
cansed by genetic exchange between LGV and genotype G, J or E C trachomatis strains [4].
Giiven that the evolution of C. trachontatis is mainly driven by recombination [42], and many
studies have reported co-intections with LGV strains and non-LGY C trachomatis strains
with invasive and non-invasive urogenital ompA genotypes |5, 42, 43], this explanation is still
plansible. Mixed infections can help to facilitate the selection of new recombinants, such as the
hbrid Portuguese strain [29], and the L3¢ strain described by Somboona ef af [44], that were
bath caused by unique recombination events between L2b (and L2, respectively) and D

EE‘.I‘.IBE}"PES.

Conclusions

In conclusion, we have demonstrated that the predominant smpA genotype within our Lon-
don study population is the 12 anipA genotype, and not the L2b ompA genotype that has been
reported in UK populations since 2005 [45]. We provide the first UK report of 2 hybrid [2b/D
ompA profile previously detected in Portugal. These findings highlight the ever-changing
nature of the LGV epidemic. and we urge for attentive LGY surveillance strategies to continue.

Supporting information

51 Table. Primer sequences for PCR of MLV A-ompA markers.
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52 Table. Distribution of MLV A-ompA genotypes from clinical DNA extracts sourced
from individuals attending eight London-based GUM dinics (n = 230).

(X15X)

53 Table. VNTR sequence analysis of extracts assigned LGV ompA genotypes (n = 164).
VNTR type codes of extracts that were assigned non-LGV ompA genotypes (n = 9) or that

could not be assigned an ompA genotype (n = 57), were excluded from this table.
(DX )

51 Fig. Alignment of partial ompA gene from extracts possessing a hybrid L2b/D-Da omp
profile {n = 8). The ompA sequence of L2b/UCH-1/proctitis (Genbank accession no.
AMB84177.1) was used as a reference. Nucleotide numbers are given according to L2b/UCH-
Lfproctitis. L2/ refers to the ompA sequence of the Portuguese L2b/D strain (Genbank
accession no. MN094864.1). The ompA sequences of L2/434/Bu (Genbank accession no.
AMBA4176.1) and DfUW-3 (Genbank accession no. NC_000117.1) were included in the align-
ment. Coloured dots indicate bases that matched L2/ UCH-1/proctitis.

(DX
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APPENDIX 5 STBRL Protocol for LGV triplex PCR Assay

The LGV confirmation test used by NWLP and Viapath was originally developed by the Sexually

Transmitted Bacteria Reference Laboratory (STBRL) at Public Health England (Morré et al., 2005;

Alexander, Martin and Ison, 2007; Chen et al., 2007). The LGV test is a triplex PCR assay targeting a

36 bp deletion within the pmpH gene of LGV strains, in addition to an 88 bp region of the C.

trachomatis cryptic plasmid, and the human RNase P gene as an internal process control. At NWLP,

the protocol developed by STBRL is followed exactly; and at Viapath, the STBRL LGV assay has been

adapted. Adaptations to the assay at Viapath are to the primers and probes, and these adaptations

are highlighted in the relevant section. Sections of the STBRL triplex assay protocol have been

reproduced with permission from the STBRL at Public Health England.

3.0

4.0
41

42

43

5.0

51

PERSONNEL
Procedure must only be carried out by suitably trained & gualified scienfists. This
includes technical and medical validation procedures

PRECAUTIONS

Specimens must be treated as potentially infectious substances and be handled
accordingly.

Master Mix should be stored in light sensitive fubes — to ensure that the probe does
not degrade (as the labelled probe is light sensitive).

Refer to G-6744 Minimising the risk of DNA contamination in Nucleic Acid
Amplification Assays and monitoring for Environmental Contamination

METHOD
[f & Master Mix has been made and aliqguoted, procesd to 5.3; otherwise carmy out
procedure as outlined in 5.2.

Equipment

CT Forward prirmer (10 pbd)

CT Reverse primer (10 ph)

CT Probe2 HEX (10 ph)

LGV forward primer (10 pha)

LGV reverse primer (10 phi)

LGV probe (10 ph)

RA Forward primer {10uh)

R4 Reverse primer (10uM)

RA Frobe (25uM)

MgClz (25mM) (Applied Biosystems).

10 x PCR buffer (4pplied Biosystems).

ANTF mix 12.5mM with dUTPs (4pplied Biosystams).
Molecular grade water.

Amplitag Gold (5 U pl"y (Applied Biosystems).
UMNG (1 U pI"y fApplied Biosystems).

0.1 or 0.2 ml FCR tubes.

2ml Light sensitive tubes.

Fipettes capable of pipetting volumes of 1l to 1000wl with filter tips.
PCR cabinets.

Roforgane 3000, 6000 or Roforgene-C
Viortex.
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52  Preparation of C. trachomatis Specific Real-time Master Mix

5.2.1
form GW-0006

522

Those components highlighted in grey are not added at this stage.

Faor each new batch of Master Mix allocate a batch number, this is obtained from

Defrost components and prepare PCRE master mix according to table one (below).

Table One: PCR Master Mix Composition

Volume required Volume required Final
Component for one 25 W for 10 reactions | concentrations
reaction per 23 u
resction

CT Forward primer (10uM solufion) 0.75ul 7ol 0.3 g
CT Reverse primer (10uM Solution) Tl 10pd 0.4 uM
CT probe-2 HEX.  (10uM solution) 0.75u 7.5u 0.3 uM
LGV Forward primer (10pM solution) 0.5u Sul 0.2 uM
LGV Reverse primer (10pM solution) 0.5u Sul 0.2 uM
LGV Probe (10pM solution) 0.625ul 6.25u 025 uM
RA Forward Primer {10pm Solution) 0.2u 2ul 0.08 uM
RA Reverse Primer (10pm Solution) 0.2u 2ul 0.08 uM
RA Probe (25pm Solution) 0.2u 2ul 0.2 g
UNG (1U pI") 0.25u 25u 025U
AmpliTag Gold (50U pl'} 1l 10ul U
MgCl: (25mM) 4ul 40ul 4 mM
10 x PCR buifer 2.5u 25ul 1x
dMTF mix (12 5mh) with dUTFs 0.8 Gl 0.4 mid
Water 1.725ul 17.25ul
Template 10w 100l

523 Vortex the master mix before aliquoting

524 Aliguot master mix into light sensitive tubes, in aliquots sufficient for 40 reactions —
(13.75pl x 40 +10wl extra = 560l )

h.2.5 Record all batch numbers for components (table one) on worksheet BRDWO042

h 26 Prepare labels for all aliquots with:

+« Batch Mumber
+ Reaction Name
« Expiry date




53 PCR SetUp

MOTE: Please use QlAgility instrument for all PCRs set-up where there are more than

15 clinical samples.

5.3.1 Calculate the quantity of master mix (13.75ul of master mix per sample), Tag (1l per

sample) and UNG {0.25ul) — depending on the number of samples and controls
being tested. Also ensure extra reactions are made to compensate for minor
fluctuations in pipetting volumes.

5.3.2 Defrost master mix or use directly if freshly prepared (5.2)

5.3.3 Vortex master mix and the enzymes - Tag and UNG.

534 Pipette the required wvolume of master mix into a sterile 1.5 ml sfarstedt tube, add the
required valume of both Tag and UNG.

5.3.5 Briefly centrifuge the master mix (5.3.4) and aliquot 15 pl of the reaction mix into
gjther 0.1 ml or 0.2 ml tubes.

Mote: if 0.2 ml tubes are used ensure that they are flat capped tubes only; domed lid

tubes are not compatible with the Rotorgene.

5.3.6 Record batch number of master mix, Tag and UNG an form BRDW-0003.

537 Add 10 pl of DNA lysate to master mix and gently pipette up and down three times.

538 Add10 pl of

extraction negative controls,

negative/non-template (water) control,

C.trachomatis LGV positive control at a 107 dilufion™™.
C.trachomatis LGV positive control at a 102 dilufion™.

539 Place lids on tubes and incubate at room temperature in the dark for ten minutes for
UMG activity to occur.

5.3.10 Place reaction tubes in to the correct Rotorgene rotor (36 well rotor if 0.2ml tubes are
used: 72 well rotor if 0.1ml tubes are used). Ensure that any unused positions on the
rotor are filled with empty tubes to ensure the rotor is balanced.

5.3.11 Use the quick start menu and open the folder "SRS Templates with channels ' and
apen the CT-LGV muftipfex programme and follow the onling instructions (see
G677 1 for specific details).
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Data Analysis
Following the completion of the real-time run the data can be examined

Click analysis on the tool-bar

Click on the channel (Rotorgene 3000} or the (CT) channel (Roforgene
G000

Click Linear scale

Ensure that the Dynamic Tube button is selected.

Ensure that the “Ignore first' is Seton 0

In the open window (Roforgene 30007 or the (CT) channel {(Roforgene
G000 use the manual threshold icon on the toolbar to set the base-line. 45 a guide
the threshoid should be sef at 0.1 (if any dewviation from this guideline is required
ensure that this is marked for the attention of the fechnical validaior on BROWO003
and give a reasan for the dewviation).

Any specimens which generate a fluorescence which exceeds the base-line
should be recorded as paositive for C. trachomaris.
Mote: Reports can be printed out using the report option.

Click analysis on the tool-bar & click on the FAM channel (Ratorgene 3000 or the
Green (LGVY) channel {Roforgene GO00).

Click Linear scale

Ensure that the Dynamic Tube button is selected.

Ensure that the “lgnore first' is Set on 0.

In the open FAM window (Rotorgene 3000) or the Green (LGY) channel (Roforgene
G000 use the manual threshold icon on the toolbar to set the base-line. 45 a guide
the threshold should be saf af 0.1 (7 any deviation from this guideline is required
ensure that this is marked for the attention of the fechnical validator on BROWO003
and give a reasan for the dewviation).

Any specimens which generate a FAM fluorescence which exceeds the base-line
should be recorded as positive for LGV
Mote: Reports can be printed out using the report option.

Click analysis on the tool-bar & click on the Cy5 channal (Rotorgene 3000) or the

Red (RNase-P) channel {Roforgene GO00).
Click Linear scale

Ensure that the Dynamic Tube button is selected.
Ensure that the “lgnore first' is Set on 0.

In the open Cy5 channel (Rotorgene 2000} or the Red (ENAse-F) channel
(Roforgene 60000 (this channel detects the amplification of the intemal control).

Any specimens which generate a Cy5 fluorescence which exceeds the base-line
have a positive amplification of the RNase P gene.



5.6  (Table 2) Summary of results (also see flow chart in the appendix)

Reszult in Resultin Result in Action Result
HEX/ FAM!Green CY5/Red [after any repeats)
Channel Channel Channel
[C.tfrachomalis) LGV (RiNase P}
Positive Perform Artus PCR
[Confirmation of Positive ar Positive G676 Positive
Chlamydia only -for Megative
Medico Legal
Cases]
Megative Perform Artus PCR.
[Confimation of Positive or Megafive G676 Inhibited
Chlarmydia only -for Megative
Medico Legal
cases)
Re-extract (if sufficient) & CT&LGY
Posifive Positive Positive repeat PCR. - for Positive
canfirmation of LGV
Report as: CT Positive
Positive MHegative Positive Chlamydia positive LGV Negative
LGV negafive
Re-exiract (if sufficient) &
Megative Megative Positive repeat PCR Megative
Re-exiract (if sufficient) &
MNegative Positive Positive repeat PCR. LGV positive
if same result perform
Artus PCR (G-6765)
Re-exiract (if sufficient) &
Positive Paositive Megafive repeat PCR - far LGV positive
canfirmation of LGV
Re-exiract (if sufficient) & possibly LGV
Posifive Megative Megafive repeat PCR. inhibited
Re-exiract (if sufficient) & possibly CT
Megative Positive Megafive repeat PCR. inhibited
Re-exiract (if sufficient) &
MNegative Megative Megafive repeat PCR. Inhibited
Re-exiract (if sufficient) &
Cyvalue of = 40 Positive repeat PCRH. Equivocal
if same report &5 equivocs|
Write Ct walue in the
MOLIS intermal comments
Re-exiract (if sufficient) &
Cyvalue of = 40 Megafive repeat PCR. probable
inhibiticn

Any equivocal resulis should be repeated.
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Primers and Probes used at NWLP (and STBRL):

Table 4:
Primer and Probe sequences.

primer / probe Sequence 5" -3 Target
CTF-003 GGATTGACTCCGACAACGTATTC C.trachomatis
CTR-009 ATCATTGCCATTAGAAAGGGCATT cryptic
CT-Probe 2 HEX | HEX-TTACGTGTAGGCGGTTTAGAAAGCGG-bhgt plasmid
LGV-F CTG TGC CAA CCT CAT CAT CAA Palymarphic
LGV-R AGACCCTTITCCG AGC ATC ACT membrans
LGV-Probe GFAM-CCT GCT CCA ACA GT-mgb protein H
RA forward AGATTTGGACCTGCGAGCG Human
RA reverse GAGCGGCTGTCTCCACAAGT RMase P
BA probe Cvi-TTCTGACCTGAAGGCTCTGCGCG- bhg3 geng

Mote: primers and Probes orderad from Applied-Biosystems, Sigma or suitable alternative.

Table 5
Reaction Conditions.
Temp [°C Time R Mo. Cycles
Acquisition
a0°C 2 mins 1
455C 10 mins 1
a55C 15 Sec 40
60°C 60 sec FAM, HEX, Cy5
Primers and Probes Used at Viapath:
Name Sequence Additional | Supplier
information
CtF GGATTGACTCCGACAACGTATTC Eurogentec
CtR ATCATTGCCATTAGAAAGGGCATT Eurogentec
CtProbe | Cy5- ex labe Eurogentec
TTACGTGTAGGCGGTTTAGAAAGCGG- | usad at
bhg2 Colindale
LGVF CTGTGCCAACCTCATCATCAA | Eurogentec
LGVR AGACCCTTTCCGAGCATCACT Eurogentec
LGVProbe | BFAM-CCTGCTCCAACAGT-mab Minor Life
and Groove Technologies
Binder
6FAM-CTTGCTCCAACAGT-mgb
RaF AGATTTGGACCTGCGAGCG Eurogentec
RaR. GAGCGGCTGTCTCCACAAGT Eurogentec
RaProbe | Hex- ['Cy5 Label Eurogentec
TTCTGACCTGAAGGCTCTGCGCG- used at
bhqgl Colindale
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APPENDIX 6 Specimen Type, Collection Date & GUM
Clinic of Origin of DNA Extracts from NWLP and Viapath

DNA Extracts from NWLP

*EQA = External Quality Assurance

Sample |Specimen Type Date Collected from patient GUM Clinic
Number

001 Rectal Swab 05/04/2019 56 Dean Street
002 Rectal Swab 05/04/2019 56 Dean Street
003 Rectal Swab 07/11/2018 56 Dean Street
004 Rectal Swab 07/11/2018 56 Dean Street
005* 07/11/2018 EQA sample
006 Rectal Swab 07/11/2018 56 Dean Street
007 Rectal Swab 06/11/2018 56 Dean Street
008 Rectal Swab 06/11/2018 56 Dean Street
009 Rectal Swab 11/03/2019 56 Dean Street
010 Rectal Swab 11/03/2019 56 Dean Street
011 Rectal Swab 11/03/2019 56 Dean Street
012 Rectal Swab 11/03/2019 56 Dean Street
013 Rectal Swab 03/06/2019 56 Dean Street
014 Rectal Swab 31/05/2019 10 Hammersmith Broadway
015 Rectal Swab 03/06/2019 56 Dean Street
016 Rectal Swab 03/06/2019 56 Dean Street
017 Rectal Swab 03/06/2019 56 Dean Street
018 Rectal Swab 03/06/2019 56 Dean Street
019 Rectal Swab 03/06/2019 56 Dean Street
020 Rectal Swab 03/06/2019 56 Dean Street
021 Rectal Swab 03/06/2019 56 Dean Street
022 Rectal Swab 04/06/2019 56 Dean Street
023 Rectal Swab 15/02/2019 56 Dean Street
024 Rectal Swab 15/02/2019 56 Dean Street
025 Rectal Swab 15/02/2019 56 Dean Street
026 Rectal Swab 15/02/2019 56 Dean Street
027 Rectal Swab 24/01/2019 56 Dean Street
028 Rectal Swab 24/01/2019 56 Dean Street
029 Rectal Swab 24/01/2019 56 Dean Street
030 Rectal Swab 24/01/2019 Jefferiss Wing
031 Rectal Swab 28/01/2019 56 Dean Street
032 Rectal Swab 28/01/2019 56 Dean Street
033 Rectal Swab 28/01/2019 56 Dean Street
034 Rectal Swab 01/02/2019 Jefferiss Wing
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035 Rectal Swab 05/03/2019 56 Dean Street
036 Rectal Swab 23/05/2019 10 Hammersmith Broadway
037 Rectal Swab 21/05/2019 56 Dean Street
038 Rectal Swab 18/05/2019 56 Dean Street
039 Rectal Swab 20/05/2019 56 Dean Street
040 Rectal Swab 06/07/2018 56 Dean Street
041 Rectal Swab 04/07/2018 Jefferiss Wing
042 Rectal Swab 28/06/2018 John Hunter Clinic
043 Rectal Swab 29/06/2018 56 Dean Street
044 Rectal Swab 28/06/2018 56 Dean Street
045 Rectal Swab 26/06/2018 56 Dean Street
046 Rectal Swab 22/06/2018 56 Dean Street
047 Rectal Swab 20/03/2019 56 Dean Street
048 Rectal Swab 20/03/2019 56 Dean Street
049 Rectal Swab 12/03/2019 Jefferiss Wing
050 Rectal Swab 18/03/2019 56 Dean Street
051 Rectal Swab 18/03/2019 John Hunter Clinic
052 Rectal Swab 19/03/2019 56 Dean Street
053 Rectal Swab 26/02/2019 56 Dean Street
054 Rectal Swab 26/02/2019 56 Dean Street
055 Rectal Swab 26/02/2019 56 Dean Street
056 Rectal Swab 27/02/2019 56 Dean Street
057 Rectal Swab 28/02/2019 56 Dean Street
058 Rectal Swab 06/02/2019 Jefferiss Wing

059 Rectal Swab 12/04/2019 10 Hammersmith Broadway
060 Rectal Swab 12/04/2019 10 Hammersmith Broadway
061 Rectal Swab 16/01/2019 56 Dean Street
062 Rectal Swab 15/01/2019 56 Dean Street
063 Rectal Swab 14/01/2019 Jefferiss Wing
064 Rectal Swab 15/01/2019 56 Dean Street
065 Rectal Swab 15/01/2019 56 Dean Street
066 Rectal Swab 16/01/2019 56 Dean Street
067 Rectal Swab 16/01/2019 56 Dean Street
068 Rectal Swab 15/01/2019 56 Dean Street
069 Rectal Swab 15/01/2019 56 Dean Street
070 Rectal Swab 20/02/2019 56 Dean Street
071 Rectal Swab 20/02/2019 56 Dean Street
072 Rectal Swab 18/02/2019 56 Dean Street
073 Rectal Swab 14/02/2019 John Hunter Clinic
074 Rectal Swab 19/02/2019 56 Dean Street
075 Rectal Swab 19/02/2019 56 Dean Street
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076 Rectal Swab 04/06/2019 56 Dean Street
077 Rectal Swab 06/06/2019 56 Dean Street
078 Rectal Swab 21/05/2019 56 Dean Street
079 Rectal Swab 17/05/2019 56 Dean Street
080 Rectal Swab 16/05/2019 56 Dean Street
081 Rectal Swab 21/05/2019 56 Dean Street
082 Rectal Swab 16/05/2019 56 Dean Street
083 Rectal Swab 14/05/2019 56 Dean Street
084 Rectal Swab 17/05/2019 56 Dean Street
085 Rectal Swab 14/03/2019 10 Hammersmith Broadway
086 Rectal Swab 12/03/2019 56 Dean Street
087 Rectal Swab 12/03/2019 56 Dean Street
088 Rectal Swab 12/03/2019 56 Dean Street
089 Rectal Swab 12/03/2019 56 Dean Street
090 Rectal Swab 13/03/2019 Not known
091 Rectal Swab 13/03/2019 56 Dean Street
092 Rectal Swab 23/04/2019 Jefferiss Wing
093 Rectal Swab 29/04/2019 56 Dean Street
094 Rectal Swab 26/04/2019 John Hunter Clinic
095 Rectal Swab 29/04/2019 56 Dean Street
096 Rectal Swab 11/05/2019 56 Dean Street
097 Rectal Swab 11/05/2019 56 Dean Street
098 Rectal Swab 04/05/2019 56 Dean Street
099 Rectal Swab 29/05/2019 56 Dean Street
100 Rectal Swab 20/05/2019 56 Dean Street
101 Rectal Swab 24/05/2019 56 Dean Street
102 Rectal Swab 02/04/2019 56 Dean Street
103 Rectal Swab 01/04/2019 56 Dean Street
104 Rectal Swab 30/03/2019 56 Dean Street
105 Rectal Swab 29/03/2019 56 Dean Street
106 Rectal Swab 06/06/2019 56 Dean Street
107 Rectal Swab 06/06/2019 56 Dean Street
108 Rectal Swab 07/06/2019 56 Dean Street
109 Rectal Swab 05/06/2019 56 Dean Street
110* 11/06/2019 EQA Sample
111 Rectal Swab 20/10/2018 56 Dean Street
112 Rectal Swab 20/10/2018 56 Dean Street
113 Rectal Swab 12/10/2018 10 Hammersmith Broadway
114 Rectal Swab 24/09/2018 56 Dean Street
115 Rectal Swab 18/10/2018 56 Dean Street
116 Rectal Swab 18/10/2018 56 Dean Street
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117 Rectal Swab 18/10/2018 56 Dean Street
118 Rectal Swab 18/10/2018 56 Dean Street
119 Rectal Swab 24/11/2018 56 Dean Street
120 Rectal Swab 23/11/2018 56 Dean Street
121 Rectal Swab 21/11/2018 John Hunter Clinic
122 Rectal Swab 26/11/2018 56 Dean Street
123 Rectal Swab 11/08/2018 56 Dean Street
124 Rectal Swab 13/08/2018 56 Dean Street
125 Rectal Swab 11/08/2018 56 Dean Street
126 Rectal Swab 13/08/2018 56 Dean Street
127 Rectal Swab 10/08/2018 56 Dean Street
128 Rectal Swab 09/08/2018 56 Dean Street
129 Rectal Swab 10/08/2018 56 Dean Street
130 Rectal Swab 09/08/2018 56 Dean Street
131 Rectal Swab 06/08/2018 John Hunter Clinic
132 Rectal Swab 07/08/2018 56 Dean Street
133 Rectal Swab 14/03/2019 10 Hammersmith Broadway
134* 03/08/2018 EQA Sample

135 Rectal Swab 03/08/2018 56 Dean Street
136 Rectal Swab 20/03/2019 56 Dean Street
137 Rectal Swab 21/03/2019 56 Dean Street
138 Rectal Swab 31/01/2019 56 Dean Street
139 Rectal Swab 31/01/2019 56 Dean Street
140 Rectal Swab 31/01/2019 56 Dean Street
141 Rectal Swab 31/01/2019 56 Dean Street
142 Rectal Swab 16/05/2019 56 Dean Street
143 Rectal Swab 16/05/2019 56 Dean Street
144 Rectal Swab 15/05/2019 10 Hammersmith Broadway
145 Rectal Swab 13/05/2019 56 Dean Street
146 Rectal Swab 23/05/2019 56 Dean Street
147 Rectal Swab 23/05/2019 56 Dean Street
148 Rectal Swab 23/05/2019 56 Dean Street
149 Rectal Swab 12/04/2019 56 Dean Street
150 Rectal Swab 16/04/2019 10 Hammersmith Broadway
151 Rectal Swab 12/04/2019 56 Dean Street
152 Rectal Swab 15/04/2019 56 Dean Street
153 Rectal Swab 12/04/2019 56 Dean Street
154 Rectal Swab 03/01/2019 56 Dean Street
155 Rectal Swab 03/01/2019 56 Dean Street
156 Rectal Swab 03/01/2019 56 Dean Street
157 Rectal Swab 03/01/2019 56 Dean Street
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158 Rectal Swab 12/07/2018 56 Dean Street
159 Rectal Swab 13/07/2018 56 Dean Street
160 Rectal Swab 10/07/2018 10 Hammersmith Broadway
161 Rectal Swab 28/12/2018 56 Dean Street
162 Rectal Swab 28/12/2018 56 Dean Street
163 Rectal Swab 28/12/2018 56 Dean Street
164 Rectal Swab 28/12/2018 56 Dean Street
165 Rectal Swab 28/12/2018 56 Dean Street
166 Rectal Swab 28/12/2018 56 Dean Street
167 Rectal Swab 31/12/2018 56 Dean Street
168 Rectal Swab 31/12/2018 56 Dean Street
169 Rectal Swab 28/12/2018 56 Dean Street
170 Rectal Swab 24/08/2018 56 Dean Street
171 Rectal Swab 24/08/2018 56 Dean Street
172 Rectal Swab 22/08/2018 56 Dean Street
173 Rectal Swab 22/08/2018 56 Dean Street
174 Rectal Swab 21/08/2018 10 Hammersmith Broadway
175 Rectal Swab 21/08/2018 56 Dean Street
176 Rectal Swab 06/06/2019 56 Dean Street
177 Rectal Swab 06/06/2019 56 Dean Street
178 Rectal Swab 07/06/2019 56 Dean Street
179 Rectal Swab 05/06/2019 56 Dean Street
180* 11/06/2019 EQA Sample

DNA Extracts from Viapath

*GUM clinic information not obtained.

Sample |Specimen Type Date Collected from patient
Number

001 3inl 28/08/2018
002 Rectal Swab 26/08/2018
003 3inl 16/08/2018
004 Urine 09/08/2018
005 3inl 14/08/2018
006 Rectal Swab 25/07/2018
007 Rectal Swab 30/07/2018
008 3inl 23/07/2018
009 3inl 19/07/2018
010 Rectal Swab 19/07/2018
011 Rectal Swab 23/07/2018
012 Throat Swab 23/07/2018
013 Rectal Swab 17/07/2018
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014 3inl 12/07/2018
015 Rectal Swab 13/07/2018
016 3inl 11/07/2018
017 Rectal Swab 07/07/2018
018 Rectal Swab 02/07/2018
019 Rectal Swab 21/06/2018
020 Rectal Swab 22/06/2018
021 Urine 22/06/2018
022 3inl 14/06/2018
023 Rectal Swab 15/06/2018
024 Rectal Swab 07/06/2018
025 3inl 07/06/2018
026 Rectal Swab 08/06/2018
027 3inl 31/05/2018
028 3inl 24/05/2018
029 3inl 25/05/2018
030 Rectal Swab 26/05/2018
031 Rectal Swab 17/05/2018
032 Rectal Swab 16/05/2018
033 Rectal Swab 18/05/2018
034 3inl 08/05/2018
035 Rectal Swab 25/04/2018
036 3inl 29/04/2018
037 3inl 19/04/2018
038 3inl 21/04/2018
039 Rectal Swab 15/06/2018
040 Rectal Swab 15/03/2018
041 3inl 19/03/2018
042 3inl 02/03/2018
043 3inl 28/03/2018
044 3inl 23/02/2018
045 3inl 23/02/2018
046 Rectal Swab 24/02/2018
047 3inl 27/02/2018
048 Rectal Swab 15/05/2018
049 Rectal Swab 16/02/2018
050 3inl 17/02/2018
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APPENDIX7 MLVA-ompA Genotypes Detected in London

Clinical specimens were collected from patients by clinicians or nurses at each GUM clinic and sent
to Viapath or North West London Pathology (NWLP) for C. trachomatis testing. Specimens collected
from Burrell Street Sexual Health Centre, Streatham Hill Clinic, Walworth Road Clinic, and Harrison
Wing were tested for C. trachomatis at Viapath. Specimens collected from 56 Dean Street, John
Hunter Clinic, 10 Hammersmith Broadway, and Jefferiss Wing were tested for C. trachomatis at
NWLP. DNA extracts were numbered from 001 onwards and anonymised by laboratory personnel
at NWLP and Viapath. VNTR type codes for each of the three VNTR loci (CT1335, CT1299, and
CT1291) and the ompA genotype were determined for each DNA extract. Black boxes indicate that
a genotype could not be assigned at the given locus. Asterisks (*) indicate NWLP extracts that were

EQA samples (i.e. external quality assurance samples; not patient samples).

NWLP VIAPATH
Extract |CT1335 |CT1299 |CT1291 |ompA Extract |CT1335 |CT1299
001 1 9 2b L2 001 1
002 1 9 2b L2b 002 1
003 1 -2b L2b 003
004 1 9 2b L2 004
005* |1 9 2b L2 005
006 1 L2bve | 006
9 007

008 1 9 2b L2b 008
009 1 9 2b L2 009
010 1 9 2b L2b 010 1 9 2b L2
011 1 9 2b L2b 011 1 9 2b L2
012 1 9 2b Lbvs  |012 1 9 2b L2
013 013 1 9 2b L2
014 1 9 2b L2bvs  |014 1 9 2b L2
015 1 9 2b L2 015
016 1 9 3b L2b 016
017 8 5 -E 017
018 1 9 2b L2b/D  |018
019 1 9 2b L2 019

3 3 G 020

1 9 2b L2b 021

9 2b 12 022

023 1 9 3b L2b 023
024 1 9 2b L2 024 1 9 2b L2b
025 1 9 2b L2b 025 1 9 3b | L2bVs
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APPENDIX8 Alignment of the ompA gene from DNA
Extracts with a Hybrid L2b/D Profile

The ompA sequence of L2b/UCH-1/proctitis (Genbank accession no. AM884177.1) was used as a reference.
Nucleotide numbers are given according to L2b/UCH-1/proctitis. L2b/D refers to the ompA sequence of the
Portuguese L2b/D strain (Genbank Accession No. MN094864.1). The ompA sequences of L2/434/Bu (Genbank
Accession No. AM884176.1) and D/UW-3 (Genbank Accession No. NC_000117.1) were included in the
alignment. The ompA sequences of the 8 extracts assigned ompA genotype L2b/D in the genotyping study

are included. Coloured dots indicate bases that matched L2b/UCH-1/proctitis.

10 20 30 40 50 [31] T0
L e e ) [ [ e
LZ2b/UCH-1/proctitis ATGARRAARCTCTTGARATCGGTATTAGTGTTTGCCGCTTTGAGTTCTGCTTCCTCCTTGCARGCTCTGE
HO18
HO42
Hi1z2&
H1l6l
H167
H16E
N175
VD31
P =
. -
DSTUW-3 ol A e
20 80 100 110 120 130 140
[ i — [P — [P [ | I

L2b/UCH-1/proctitis CTGTGEGGGAATCCTGCTGAACCARGCCTTATGATCGACGGAATTCTATGEGAAGGTTTCGGCGGAGATCE
HOLE e e e e e e aae e
HOMZ e e e e e e aae e
H12E e e e e
HLB1 e e e e e e eae e
HL1GT e e e
R
HITE e e e
1 T e
5 L
P
DATW=3 e e e e e e G e

[ S [ [ [ ) [ [ I
L2b/UCH-1/proctitia TTGCGATCCTTCGCACCACTTGGTCTGACGCTATCAGCATGCGTATCGGTTACTATGETGACTTTETTTTC
HOLE e e e e e e e
R e e e e e e e e e e e e
P
LB e e e e e e e e e e e e e e eaaeae e
L BT e e e e e e e e e e e e e e e eaamaa e
R
R
WL e e e e e e e e e e e e ae e
1 Y
P
o/mwW-3 L. G e G.T........ C..A .. ..........

L L e e e e [ [ [ e
L2b/UCH-1/proctitia GACCGTGTTTTGCAAACAGATGTGAATARAGRATTCCARATGEETGCCARGCCTACARCTGCTACAGGCR
s
HOZ e e e e e e e e e e e e e e e e e eaaea e
R
HLBL e e e i
L BT e e e e e e e e e e e e e m e eaea e
5
R
WL e e e e e e e e e e e e e e e e e e aaaeaaea e
=
I -
o/mwW-3 .. AT B AL,
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250 300 310 320 330 340 350
B e I R T [Ty (e [y e [ |
L2b/UCH-1/proctitis A'I'MWTMTMWGTWTITETTMMTAMNCTGA
1
HOAZ e e e
5
e
5
5
5
L
P
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0/TW-3 B 1 T . e e et e i aeaaae e
3el 370 380 350 200 4140 420
L L e e [ ) e |
L2b/UCH-1/proctitis GA']‘G’['I'Tm‘lﬂc’['GC"l"['P;EA’[EGCATTGEATAT'I‘TDGGA'I‘EGT'I'PTGP;TGTATT‘ETGTAEA’[‘TMGA
wO1i® L. e
HO42 e o
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e L I I |
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570 580 550 00 810 e20
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61¢

CHROM POS TYPE | REF | ALT |EVIDENCE | FTYPE | STRAND |NT_POS |AA_POS |LOCUS_TAG |Gene |PRODUCT

Bri038

AM884177 |59310 snp |G |T T:40G:0 |[CDS |- 517/1185|173/394 |CTLon_0050 | ompA | Major outer membrane protein
(MOMP)

AM884177 (495530 (snp |G |A |A:34G:0

AM884177 630873 |snp |G |A |A:33G:0|CDS |+ 221/735 |74/244 |CTLon_0529 |ngrE |Na (+)-translocating NADH-quinone
reductase subunit E

Bri088

AM884177 [59310 snp |G |T |T:27G:0 |CDS |- 517/1185|173/394 | CTLon_0050 | ompA | Major outer membrane protein
(MOMP)

AM884177 |59342 snp |C |T T:27C:0 [CDS |- 485/1185|162/394 | CTLon_0050 | ompA | Major outer membrane protein
(MOMP)

AMS884177 (481202 |ins |T |TG |TG:16T:

0

AM884177 (495530 (snp |G |A |A:15G:0

AM884177 1615012 |snp |T G |[G:23T:0 |CDS |- 851/975 |284/324|CTLon_0513 |accA |Acetyl-coenzyme A carboxylase
carboxyl transferase subunit alpha

AMS884177 (919607 |[ins |C |CT |CT:17C:

(££T¥88INY) 2wouasd s1u1004d/T-HIN/9Z1 @Y1 01 86014g pue ‘ggolig ‘8colig Suliedwo)

6 XIAN3ddV

ejeq indinp Addiug



0cc

CHROM POS TYPE |REF |ALT |EVIDENCE [FTYPE |STRAND |NT_POS AA_POS |LOCUS_TAG | Gene PRODUCT
Bri098
AM884177 |59342 |snp |C T T:53C:0 |CDS - 485/1185 [162/394 |CTLon_0050 |ompA Major outer membrane protein
(MOMP)
AM884177 |72990 |snp |C A A:71C:0 [CDS + 370/675 |124/224 [CTLon_0060 Conserved hypothetical protein
AM884177 |480488|snp |A G G:56 A: 0
AMS884177 |760790|snp |G |A |A:47G:0|CDS |+ 1639/2076|547/691 | CTLon_0640 Conserved hypothetical protein
AM884177 | 798316 |del AT (A A: 60 AT:
0
AM884177 |919607 |ins C CT |[CT:49C:2

(£LT¥88NY) dwouas siy3004d/T-HIN/GZT 243 03 86014g pue ‘880ldg ‘@€0lug Suliedwo)



APPENDIX 10 Bri098 VNTR Sequence Chromatograms
Obtained by Labiran (2014)

Sequence chromatograms for Bri098 obtained by Labiran (2014). Chromatograms show the three
VNTR regions (CT1335, CT1299, and CT1291) comprising the MLVA-ompA genotyping system, in
Bri098. The sequence chromatograms of (A) CT1335, (B) CT1299, and (C) CT1291, are shown. The
VNTR regions are indicated in bold above each chromatogram. Chromatograms were viewed using

SnapGene (version 5.3).

(A) B 409754001_Bri_098_35_CT1335inR_E06.ab1* (5 bases)

File Edit View Enzymes Features Primers Actions Tools Window Help

CT1335 VNTR region

J'.'"'|' :I .I h 2 I"I ".I.'u\ |U
||||-|

NIl il ) " I | y
|_rll‘| |.| | |' | | | || Al | | II' II | |
l,‘L WA ‘f” "1.” A LL W } v ..-‘1 AL

8 409754001 _Bri_098_99_CT1299inR_F06.ab1* (142 bases)
(B) File Edit View Enzymes Features Primers Actions Tools Window CT1299 VNTR region
1 1

TAAAGAGGGTCTATCTCCAAAAGATGGGAAGAAGAAANITTTTATTCTCCCTNICCCCCCATCAAACA

L 409754001_Bri_098_91_CT1291inF_G06.ab1 (173 bases)

(€)

File Edit View Enzymes CT1291 VNTR regionis Toals Window Help

|
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|||||||| ||||“|'|||||".5 l
|

|
|| I || I I
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APPENDIX 11 Alignment of Bri098 ompA Sequences

Sequence alignment of ompA from Bri098. Included in the alignment is the 923 bp ompA sequence

obtained for Bri098 by Labiran (2014), and the 1185 bp ompA sequence obtained for Bri098 in

Chapter 6 by whole genome sequencing (WGS). Coloured dots indicate bases that were identical to

ompA obtained by WGS. Sequences were aligned using ClustalW in BioEdit (version 7.0.5.3). The

G485A SNP that reverts the Bri098 ompA sequence from L2b to L2 is present in both ompA

sequences and is indicated by an arrow at nucleotide position 485.
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