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Abstract

The phylum Chlamydiae comprises a diverse group of obligate intracellular bacteria that share
a unique biphasic developmental cycle. While many of these bacteria are considered pathogens of
humans and animals, particularly in the well-described Chlamydiaceae family, other more distantly
related members can be detected in the environment. The limiting factor to studying these diverse
Chlamydia-related bacteria is their requirement to be cultured in a host cell, which for many novel

and/or Candidatus species, is lacking.

To gain insight into the biology and epidemiology of novel bacteria in the phylum Chlamydiae,
my project aimed to develop a culture-independent genome sequencing (CIGS) work-flow to
characterise the genomes of novel uncultivated chlamydiae in clinical samples. I addressed these
aims by applying our CIGS method to two examples encompassing the taxonomic and biological
diversity within the phylum, including (a) novel species in the genus Chlamydia from reptiles; and

(b) deeply rooted chlamydiae that had previously been identified infecting fish.

CIGS analysis of Chlamydia-positive samples from captive snakes revealed an unexpected
level of diversity present including novel Chlamydia pnenmoniae strains and two proposed novel
Chlamydia species, Candidatus (Ca.) Chlamydia sanzinia and Ca Chlamydia corallus. Plasmid
sequences from metagenomes also suggest additional diversity in snake hosts, which could reflect

host species diversity.

The discovery of another gill-associated chlamydiae from a novel fish host, Ca.
Similichlamydia epinephilii in Orange-spotted grouper, further highlighted the fact that chlamydial
diversity extends through the far-reaches of the phylum and that species in this deep-branching
clade appear to be largely host specific. These Ca. Parilichlamydiaceae genomes are remarkably
smaller than other Chlamydia-related bacterial genomes, and are functionally more similar to their
Chlamydiaceae counterparts despite their earlier divergence. Together, this data suggests that

convergent evolution has shaped the biology and pathogenesis of this clade.



This work has revealed that CIGS is an effective method to further characterise chlamydial
diversity whilst providing a unique opportunity to understand the biology of novel uncultivated

chlamydial species without the need for cultivation.

10
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CHAPTER 1: Literature review and introduction
1. Chlamydia and Chlamydia-related bacteria

The Chlamydiae are an assemblage of bacteria that are united by their obligate intracellular
lifestyle and unique developmental cycle (Figure 1; described in more detail in section 1.1.1). The
Phylum Chlamydiae is composed of a single order, Chlamydiales which comprises several diverse
families described in sections 1.1.2 and 1.1.3. While updating chlamydial taxonomy has not been
without its challenges (1, 2), the recently accepted (i) taxonomic system for Chlamydiaceae (3) and,;
(i) the availability of expanded gene sets encompassing phylogenetic markers capable of
differentiating taxa at the species, genus and family level (4), provides the basis for classification

and terminology used throughout this chapter.

Piscichlamydiaceae
g Chlamydiaceae O

Chlamydia trachomatis

Clavichlamydiaceae  Chlamydia pneumoniae
Clavichlamydia salmonicola Chlamydia psittaci

G Simkaniaceae Q

Simkania negevensis

Parilichlamydiaceae

Rhabdochlamydiaceae

Rhabdochlamydia porcellionis

Parachlamydiaceae
Protochlamydia amoebophila
Parachlamydia acanthamoebae

Waddliaceae O
Waddlia chondrophila

Criblamydiaceae

Figure 1: Phylogenetic tree of the Chlamydiales including abundance of each clade in public databases. Pie charts

represent genome siges relative to that of Parachlamydia acanthamoebae (5).
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Our knowledge of the diversity and significance of members of the Chlamydiaceae, comprising
many well recognised pathogens of humans and animals, has been well established thanks to more
than 50 years of intensive biomedical research. The genus Chlamydia remains the most widely
studied of the Chlamydiae, and until the 1990s, it was thought to be the only genus in the only family
of this order (1, 6-8). However, research over the last 20 years has revealed that this family only
represents the ‘tip of the iceberg’ in terms of diversity within the phylum Chlamydiae. In this, we
are referring to the recent explosion of the description of eight additional families (collectively
referred to as Chlamydia-related bacteria; CRBs) of genetically related obligate intracellular bacteria

that infect a wide range of hosts.

The strict intracellular nature is shared by all organisms in the phylum, and has prevented
culturing many of the species that infect ‘non-model’ organisms. Recent advances in culture-
independent, high throughput, genome and metagenomic sequencing have allowed researchers to
gain insight into the unique biological properties that contribute to the pathogenesis of these

bacteria in the absence of 7z vitro characterisation.

1.1. Unique biological features of chlamydiae (EBs, RBs and the inclusion)

Members of the Chlamydiae are characterised by their biphasic life cycle and possession of a
number of unique proteins that permit interactions with their host. This section discusses the
fundamentals of chlamydial biology, and other biological features such as aspects of metabolism
and virulence of the Chlamydiae are covered from a genomic standpoint in later sections of this

chapter.

Chlamydial developmental cycle

Early Transmission Electron Microscopy (TEM) studies showed that one of the defining
teatures of the Chlamydiae is its unique biphasic lifecycle. The chlamydial developmental cycle

begins with endocytosis of the infectious elementary bodies (EBs) into the host cell (Figure 2).
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2. EB is taken into the host

1. EB makes contact with host cell by endocytosis/ phagocytosis 3. EB to RB differentiation

cell plasma membrane & inclusion formation

© Elementary body (EB)

O Reticulate body (RB)

4, Inclusion migration
to perinuclear region

6. Inclusion expansion - 5. Bacterial replication &
RBs begin to transition nutrient aquisition
back into EBs

Figure 2: Chlamydial developmental cycle; infections EBs are endocytosed into the host cell where they differentiate
to RBs within an inclusion. RBs replicate, expanding the inclusion before de-differentiation back to EBs. The

EBs burst the inclusion and exit the host cell. (10)

Here, they reside within a membrane-bound cytoplasmic vacuole, termed the inclusion
(section 1.1.3), which facilitates differentiation from the EB to the reticulate body (RB). The RBs
replicate by binary fission within the inclusion until they asynchronously convert back to EBs,
before lysing the inclusion and host cell upon exit and perpetuating the infectious cycle. This
typically takes place over 48-72 hours, with conversion to RBs and back taking place between 2-
12 hours and 18-48 hours, respectively (Figure 2) (9).

This developmental cycle and cell morphologies are well-characterised in Chlamydia spp.,
but significant deviations are observed among the CRBs, perhaps as an adaptation to diverse host
cell niches. EBs are generally smaller than RBs (0.3mm and 1.0mm, respectively in C. trachomatis),
with a condensed nucleoid, mediated by a bacterial histone-like protein (11, 12). This was thought
to confer a “transcriptional shutdown”, and led to the impression that EBs are “metabolically
inert”. This was in part due to their resistance to harsh conditions, attributed to the cell wall stability
conferred by disulphide cross-linking of cysteine-rich outer membrane proteins complex, which is

relaxed (reduced) in the RB form. This paradigm has since been revised as there is a multitude of
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evidence that EBs are in fact capable of synthesising ATP and proteins, have transcriptional and
translational capabilities, and are enriched in proteins involved in central carbon and glucose
metabolism (5, 13-15), which are thought to induce a burst of metabolic activity upon host cell
entry. RBs on the other hand, highly express proteins involved in ATP generation, protein
synthesis and nutrient transport. In CRB EBs the major outer membrane is replaced by a porin
family protein (16, 17), which confers its rigid structure. CRB RBs are more variable, with
intermediate forms, elongate RBs and head-and-tail cells described for these bacteria.
Developmental cycles take up to 7 days, depending on the chlamydial species and host cell line in

which the chlamydiae were cultivated in (8, 18, 19).

Type three secretion system

Whilst not unique to chlamydiae, the type three secretion system (T3SS) is fundamental in
establishing chlamydial infection. The chlamydial T3SS is a needle-like injector embedded into the
chlamydial membrane that functions as a channel to facilitate transport of molecules into the host
cell cytosol (20). Throughout the developmental cycle, different aspects of the T3SS are expressed
and various molecules (effectors) are secreted carry out processes that modulate and exploit the
host cell such as cytoskeleton remodelling, centrosome tethering and disruption of normal
pathways (21, 22). The T3SS is highly conserved throughout the phylum confirming its essential

role in chlamydial pathogenesis.
The chlamydial inclusion

The chlamydial inclusion is initially derived from host cell plasma membrane proteins.
Once inside the vacuole, chamydiae recruit lipids, sphingomyelin and cholesterol, in part by
intercepting Golgi-derived vesicles (23, 24). Acquisition of nutrients by chlamydiae is also largely
mediated by inclusion membrane proteins (Incs) which are inserted into the inclusion membrane

upon invasion. Incs are considered chlamydial effectors as they are targeted to the inclusion
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membrane or host cell cytoplasm by the T3SS (22). These proteins most likely also play roles in

maintaining the structure of the inclusion (24).
1.2. Host diversity and disease spectrum of the Chlamydiaceae: a broad overview

Bacteria in the family Chlamydiaceae are globally significant, widely distributed human and
animal pathogens. Until recently, the Chlamydiaceae was comprised of nine taxonomically
recognised, well-defined species belonging to the genus Chlamydia: C. trachomatis, C. muridarum, C.
suis, C. psittaci, C. abortus, C. caviae, C. felis, C. pneumoniae and C. pecorumz (1). This view has begun to
rapidly change with the discovery and description of two novel chlamydial species and a
Candidatus species in avian hosts: C. avium, C. gallinacea (3) and Candidatus C. ibidis (25) from

domestic and wild birds.

Chlamydial pathogens of humans and goonotic pathogens

Few species in the genus are commonly reported in humans, with C. #rachomatis considered
the main human pathogen. Other species such as C. psittaci are considered zoonotic pathogens,
where inoculation risk is limited to direct contact with infectious material, and disease is often only

established in favourable conditions such as immune compromise.

It is thought that C. #rachomatis pre-dates civilisation, then co-evolved with humans over at
least 700 million years (20), adapting primarily to the conjunctival tissue in the eye where it causes
trachoma. From here, it disseminated to the urogenital tract where it infects the mucosal lining
and can be spread through secretions. Trachoma is the leading infectious cause of preventable
blindness worldwide (27), and reproductive disease caused by the same bacteria is the leading
bacterial cause of sexually transmitted infections worldwide (28). Despite being easily managed by
antibiotic therapy, the damage caused by scarring at both the ocular and reproductive sites of
infection are irreversible. Repeated infection with C. #rachomatis leads to inversion of the eyelids,

causing the eyelashes to scratch and scar the cornea. Additionally, the genital infection is often
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asymptomatic, and 10% of cases of C. frachomatis urogenital infections progress to pelvic
inflammatory disease (29), which ultimately can result in infertility. C. #rachomatis can be classified
into one of several serovars, which can be grouped into two distinct biovars. Serovars A-C are
ocular-only strains and serovars D-K are urogenital strains: these two groups comprise the
trachoma biovar. The second biovar, lymphogranuloma venerum (LGV), encompasses serovars
LL1-1.3, which are associated with reproductive disease. Initially, strains of C. frachomatis were
classified on the basis of antibody reactivity to the major outer membrane protein (MOMP).
Interestingly, the phylogenetic relationships between the serovars have only been resolved with
the aid of comparative genomics (30). The main biological difference between the ocular and
urogenital serovars lies in the tryptophan synthase operon, which is incomplete in the urogenital
strains (31-33). This biological difference is hypothesised to be attributed to the presence of indole-
producing bacteria present in the vaginal microbiome, hence compensating for the genetic inability

to synthesise tryptophan (31).

C. pneumoniae is one of the oldest chlamydial species and has one of the broadest host ranges
in the genus. In humans, it is most commonly associated with community-acquired pneumonia,
with an incidence rate around 10% (34). C. pnenmoniae may also have roles in other non-infectious
cardiovascular and neurological diseases such as bronchitis and chronic obstructive pulmonary
disease, atherosclerosis, Alzheimer’s disease, stroke and migraine (35). The genomes of the human
strains are highly conserved compared to animal strains, suggesting that C. preamoniae originated

in animals and crossed the host barrier at least once over the course of its evolution (36-38).

From a public health perspective, one of the most important human chlamydial pathogens
is C. psittaci; traditionally recognised as an avian pathogen, potential cause of zoonotic disease and
notifiable in most countries. Most human psittacosis cases, which manifest as atypical pneumonia,
are confined to isolated outbreaks in groups closely associated with birds for work or recreation

such as bird keepers and poultry workers (39-45). So far, evidence for human to human
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transmission is limited to three European cases, suggesting it is extremely rare (44, 45). However,
recent comparative genomic analysis of human-isolated C. psitaci strains suggest that only indirect
contact/environmental exposure is necessaty to opportunistically infect and cause symptoms in

humans (43, 46).

While it is primarily a pathogen causing abortion in small ruminants, C. abortus poses a
zoonotic risk to pregnant women in contact with infected animals during the birthing process (47),
as well as laboratory workers exposed to the bacteria (48). As yet, no human-isolated genomes of

C. abortus have been characterised.

There is also growing molecular evidence that C. suis, a chlamydial species endemic to pigs,
can infect humans (49). Recently, C. s#is was detected in the air, on surfaces and from the
conjunctivae of two people at a slaughterhouse in Belgium (50). At the same time, a broad study
of chlamydial agents in Nepal detected C. suzs DNA in the eyes of patients with trachoma (51). C.
suis is the only known chlamydial species to naturally harbour a tetracycline resistance gene cassette

(52, 53), potentially intensifying the zoonotic threat already posed by this species.
Chlamydial pathogens of birds

The description of avian chlamydiosis dates back to the 1890’s, when an outbreak of flu-like
symptoms transmitted from birds to humans was thought to be caused by a Salwonella bacterium
(54). Over the next few decades, following similar pandemics, and the development of cell culture
methods, the aetiological agent of psittacosis (so named due to its apparent origin in Psittacine
birds; ornithosis in non-Psittacines), was classified as a virus due to the intracytoplasmic vacuoles
containing microbial cells (54), and finally as a bacteria closely related to the aetiological agents of
the lymphogranuloma venereum and trachoma inclusion conjunctivitis (ie, C. #rachomatis).
Nowadays, C. psittaci is widely recognised as pathogen endemic to parrots but is also common in
poultry species such as chickens, turkeys and ducks. Other agents of avian chlamydiosis are now

being described, which have similar presentations but potentially stricter host ranges.
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The aetiological agent of psittacosis, C. psittaci, is hypothesised to have emerged from South
American (55) or Australian parrots (43). Bird to bird transmission was shown to be rapid in
experimentally infected ducklings and their mock-infected counterparts (56), and it is likely that C.
psittaci can be transmitted between avian and mammalian hosts, evidenced by the fact that C. psittaci

has been sporadically described in several livestock species (49, 57-59), as well as humans.

As mentioned earlier, the discovery and description of three new taxa in avian hosts has
challenged our understanding of the diversity of relationships between chlamydiae and their hosts.
C. avium comprises strains from pigeons and psittacine birds, C. ga/linacea comprises strains from
poultry (60) and Ca. C. ibidis was isolated from the digestive tracts of feral Ibises in France (25).
Although these novel species were only initially described in Europe, C. avium and C. gallinacea are

now considered to be widespread in both European and Asian countries (61, 62).

Chlamydial pathogens of reptiles and amphibians

Chlamydiosis has been described in both free-ranging and captive reptilian and amphibian
hosts including puff adders, boas, chameleons, crocodiles, frogs and tortoises (63-68). The
infection typically manifests as inflammatory lesions (granulomatous inflammation) in spleen,
heart, lung and liver (65, 69). Cases of proliferative pneumonia, (67, 70), lesions in the
gastrointestinal tract, wasting disease, necrotising mycocarditis, necrotising enteritis and splenitis

(67, 71-73) have also been reported.

Although some studies identified C. psittaci as the actiological agent (68, 74), C. pneunoniae is
the most widespread chlamydiosis agent in reptiles. Other studies identified Chlamydia-related

bacteria (63), or novel lineages within the Chlamydiaceae.
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Chlamydial pathogens of other mammals

Most veterinary chlamydia research efforts centre on agriculturally and/or economically
important, domesticated animals. Other mammalian infections that are given particular research

attention are those that pose zoonotic threats, whilst others are important infection models.

C. pecornm is a major threat to the long-term survival of the koala, in which it has two
manifestations reminiscent of C. #rachomatis infections in humans. C. pecorum infection can lead to
infertility as a result of prolonged reproductive disease, and blindness as a sequellae from untreated
conjunctivitis (75). Epidemiological studies have revealed a complex relationship between
chlamydial infection and disease, with analysis of the relationship between C. pecorum infectious
load and disease showing that a number of asymptomatically infected animals shed more Chlamydia
than those with inactive but chronic chlamydial disease (76).

There is also a role for C. pecorum in a plethora of diseases including encephalomyelitis (from
which it was first described (77)), polyarthritis, and conjunctivitis in ruminants such as cattle, pigs,
sheep and goats (78-81). The endemic nature of C. pecorum infections in livestock in many
populations suggests it resides within a local reservoir, such as the gastrointestinal tract, from
which it can opportunistically infect other anatomical sites. This is presumed to occur via the

bloodstream, but evidence for this is lacking.

Recent molecular and serological studies have shown that the host range of C. pecorum does
not remain limited to domesticated/farmed animals: other wildlife including mammals and birds
have also been reported to hatbour C. pecorum (82-86), which could trepresent natural/wild

reservoirs of C. pecorum.

Along with humans, reptiles and amphibians as mentioned above, C. pneumoniae readily
infects marsupials such as the koalas and brushtail possum (67), where it is mostly asymptomatic

but can cause respiratory disorders. Interestingly, comparative genomics studies place the animal
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strains of C. pneumoniae (horse and koala isolates) as “evolutionarily basal” to the human strains,
while only the animal strains harbour a chlamydial plasmid (36, 37). Major genetic differences are
also seen in the plasticity zone, a region surrounding the replication terminus that is subject to high
levels of variation between species and strains, with humans C. pneumoniae strains harbouring a
purine ribonucleotide synthesis operon, which is absent from the animal strains (discussed in more
detail in section 2.1). Horses are also hosts for C. pneumoniae, which is again associated with
respiratory disease that mirrors that seen in humans (87, 88). Additionally, there is rare but
convincing evidence that C. psittaci can cause reproductive failure in horses (89, 90), where it is

presumed to disseminate from the respiratory tract.

Ovine sporadic enzootic abortion attributed to C. abortus is widespread throughout Europe,
North Africa and the U.S.A, but interestingly, it is absent from Australia and New Zealand.
Although a live attenuated vaccine against C. abortus is available, it can be expensive to vaccinate

whole flocks.

C. suis is endemic in pigs, where it is associated with a range of pathologies such as
conjunctivitis, enteritis, pneumonia and reproductive disorders (49). Tetracycline resistant strains
emerged in the late 1990’s, posing a threat not only to the farming industry but to public health in

general.

C. muridarum, C. caviae and C. felis are pathogens of mice, guinea pigs and cats, respectively.
C. muridarnm infects the genital tract, upper respiratory tract and ocular membranes of mice and as
such is extensively used as a model to study chlamydial reproductive and ocular disease as a
counterpart to its close relative, C. #rachomatis. Such studies have been fundamental to our
understanding of chlamydial pathogenesis by providing insight into host cell manipulation
strategies employed by Chlamydia to establish infection, as well as the immunological factors
associated with response to infection and subsequent contribution to disease sequellae. C. caviae

and C. felis were initially thought to be C. psittaci isolates, prior to the advent of 16S rRNA
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sequencing, and manifest as conjunctivitis or keratitis in guinea pigs and cats, respectively. Due to
C. felis vaccine availability, prevalence of feline conjunctivitis is low, also reducing the zoonotic risk

to humans. Like C. muridarum, C. caviae is widely used as a chlamydial infection model (91).

Emerging chlamydial pathogens and their hosts

The intensification of farming and widespread popularity of companion animals have
presented ongoing opportunities for infectious diseases to emerge (92). Wider sampling,
improvements in surveillance and diagnostics and advances in molecular methods have
contributed to a wider recognition of the emergence of these pathogens (92, 93), and revealed a
breadth of novel families and chlamydial hosts within the phylum/family. It is clear that much of
the diversity, as well as opportunities to answer evolutionary questions, lies in chlamydial infections
of wildlife, namely wild animals closely related to their domesticated counterparts, and/or those
residing in sympatric areas. For instance, native animals are often overlooked as hosts for
chlamydial disease, but in fact these ecologically interesting animals could hold keys to
understanding disease pathogenesis and bacterial evolution. Unfortunately, a caveat for these
studies lies in the trade-off between invasive sampling techniques and wealth of information they
can provide. Researchers are thus largely confined to opportunistic sampling upon presentation of

individual animals to wildlife hospitals.

As expected, birds, mammals and reptiles harbour much of the untapped diversity within
Chlamydia. Several novel unclassified chlamydial species were recently reported in faecal specimens
in wild sea birds such as penguins and gulls (94-97). These taxa are closely related despite their
geographically distinct locations. Likewise, phylogenetic analysis of 16S rRNA and ozp.A sequences
from lung, liver, spleen and brain from crocodiles showed three genotypes within a novel clade
related to C. caviae and C. felis (98). A separate study identified a 55% prevalence of Chlamydiaceae
in Australian crocodiles with conjunctivitis and/or pharyngitis syndrome, but no sequencing was

conducted to further identify the agent/s (99).

27



A novel chlamydial lineage has been described in female roe deer from France, that
comprises both vaginal and faecal samples and is most closely related to C. #rachomatis and C. suis
(100). The pathogenic potential is unknown but these novel taxa highlights how little we know

about emerging chlamydial infections in wild animals.

Most recently, following a metagenomic study that identified Chlamydiae in bat faeces (101)
a screening study reported novel Chlamydia lineages in bat droppings in Finland (102). Interestingly,
insects collected at feeding sites did not harbour species in the Chlamydiaceae, suggesting that the
chlamydial insect endosymbiont lineages may have a stricter host preference, and that the

Chlamydiaceae lineages are not diet-borne.

1.3. Phylogenetic and ecological diversity of Chlamydia-related bacteria
As one can see from the overview detailed in section 1.2, the host range within the
Chlamydiaceae family alone is very broad, covering mammals, birds, reptiles and amphibians, with
wider sampling and advances in diagnostic and molecular techniques leading to discoveries of
novel lineages in recent years (Figure 3). Further, our understanding of the true taxonomic and

host diversity within the extended phylum is seemingly still incomplete.

It has been estimated that the members of the genus Chlamydia (Chlamydiaceae family) and the
CRBs (Parachlamydiaceae family) diverged more than 700 million years ago, from a last common
ancestor that also resided within a host cell (103, 104). This realisation has meant that molecular
and cell biology studies of CRBs should be viewed as an opportunity to ‘look into the window of

the past’ for members of the Chlamydiaceae.
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The isolation of an obligate intracellular bacterium from an aborted bovine foetus (Waddlia
chondrophila WSU-86-1044) and subsequently a cell culture contaminant (Szzkania negevensis Z.) with
morphological features characteristic of Chlamydiae changed the landscape of chlamydial research,
as the realisation hit that the phylum was in fact more diverse than previously thought. Given the
isolation of a vast number of CRBs from environmental sources (water, soil) and traditional
vectors (protozoa, insects, bats), there is no doubt that these sources have the capacity to act as

reservoirs and/or vectors of potentially ‘environmental pathogenic’ chlamydiae.

Chlamydial endosymbionts of amoebae (and their pathogenic potential)

Free living amoebae are ubiquitous in the environment, inhabiting many environmental
niches such as soil, water, dust, air and guano. Their ability to survive in such harsh conditions is
due to their life cycle, which involves a replicative form (trophozoite) and dormant form (cyst);
this biology means that they are resistant to many biocides (105). This inherent resistance thus
further protects the bacteria. Amoebal species and their endosymbionts are thus important in
public health due to the proclivity of several species to cause, or carry microbes that cause, disease
in humans (106, 107). The chlamydial species described below are amoeba-resisting bacteria,
meaning that not only to they resist digestion by the amoeba (as a food source), they utilise their
amoebal host cytoplasm as the environment in which they replicate. True endosymbionts do this
without lysing the cell and hence maintain a stable host-parasite ratio, although this is often
dependent on environmental conditions. The role of these amoeba-resisting bacteria in human

and animal disease is controversial (106, 107).

Using the approach taken by Kahane e a/ (1993, 1999) for S. negevensis, Everett et al. (1999)
demonstrated 86— 87% 16S rRNA nucleotide similarities with other chlamydiae, proposing
Parachlamydia - acanthamoebae as the type species of the genus Parachlamydia in the family
Parachlamydiaceae. The discovery of this bacterium suggested for the first time that amoebae could

potentially act as environmental reservoirs for pathogens belonging to the Chlamydiae phylum.
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Members of the Parachlamydiaceae appear to be ubiquitous among amoebae, with amoebal
hosts initially including Acanthamoeba castellanii, A. pohyphaga (109), Naegleria spp, and Hartmanella sp.,
(110). Parachlamydiaceae-containing amoebae have been retrieved from activated sludge (111), hot
springs (112) and soil (113), while clinical specimens such as corneal and nasal samples have been

tound to harbour Parachlamydiaceae (113, 114).

Two members of the Parachlamydiaceae, Ca. Metachlamydia lacustris (115) and Ca
Mesochlamydia elodeae (116) were initially isolated from aquatic amoebae and demonstrate high
host specificity in contrast to other Parachlamydiaceae. Interestingly, these species co-inhabit the
amoebae with members of either alpha-proteobacteria or betaproteobacteria (115, 117), and such
close association could offer opportunities for genetic exchange. The genomes of this clade would

turther clarify whether this has taken place.

Water sources have otherwise proven to be a rich source of CRB diversity, with two novel
chlamydial species described in 2006, Criblamydia sequanensis and 2011, Estrella lansannensis, both part
of a novel family, the Criblamydiaceae (97, 98). E. lausannensis and C. sequanensis have been studied
using amoebal co-culture. E. lausannensis, was cultured in Dictyostelinm discoidenm, a genetically
tractable soil amoebae (118), potentially providing a novel model system for studying CRB biology,
given the huge numbers of mutants available. Neither species has been successfully cultured in a
mammalian cell line, suggesting they are indeed not capable of causing disease in humans, but E.
lausennensis is capable of replicating in fish cell lines, albeit pootly (119). VVermamoeba vermiformis
harbouring a novel Chlamydiales species, Ca. Rubidus massiliensis, was recently isolated in a hospital

water supply in Marseille, France (120).

Another marine amoeba, VVexillifera sp. was found to harbour novel lineages of chlamydiae
within and outside the Simkaniaceae, in a marine lake, Lago di Paola. A novel species Ca.
Neptunochlamydia vexilliferae, was described as an endosymbiont in this amoebal host with

abundance dependent on the picoplankton abundance (121). Similarly, drinking water supplies and
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wastewater in Israel also tested positive for 5. negevensis antigens, often in association with amoebic

antigens (122).

Chlamydial endosymbionts of insects

Arthropods such as ticks, fleas and other insects are emerging as another potential rich

reservoir of CRB diversity.

Ticks are well-known vectors for other pathogens (123) and as such their role as chlamydial
vectors has now been investigated in Switzerland, Algeria and Australia, with studies reporting
prevalence rates of 6.4-45% in pooled ticks with individual prevalence of 0.89-28.4% (124-127).
So far, the chlamydial prevalence is highest in adult ticks, perhaps corresponding to the duration
of feeding (123), or a sampling bias. The four studies report primarily Rhabdochlamydiaceae,
Parachlamydiaceae, and Simkaniaceae, with Rhabdochlamydiaceae DNA being most abundant, within
cohorts and individuals (average 2x10* copies/pul. compared to < 3x10%) (125). The ticks
themselves appear to be unaffected by their chlamydial infection, suggesting that ticks may be
“opportunistic reservoirs” for CRBs (123). No study has yet detected the same chlamydial species
in a tick and its host, however a recent study examining skin biopsies from tick bites identified
tick-related chlamydial sequences in the biopsies but not controls (126). This work also implies
that there may be other unknown intermediate hosts, amplifiers or reservoirs that facilitate animal-
animal or animal-human transmission

Chlamydial endosymbionts of arthropods were first identified by TEM in 1995 within
bacteriocytes in the gut of the whitefly, Bewisia tabaci. 1ater, genetic analysis confirmed this bacteria
and a symbiont of Eriococus spurins were indeed two novel species within the Simkaniaceae,
comprising a novel genus, Ca. Fritschea: Ca. F. eriococci and Ca. F. bemisiae (128, 129). These
data not only further expand the host diversity displayed by members of the Chlamydiales, but also

further complicate our understanding of the complex host-symbiont relationship.
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Currently, two species within the Rhabdochlamydia genus have been proposed, although
database and phylogenetic analyses show that Cz. Rhabdochlamydiaceae is putatively the largest
tamily in the Chlamydiae (5). Ca. R. porcellionis was detected in the hepatopancreas of a woodlouse,
and interestingly, display a distinctive morphology of rod shaped elementary bodies with
translucent oblong structures (130). Similarly, Ca. R. crassificans was proposed as a novel pathogen
of the cockroach, where it was identified in fat body and ovary (131). The implications of these
two species in public health remains to be explored. Of note is the fact that several human
screening studies have detected Cz. Rhabdochlamydia species distinct from the two described in
insects (114, 132-134), suggesting that either a) species in this clade are specific to their hosts, and
may not be able to cross host barriers, and b) this family may exhibit additional diversity with
respect to phylogenetic diversity and host range and/or ¢) Ca. Rhabdochlamydiaceae hosts have

been vastly under-sampled..
Chlamydial pathogens of fish

Analogous to several chlamydial species described above associated with respiratory
symptoms, the novel species belonging to diverse families described below are commonly
associated with the fish gill disease, epitheliocystis. These infections provide some of the best
evidence in favour of the CRBs as pathogens, which is controversial given the isolation of several

species solely from environmental sources.

Like other chlamydiae, lesions (cysts) are formed by aggregations of infectious EBs within
epithelial cells, which, in fish gills, lead to mechanical obstruction of the lamellae. To date,
epitheliocystis has been reported in over 90 species of fish globally (135) in both wild and cultured
fish from marine and freshwater environments (136, 137). Of biggest concern is the impact of
mortalities caused by chlamydial epitheliocystis in cultured fish (138-143), which appear to be most
affected during the larval or juvenile stages with mortalities reaching 100%, leading to economic

losses.
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Two species are currently proposed in the Ca. Piscichlamydiaceae family, which to date is
the most deeply branching lineage in the Chlamydiae: Ca. P. salmonis, affecting Salmonids (138, 144,
145) and Ca. P. cyprinus affecting Carp (1406). Both species have been found in mixed infections
either with each other (144, 147), or with other chlamydial epitheliocystis agents (148). Interestingly,
neither species has been described in fish from the Southern hemisphere, perhaps suggesting that
geographically distinct lineages exist within these clades, or, again, that under-sampling has led to

this perceived specificity.

Ca. Parilichlamydiaceae is a recently described family of chlamydial pathogens of fish and
represents the largest fish-associated chlamydial family, closely related to Ca. Piscichlamydiaceae.
It comprises three genera (Ca. Parilichlamydia, Ca. Similichlamydia and Ca. Actinochlamydia) that
encompass five Candidatus species. Members of this clade have been detected in African (149),
Australian (140, 141, 150), Scandinavian (151), Mediterranean (152) and Swiss waters (147).
Additional chlamydial epitheliocystis agents include two members of the family Szzkaniaceae (130,
153) and a single Ca Clavichlamydia species, Ca. C. salmonicola, which, interestingly, is
phylogenetically closer to the Chlamydiaceae than the other fish-associated lineages (137, 142). The
geographical and host species diversity of the Ca. Parilichlamydiaceae clade is truly impressive and

raises considerable interest on the genomic background for this feat.

An additional CRB, Ca. Renichlamydia lutjani (Cz. Rhabdochlamydiaceae), was identified in
a blue-striped snapper from Hawaii (154) and its role as a purely epitheliocystis agent is
questionable due to its detection in internal organs as opposed to the gills or skin. On the other
hand, few epitheliocystis studies have included internal organs in the analysis, an aspect needing
closer attention in future as this would have implications for disease progression and

dissemination.
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In addition to these characterised organisms, short Chlamydiales 16S tRNA sequences have
also been detected in association with cases of epitheliocystis in a diverse range of fish species,

including Leopard shark (155), Eagle ray (156), Leafy sea dragon and Silver perch (157).
CRBs as human and mammalian pathogens

A major driver of research interest in CRBs has been the repeated association between these
bacteria and a range of different diseases in humans and animals, highlighting their potential as
emerging bacterial pathogens but also illustrating that direct evidence for the majority of CRBs as

pathogens is lacking.

S. negevensis has not only been isolated from environmental niches and reservoirs, but has
also been associated with respiratory disease in humans by both serological and molecular
methods. Detection of IgG antibodies to S. negevensis indicated a previous infection in 37-62% of
pneumonia patients in two separate cohorts, with a small proportion of those indicating a current
acute infection (158-161) observed a 25% prevalence rate in bronchiolitis patients by culture
and/or PCR. Further, the drinking water was postulated to be the source of infection in a cohort
of children with pneumonia, based on immunoassay and culture, as well as S. negevensis 16S fRNA
sequence amplification from 76% of nasopharyngeal swabs and corresponding drinking water
(162). Other studies have found a range of prevalence rates in healthy populations (163, 164),
suggesting the potential opportunistic nature of this organism. Iz witro studies have also
demonstrated successful Siwkania growth in several epithelial cell types in which an inflammatory
response was also observed (165). More recently, S. negevensis antibodies were also detected in

association with gastrointestinal symptoms (160).

The pathogenicity of P. acanthamoebae was first suspected when the bacteria was isolated from
an amoeba recovered from the water of a humidifier implied in an outbreak of fever (167). Since
then, a growing body of evidence has suggested that these CRBs may be pathogenic to humans

and a variety of animal hosts. Like S. negevensis, in humans, molecular and serological studies have
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linked infections of Parachlamydia spp. to respiratory disease (168-171). The permissivity of
pneumocytes, lung fibroblasts and macrophages to P. acanthamoebae (172, 173) has also been
demonstrated, adding support for the pathogenic potential of these bacteria and also indicating a
potential route of dissemination through the body. Further strengthening the argument for
Parachlamydia as a respiratory pathogen, both a murine and bovine model of parachlamydial
respiratory disease (174, 175) have been established, fulfilling the third and fourth of Koch’s

postulates.

Parachlamydia spp. may also be linked to adverse pregnancy outcomes in ruminants (176, 177)
and, moreover, in humans (133, 178). The prevalence of Parachlamydia spp. associated with abortion
in cattle has been studied extensively in Europe, with initial Swiss studies showing a prevalence of
over 60% in placental lesions by immunohistochemistry (176), while further studies have
demonstrated slightly lower prevalence rates (179, 180). In Scotland, prevalence has been reported
at around 20%, with a higher prevalence by PCR detection (181). Blumer ez a/. (2011) also found

the presence of CRBs as mixed infections with Chlamydiaceae or other CRBs in ruminants.

Considering Parachlamydia has been isolated from both ruminant foetal tissues and human
respiratory samples, this bacterium potentially poses a zoonotic threat, particularly in individuals
who have contact with livestock. Interestingly, in a study of healthy individuals, detection of
Parachlamydia sp. was associated with interaction with farm animals (133), supporting a potential
role of this bacteria as a zoonotic agent. Further, Parachlamydia and other CRBs have been isolated
from cattle drinking water (183), suggesting a possible source of infection and mode of
transmission for this pathogen to cattle and potentially humans. Maternal-foetal transmission of
Parachlamydia has also been demonstrated in a case study and was postulated to be a result of

zoonotic transmission (178).

As previously mentioned, W. chondrophila was originally isolated from an aborted bovine

foetus (8) and has since been described as an abortigenic agent in a number of studies on adverse
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pregnancy outcomes in cattle throughout Europe, using both molecular and serological methods
(176, 184). The disparity between reports from different authors highlights the prospect of an
unknown determinant of susceptibility to infection and/or progtression to disease, a common trend
throughout the phylum. In humans, W. chondrophila has been reported in association with
miscarriage and other adverse pregnancy outcomes in up to 30% of cohorts studied (386 and 438
women in two separate studies) (185, 186). W. chondrophila was also shown to multiply inside
endometrial cells (187), further confirming its pathogenicity toward humans. At 96 h post-
infection, the bacteria transform into persistent enlarged aberrant bodies that could be linked to
recurrent episodes of miscarriage. Studies that show some evidence of acute or previous Waddlia
infection in women who have miscarried suggests a possible reactivation of a latent asymptomatic
infection, further strengthening this argument (185). While initial studies focused on cervicovaginal
swabs, a recent study detected W. chondrophila in a placenta from miscarriage by both PCR and
IHC (188), providing convincing evidence of a pathogenic role of Waddlia in abortion. What does
remain to be established is the route of entry and transmission of this pathogen, as well as the
underlying mechanism of pathogenesis. Studies of well water suggest that this could be one
potential reservoir (189), while other authors hypothesize that routes of entry could be sexual
transmission or via the bloodstream following a respiratory infection (185), or acquired following
contact with animals (178). Most recently, Waddlia EBs were isolated from bovine placenta 6
months after experimental infection of pregnant cattle. Interestingly, W. chondrophila DNA was
detected in the lung of the same animal, giving further strength to the notion that this anatomical

site could be a local reservoir for W. chondrophila within the host (190).

Additionally, two novel Waddlia species have been isolated from or detected in the urine
(191) or tissues (192) of bats in Malaysia and Mexico, respectively, expanding the diversity,

pathogenic potential and zoonotic risk of members of Waddliaceae.
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Two chlamydial species belong to a family closely related to the Chlamydiaceae were found to
be highly prevalent in several amphibian hosts. In captive salamander and newt populations,
disease manifested as anorexia, lethargy, and oedema, with high levels of leukocyte infiltration in
liver sections (193). The aetiological agent was determined to be a novel species of Chlamydiales,
Ca. Amphibiichlamydia salamandre, in the absence of any other commonly described viral, fungal
bacterial pathogens. Conversely, in a population of bullfrogs from the Netherlands, another novel
taxon, Ca. Amphibiichlamydia ranarum was identified in 71% of animals, without any associated
morbidity (194). These two studies highlight again how little is known about chlamydial diversity
throughout the animal kingdom, whilst also suggesting that certain clades may have preferences

for certain hosts, although much further study is required to confirm this hypothesis.

Uncultured and unclassified clades represent a wealth of uncovered diversity within the Chlamydiae

Beyond the use of 16S rRNA sequencing as the first tool for the characterisation,
classification and phylogenetic analysis of the recently described CRBs, researchers are beginning
to make use of the ever-expanding metagenomic and amplicon datasets that are available in diverse

databases to discover new CRBs.

Recently, Lagkouvardos et al. (2014) used advanced, high stringency bioinformatic analyses
to interrogate over 22,000 high quality, non-redundant chlamydial 16S rRNA gene sequences
found in diverse databases. Using near-full-length sequences and a conservative clustering
approach, 17 family-level lineages supported by two or more isolates were identified, and this
number increased to 28 when considering families represented by only one isolate. Similar analysis
of the V4-V6 region of the 16S rRNA gene in over 12 000 amplicons resulted in 181 putative
families each supported by at least two isolates. At the species level, a potential 1161-2276 OTUs
were represented, depending on the bioinformatic method used (195). Ecological analyses revealed
the majority of OTUs belong to marine and freshwater environments and only a small proportion

(2%) arose from terrestrial environments (195).
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2. Genomics of Chlamydiae

The application of genome sequencing revolutionised our understanding of chlamydial
biology, especially since genetic manipulation systems were lacking, and are still in their infancy
(196). Chlamydial genomics studies hence circumvent several of the issues faced in understanding

chlamydial biology.

Sequencing of C. trachomatis paved the way for chlamydial genomics (197). Shortly after its
characterisation, the genomes of C. pneumoniae, C. muridarum and C. caviae, were all characterised
allowing comparisons between the former “Chlamydia” and “Chlamydophila” genera (198-201).
These comparisons were the first to offer explanations of tissue tropism for different species,
which later expanded into strain-level tissue or organo-tropisms, with C. preumoniae genomes being
sequenced from human artherosclerotic lesions, respiratory samples and koala conjunctival tissue,
(35, 306, 202-204) and C. trachomatis strains sequenced from both the ocular and genital sites (205-
207). Interestingly, the chlamydiae are unique in that the addition of more strains for comparative
genomics does not seem to add much to the pan-genome. Rather, sequencing of large numbers of
isolates, such as for the human pathogens C. psittaci and C. trachomatis, and agriculturally important
C. pecorum and C. abortus offers opportunities to investigate the widespread global diversity and
intraspecies evolution of these human and veterinary pathogens, as well as comparisons of

endemic and epidemic strains.

Sequencing of CRB genomes followed, about 14 years after their discovery, enabling
phylum-wide comparisons to accelerate our understanding of chlamydial biology. Interestingly, all
CRB genomes characterised to date were sequenced from amoebal endosymbionts, isolated using

amoebal co-culture, whilst none have been characterised from animal hosts.

2.1. Chlamydia genomes
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Chlamydia genomes display a striking level of gene order conservation (shared synteny) across
the species, with the major gene order rearrangements seen between the former “Chlamydia” and
“Chlamydophila” genera, ie. C. muridarum and Ca. C. ibidis. (208). Deviations from this are mainly
seen in the plasticity zone — a recombination “hotspot” situated near the replication termination
region — and families of membrane proteins (199). Chlamydial genome sequences now encompass
all recognised species, and this section aims to summarise studies that have attempted to describe

the genomic features underpinning the unique biology of chlamydiae.
Size and reduced metabolic capacity

Chlamydiaceae genomes are small at around 1.04-1.24 Mbp (Table 1), encoding roughly 898
to 1097 genes, with the coding density around 90%. The small size and high coding density is
common among obligate intracellular pathogens such as Mycoplasma, Rickettsia and Buchnera (209,
210). The reductive evolution characterised by irreversible gene loss exhibited by Chlamydia sp. has

been associated with metabolic parasitism during adaptation to an intracellular habitat (211).
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Figure 4: Shared genomic synteny within Chlamydia genomes (Knittler et al., 2014).

A large comparative genomics study of bacteria with different lifestyles revealed a convergent

evolution of obligate intracellular bacteria, independent of phyla (212). This niche restriction is
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said to be accompanied by less efficient purifying selection, which may lead to the accumulation
of slightly deleterious mutations, explained by Muller’s ratchet theory (213), with higher

intraspecies dN/dS ratios than inter-species ratios (214).

The smaller genomes (compared to free-living bacteria) are characterised by limited
metabolic capacity. Chlamydiae were previously referred to as “energy parasites” (215), as they
obtain ATP from their host, a finding that was confirmed by initial genome sequencing efforts
that revealed high concentrations of ATP-binding cassette transporters, including several copies
of an ATP/ADP cartier protein (216). However, subsequent analyses also suggested that they can
generate ATP from the glycolysis pathway and oxidative phosphorylation (197, 198, 217). Other
transporters are common in the chlamydia genomes, for molecules such as amino acids, peptides
and metal ions, and these are thought to replace genes required for de novo synthesis of such

products (197-199, 201, 218).

Similarly, genes encoding essential functions in aerobic respiration are present in Chlamydia
genomes, and electron flux may be supported by pyruvate, succinate, glycerol-3-phosphate and
NADH dehydrogenases, NADH-ubiquinone oxidoreductase and cytochrome oxidase (197, 198).
The TCA cycle however, is incomplete as it lacks three key components: citrate synthase, aconitase
and isocitrate dehydrogenase, consistent with early observations that acetyl-coA generated by

glycolysis or fatty acid degradation cannot enter the TCA cycle (220).
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Table 1: Genome characteristics of menbers of the Chlanydiales

Plasmid % CDS

Chromosome size Predicted  Hypothetical unknown %
Species, strain size (Mbp) (Kbp) CDSs proteins function GC Reference(s)
Chlamydia-related bacteria
Simkania negevensis 2" 2.5 132 2519 1374 55% 38  (Collingro, et al., 2011)
Waddlia chondrophila WSU 86-1044 2.1 15.5 1934 784 41% 43 (Bertelli, et al., 2010)
Parachlamydia acanthamoebae UV -T 3.1 Np 2788 1812 65% 39  (Collingro, et al., 2011)
Protochlamydia amoebophila UWE25 24 Np 1986 1245 63% 35  (Horn etal., 2004)
Protochlamydia naeglerigphila KKINIC 2.8 145 2415 1095 45% 43 (Bertelli et al., 20106)
Neochlamydia sp. TUME]1 2.5 Np 2043 1323 65% 38  (Ishida et al., 2014)
Rubidus massiliensis Rubidis 2.5 39, 80 2446 991 41% 33 (Bou Khalil et al., 2016)
Criblamydia sequanensis CRIB-18 2.9 89.5 2426 641 26% 38  (Bertelli, et al., 2014)
Estrella lansannensis CRIB-30 2.8 9.1 2213 677 31% 48  (Bertelli, et al., 2015)
Chlamydiaceae
C. trachomatis A/HAR-13 1 7.5 911 294 32% 41 (Stephens, et al., 1998)
C. pnenmoniae AR39 1.2 Np” 1112 537 48% 40  (Read etal., 200)
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Plasticity zome

The chlamydial plasticity zone (PZ) is a region of extensive variation between chlamydial

genomes (199), which, while highly variable, generally harbours (i) acetyl coA chains (a«BC), (ii)

cytotoxin genes/adherence factor (fx), (ili) phospholipase D (p/d), (iv) membrane attack

complex/petforin (MACPF), (v) tryptophan biosynthesis operon (#7pABFCDR, kynU, prsA) and

(vi) purine biosynthesis genes (gnaAB-add) (196, 219). Until recently, iterations of the chlamydial

PZ had been described in all Chlamydia genomes sequenced to date, ranging from ~12 Kbp to ~86

Kbp, with 11 to 48 genes (196, 219).
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Several studies have implicated the PZ genes in species-specific adaptation, tissue tropism
and virulence. Read e¢f a/. speculated that differences observed in the #ox gene between the 6BC
clade and other clades of C. psittaci could account for host range expansion, which it potentially
acquired through a single HGT event prior to clonal expansion. Similarly, Jelocnik e# a/. showed
that only pig strains of C. pecorum have three copies of fx, compared to one full length and one
pseudogene in cow, sheep and koala strains, potentially suggesting host adaptation mechanisms.
The gene has been shown to be expressed in eartly C. #rachomatis and C. muridarum studies, which
showed that zox-carrying strains had cytopathic effects in HelLa cells (222). A recent C. trachomatis
study implicated the MACPF domain family protein and the two PZ-encoded PLD genes in tissue
tropism based on phylogeny (223), backing up a study by (224), that showed MACPF is secreted

by C. trachomatis and is associated with PLD localisation to intra-inclusion lipid droplet formation.

Peptidoglycan genes

Peptidoglycan is an essential structural component in the cell walls of most if not all bacteria
(225), providing a barrier around the cell membrane and a stable anchor for membrane
transporters and other integral membrane proteins (226), which are abundant in chlamydiae.
Previous dogma in the Chlamydia field held that, despite being sensitive to beta-lactam antibiotics,
Chlamydia species lacked peptidoglycan, because all attempts to purify it had been unsuccessful
(227). With the advent of genomics, researchers were finally able to understand the “chlamydial
peptidoglycan anomaly”. The C. #rachomatis genome and transcriptome respectively revealed the
presence of genes encoding the entire pathway for peptidoglycan biosynthesis and assembly (21,
197, 228), and developmental-stage dependent expression with peptidoglycan genes upregulated
during the transition phase between EBs and RBs (21). Genomic studies were then followed up
by the development of a new cell wall labelling method (229), the use of which has found that

peptidoglycan is present as low levels in the chlamydial cell wall.
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Chlamydia-specific virnlence genes

Aside from the type three secretion system proteins, which are discussed in more detail in
2.2.2, comparative genomics studies have identified two families of membrane proteins with

considerable research interest due to their high level of diversity within and between species.

(1) Polymorphic membrane proteins

Polymorphic membrane proteins (pmps) are integral membrane proteins unique to the
Chlamydiae that confer antigenic diversity. Pmps have been described as chlamydial virulence
factors, as well as used as vaccine candidates (230). As the name suggests, Pmps display varying
levels of sequence homology but are united by their GGAIX(n)FXXNX(n) structure (231).
Interestingly, they were initially identified by immunogenicity assays in C. abortus (232), but ensuing
genomics studies identified nine to 21 genes in each species, with a recent gene duplication event
said to account for the larger numbers of PrpG derivatives in C. pneumoniae (35, 196, 219). Pmps
constitute 3-5% of the coding capacity, further highlighting their importance in chlamydial biology
despite massive genome reduction.

(iz) Inclusion membrane proteins

Inclusion membrane proteins are effectors secreted into the inclusion membrane upon
invasion to maintain inclusion membrane structure and modulate host cell processes (24). The
transmembrane helix (##z5) family, to which the inclusion membrane proteins (Incs) belong, is
another highly variable protein family unique to the Chlamydiaceae. Like the pmps, Incs vary in
number and length, and exhibit far lower levels of amino acid similarity than that observed across
the full genome. Up to 107 Incs have been described in chlamydial genomes, but their lack of

sequence homology can make them difficult to detect z silico.
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Genome-based phylogenetic analyses

Ongoing genomics studies which build on previous single-or multi-gene typing studies are
slowly unravelling the global population framework of several Chlamydia species (30, 43, 221, 233-
235). Genome-based phylogenetic analyses have revealed greater strain-level diversity than
analogous single or multi-gene phylogenies. Perhaps some of the strongest evidence in favour of
utilising whole genome comparative analysis for phylogenetics studies is a recent C. trachomatis
study that showed the whole genome phylogeny is not entirely congruent with previously described
ompA phylogenies, and in fact, varies across the species. The primary factor that generates this
ompA gene bias in phylogenetics is that it is under positive selective pressure and has been subject

to recombination (30, 230).

The lower genetic diversity seen in C. abortus and other species could reflect the high level
of clonality within the species, or evolutionary bottlenecks (233). Conversely, long branch lengths
within the C. suis whole genome phylogeny indicate that a high level of diversity is maintained in
population studies (234). The high level of diversity seen in C. pecorum, C. psittaci may represent the
global spread of these organisms with their hosts based on natural segregation and anthropogenic
factors such as trade and farming, as well as high levels of recombination (200, 237). Genome-
wide phylogenetic analysis of C. psittaci first revealed the presence of a clonal, highly virulent “6BC”
clade, originating in parrots, phylogenetically separate from other clades due to recombination
between the clades, but not within (55). This phylogenetic separation could not be resolved or

explained by single- or multi-gene epidemiological studies alone.

2.2. CRB genomes and the pan-Chlamydiales genome

The first CRB genome was sequenced in 2004, P. amoebophila (104), presenting the first
opportunity for researchers to pry open the genetic secrets of CRBs. Genomes for the majority of
the CRBs are lacking, however, the expanding number of available chlamydial genome sequences

has allowed researchers to explore the evolutionary history of the Chlamydiae by tracing the
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acquisition of particular genes. Distribution of the coding sequences (CDSs) in the P. amoebophila
UWE25 genome suggest gene acquisition over a number of lateral gene transfer events with a last
common ancestor that was intracellular but less dependent on host metabolism (104). Some
virulence factors are conserved throughout the phylum, while others seem unique to certain

families.

Size and expanded metabolic capacity

In contrast to the compact, highly conserved genomes exhibited by members of the
Chlamydiaceae, CRB genomes are at least twice the size (2.1-3.1 Mbp), encoding up to three times
the number of genes (1986-2788), highlighting their lack of genome reduction compared to the
Chlamydiaceae (Table 1). In parallel with their phylogenetic distance from the Chlamydiaceae and
indicative of their biological differences, CRB genomes are far more diverse, as a reflection of their
preference for, primarily, an amoebal cell niche, which would provide a far less homeostatic
environment compared to multicellular eukaryotes, with far fewer available nutrients. Retention of
large gene sets that are shared between CRB genomes may also allow these species to jump
between not only amoebal hosts but also higher eukaryote hosts, if opportunity arises or if

conditions become unfit for replication.

Further, the high level of genomic synteny observed in the Chlamydiaceae is not observed in
other families, although, this could be a symptom of the lack of genomic data for strains and
species of CRBs, or a reflection of the monophyletic nature of the Chlamydiaceae. Nonetheless,
there are a large number of genome rearrangements between species such as P. amoebophila and P.

naegleriophila.

As one example of this broader host range and larger genome size, CRBs possess a higher
biosynthetic capacity than traditional chlamydiae (238, 239), suggesting a less reliant dependency

on the host cell. For instance, several amino acid synthesis pathways are far more complete in the
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CRB genomes than in the Chlamydiaceae (240). Genes involved in menaquinone production for
oxidative phosphorylation are also present, further differentiating CRB metabolic capacity from

Chlamydiaceae.
Pan-Chlamydiales genomse

Like their Chlamydiaceae brethren, over half of the CDSs in the CRB genomes have an as yet
unknown function. Collingro, ez a/ (2011) identified 560 “core genes” common across the
Chlamydiaceae and the CRBs with genomes available at the times (representing Chlamydiacae,
Parachlamydiaceae, Waddliaceae and Simbkaniaceae). Psomopoulos et al., (2012) identified members of
304 protein families to belong to the ‘core’ gene set of the Chlamydiae, with the addition of more
species and strains in while larger genomes correlated with a higher number of unique genes (Table
3). More recently, with the addition of Criblamydiaceae members, Pillonel ef a/ established 450 core
genes in the Chlamydiales. 1t appears this number will continue to decrease as more CRB genomes
are characterised, particularly those that form the deeply branching families such as Ca.
Piscichlamydiace and Ca. Parilichlamydiaceae. Among the conserved genes are (i) housekeeping
genes that are presumably involved in the highly conserved intracellular lifestyle and unique
developmental cycle (240), (ii) genetic processing loci (241) and (iii) members of all 100 clusters of

orthologs, which are conserved among all intracellular bacteria.

The type three secretion system (T3SS) is a gene cassette common to several Gram-negative
bacteria that confers the ability to sense eukaryotic cells and secretes effector proteins in order to
fuse with the host cell membrane, and thus infect the cell via a needle-like injection mechanism.
These structures were first observed as projections in the C. caviae cell membrane (242), and the
genes encoding it were later confirmed to be situated on four distinct loci throughout the genome
(20, 243). A high number of structural and chaperone components of the T3SS are conserved
between the CRBs and the Chlamydiaceae, including inner membrane proteins and needle formation

proteins (240, 244).
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Figure 6: Pan- and core-Chlamydiales genome (Collingro et al., 20117)

However, the Chlamydiaceae genomes also encode some flagellar proteins that are missing from the
CRB genomes which could have implications for intracellular survival (240). Despite many
structural components of the T3SS being encoded by the CRBs, many effectors recognized in the
Chlamydiaceae are not. Of particular interest are the Inc proteins, of which just three are conserved
throughout the Chlamydiae (240) and TARP, a translocated actin-recruiting protein implicated in
chlamydial invasion (245), which is absent from the CRB genomes, suggesting a host cell entry
mechanism distinct from that of the Chlamydiaceae. The observed conservation of T3S8S structural
proteins coupled with the lack of homologous effector proteins indicates that all chlamydiae share
some mechanisms for host cell entry but differ greatly in their host survival mechanisms, perhaps

reflecting the varying pressures placed on these organisms by their diverse range of host cells.

Family, genus and species-specific genes

A primary difference between the Chlamydiaceae and the CRB families is the monophyly of

the Chlamydiaceae, which currently allows assumptions to be made about the whole family based on
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the single genus. As mentioned, the CRB families are far more diverse, each comprising several
genera. Interestingly but not surprisingly, genus-specific features have emerged throughout these
families, suggesting ongoing evolution toward genus- and species-specific host adaptation, tissue

tropism or pathogenicity.

One of the more intriguing sets of species-specific genes is the methyl-accepting chemotaxis
proteins and accompanying genes which make up an intact chemotaxis system similar to that of
Escherichia coli. The system is thought to be fully functional due to both the lack of mutations and
the expression of these genes during growth of P. acanthamoebae, however, it is unclear what the
exact role of this system is in the absence of a flagellar system. Sequence homology suggests it may

have been acquired by LGT from Cyanobacteria and/ ot Clostridia (240).

Within the same family, two strains of P. naegleriophila were recently described as having both
a CRISPR locus and an upstream cas operon. The CRISPR locus was identified in Neochlamydia
strains in the absence of the cas genes, and the gene arrangement surrounding these loci is
conserved in the Parachlamydiaceae, suggesting that this system was acquired after the divergence of
P. naegleriophila and P. amoebophila, potentially trom Anaeromyxobacter dehalogenans or Rhodothernius

marinus (240).

The chlamydial outer membrane is crucial for host cell adhesion and invasion. The
Chlamydiaceae possess a unique outer membrane complex, the main component of which is the
major outer membrane protein (MOMP). S. negevensis encodes 35 MOMP-like proteins, while .
chondrophila encodes 11 (238, 240). Parachlamydia spp. and Neochlamydia spp. are almost devoid of
MOMP-like proteins, while Protochlamydia spp. appears to have replaced them with structurally
similar porin proteins (17, 247). Similarly, a lower number of Pmps are encoded in all CRB

genomes (240, 248).

Paralogs are reasonably rare within the Chlamydiae, and indeed within the genomes of obligate

intracellular bacteria with highly reduced genomes. In the S. negevensis genome, Domman et al.
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described 277 expansion events, comprising many small gene families which are the result of many
small-scale transfers or duplications. In the Parachlamydiaceae, tewer expansion events have led to
larger expansions in fewer gene families: four large gene families were identified between
Neochlamydia sp. and Protochlamydia sp. Most of these expanded sets of genes display motifs involved
in protein-protein interaction and/or ate common to eukaryotic organisms (249). Specifically,
many have domains involved in eukaryotic ubiquitin-related enzymes, suggesting these gene
families may play roles in protein degradation or alteration, and hence be involved modulating the
host cell. Lastly, many genus- or species- specific genes are encoded on very unique plasmids, or
are hypothetical proteins with unknown function (discussed in more detail in the following

section).

2.3. Genetic exchange
Recombination

Due to its obligate intracellular nature, Chlamydia sp. were long thought not to recombine
their genomes at either the strain or species level. The first evidence for chlamydial recombination
actually came prior to genome sequencing, when Hayes e7a/. described “hybrid” LGV C. trachomatis
strains in African patients that did not react with any of the serovar-specific monoclonal antibodies
used for serotyping (2306). This evidence, coupled with the sequencing, cloning and expression of
ReeA in C. trachomatis (250) and subsequent identification of components of the Rec pathway
(ReeBCDEF) in C. trachomatis genomes (197), solidified the idea that Chlamydia genomes can and do

recombine.

Our understanding of chlamydial recombination was then further advanced by the use of
wide scale comparative genomics. Millman e# /. (2001) showed that the different phylogenetic
signal exhibited by omp.4 compared to other gene loci suggested divergence of several C. frachomatis
strains was driven by recombination. Their analysis also supported interspecies recombination in

ompA between C. muridarnm (MoPn/Niggll; mouse strain) and C. preumoniae (N16; horse strain).
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Gomes ¢/ al. built on previous studies that hinted at a rate of evolution of membrane proteins
suggestive of horizontal DNA transfer, and used reference and clinical isolates to demonstrate that
C. trachomatis undergoes extensive recombination throughout the chromosome, and identified
breakpoint regions in the clinical isolates. More recent larger-scale genomic studies showed that
26% of the SNPs identified in C. frachomatis genomes sequenced at the time were acquired
independently, and on physically linked blocks, most likely as a result of homologous

recombination (30, 252).

Genome-wide recombination is also prevalent in C. psittaci, where members of the 6BC clade
display identical recombination profiles (43). C. suis exhibits one of the highest recombination rates
in the genus, probably due to/biased by the horizontal transfer of the #/C cassette (52), and most
of the recombination events in this species are between the two main clades. In both species,
recombination, while less frequent, contributes more to genome diversification than mutation (52,
55). Conversely, C. abortus strains sequenced to date, which cover a range of geographical locations
and tissue types, exhibit a relatively low level of SNP density and hence only a few recombination
events (233). Other examples of recombination throughout the phylum are given in the following

section.
Genomic islands

Genomic islands (GIs) are regions of the chromosome that display different G+C% and
codon usage signatures compared to the rest of the genome, indicative of horizontal transfer from
a donor DNA sequence (253). Other hallmarks of GIs include flanking regions containing direct
repeats or tRNAs, high abundance of hypothetical proteins or abundance of pathogenic proteins,
and evidence of mobile elements or insertion sequences. Genomic islands are also often
pathogenicity islands, and are seen throughout the bacterial kingdom (254). Acquisition of GIs
facilitates transfer of DNA regions that confer evolutionary advantages to survival in specific host

niches. As discussed above, due to the intracellular nature of chlamydiae, there are few
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opportunities for direct interaction with other bacteria in the host cell cytoplasm, however, ancient
chlamydiae may have been more susceptible to DNA exchange, perhaps in an amoebal or

multicellular eukaryotic host.

A major advance in our understanding of genetic exchange in chlamydiae came from a C.
suis study that found novel insertion sequence elements flanking the tetracycline resistance cassette
(7efC) unique to this species (255), which in resistant strains is fused with an zm-like gene at a
recombination hotspot, resulting in interruption of the gene. Based on sequence analysis, authors
postulate that the 7/C island was transferred from an _Aeromonas salmonicida plasmid (255), a bacterial
fish pathogen potentially acquired by pig strains of C. suis through feed, or from a
Betaproteobacteria species (52). The subsequent intra-chlamydial transfer was shown to be
replicated in 77 vitro experiments where the 7/C cassette and flanking DNA was transferred to C.

trachomatis and C. muridarum strains, but not to C. caviae strains (53).

The first sequenced CRB genome gave us another opportunity to examine potential Gls
throughout the phylum. Horn ez 4/ (2004) first described a 100 Kbp genomic region in P.
amoebophila UWE25 with a higher than average G+C% encoding a type IV secretion system and
several transposases indicative of a lateral gene transfer event that occurred after the divergence
of the Chlamydiaceae and Parachlamydiaceae lineages. This region was later confirmed as a genomic
island based on flanking tRNAs and direct repeats and the presence of phage-related proteins and
other mobility genes (256). Smaller genomic islands are exhibited on the chromosomes of its
closest relatives: P. naegleriophila strain KNic and strain Diamant, respectively harbour a 37 Kbp
and 15 Kbp GI, encoding genes for DNA damage and repair, potassium transporter and high

number of hypothetical proteins (240).
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Exctrachromosomal elements

(1) Chlamydia bacteriophages

Chlamydial bacteriophages were first discovered as a single-stranded circular DNA
bacteriophage (Chpl) of the family Microviridae in C. psittaci (219). Subsequently, 5 distinct phages
have been characterised in C. abortus, C. pecorum, C. pnenmoniae and C. caviae (257). Their genomes
are over 4.5 Kbp, with G+C% similar to that of chlamydial genomes, and are predicted to encode

8 or 9 ORFs (257).

Phage genome remnants have been found in the chromosomes of phage-free chlamydial
species/strains (201), suggesting that the phage was previously integrated into the chromosome,
within the PZ, and lost during the speciation process. Some researchers have shown that phage

actually delays peak infection in guinea pigs (258).

(i) Chlamydial eryptic plasmid

Almost all Chlamydia species, but not all strains, are known to carry a plasmid (259), which
is suggested to have co-evolved with the chromosome, based on congruent plasmid and
chromosome phylogenies. Chlamydia plasmids are nonconjugative and nonintegrative but do carry
virulence factors that have been used as vaccine candidates. Chlamydia plasmids are highly
conserved in the genus and highly syntenic, normally organised with eight open reading frames,
encoding for genes involved in plasmid maintenance and glycogen synthesis (260), summarised in

Figure 7.

There is abundant evidence that the chlamydial plasmid is associated with glycogen
accumulation in the host cell cytosol as a result of positive and negative transcriptional regulation
by Pgp4 and Pgp5, respectively (261, 262). The down-regulation of glg, a glycogen biosynthesis

gene encoded on the chromosome, was seen in plasmid-negative C. trachomatis strains (263).

Figure 7: ORF arrangement in the Chlamydia plasmid
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The presence of a plasmid has been suggested to contribute to the pathogenicity or tissue
tropism of the chlamydial species (264, 265), but mixed findings from 7 vitro and in vivo studies
highlight how little we know about the chlamydial plasmid and its role in pathogenicity. Several
studies suggest that the plasmid is not required for growth 7z vitro, with no difference in
morphology and similar susceptibility to antimicrobials. Meanwhile, 7z vivo studies demonstrated
plasmid deficiency in either C. muridarum or C. trachomatis attenuates upper genital tract pathology
in mice (266, 267) and ocular pathology in non-human primates (268). This plasmid-dependent
pathogenicity is thought to be mediated by pgp3 (264). Other studies showed that plasmid-deficient
strains had high infective dose values, or that plasmid-free C. muridarum could induce tubal

inflammation in mice (264).

Plasmid genome dynamics and our understanding of the true function of the chlamydial
plasmid are further confounded by the fact that not all strains carry the plasmid, yet can still cause
disease. For example, several genitotropic strains of C. #rachomatis lack a plasmid, while others have

a deletion in one of the potentially redundant replication proteins, which actually may result in
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false negatives as a nucleic acids amplification test for C. #rachomatis is designed in that region (269).
The human strains of C. prenmoniae are plasmid-free, compared to the animal strains (36). C. pecorum
plasmids are prevalent in koalas and livestock (55.8% and 38.6%, respectively), but the sporadic
bovine encephalomyelitis strains were free of the plasmid (221). These findings suggest a possible
role in host adaptation or restriction rather than virulence. Further, C. abortus and Ca. C. ibidis both
lack a plasmid, and the C. suis plasmid is rare and truncated, suggesting it may be in the process of

being inactivated or lost (196).

(i) CRB plasmiids

In stark contrast to the Chlamydia plasmid, but in line with the huge degree of genomic
diversity throughout the phylum, CRBs harbour plasmids ranging in size and function.
Unsurprisingly, the plasmids of each species carry genes unique to each that may be involved in
species-specific host adaptation and provided clues to the evolution of the Chlamydiae. The main

plasmid features (size, no. predicted coding regions, G+C%) are summarised in Table 1.

The S. negevensis and P. naegleriophila plasmids are the largest described so far at 132 Kbp, and
145 Kbp respectively, and are the only examples of a mobilisable F-type conjugative plasmids in
the phylum (240, 246). These plasmids carry modules for plasmid stability, replication and
propagation and host adaptation. Homologs of some of the plasmid-encoded elements are found
on the chromosomes of other CRBs: parts of the 7z subset of the type IV secretion system are
both encoded by the P. acanthamoebae and P. amoebophila genomes, the latter of which encodes the
operon on a genomic island and a Msp homolog is found on the Simkania plasmid, which is located
on the chromosome in other species (240). The P. naegleriophila KINIC and Rubidus masilliensis tra
regions are highly collinear, perhaps reflecting their phylogenetic relatedness (246, 270). The #a
region exhibited by these CRBs, which commonly infect amoebae, appears to be a mosaic of F-
type and Ti-type, the latter of which is a feature of Agrobacterium tumefaciens, a plant pathogen. These

findings led to the hypothesis that a “megaplasmid”, largely resembling the S. negevensis plasmid,
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was acquired by the ancient chlamydial ancestor, potentially from Rickertsiales, before losing

elements via gene loss or chromosomal integration (240).

The W. chondrophila plasmid displays a high level of strain-level diversity, with the 2032/99
strain encoding nine out of the 22 predicted genes from the WSU 86-1044 15.6 Kbp plasmid on
its chromosome (238). The genes are encoded at different sites, suggesting integration, which is
also evidenced by the fact that numerous small sequences, including transposases are shared
between the WSU 86-1044 chromosome and plasmid, and also between the WSU-86-1044 plasmid

and P. amoebophila genome.

A common feature of the CRB plasmids is their function as putative detoxification systems,
presumably assisting their intra-amoebal lifestyle. The C. sequannensis plasmid encodes several
cation efflux systems including one for arsenite, while one of the two R. massiliensis plasmids
encodes resistance or efflux genes for antibiotics, tellurite and copper (270). Toxins are also
commonly encoded on CRB plasmids. The E. /ausannesis and second R. masilliensis plasmid encode
a Rell"/MazF, the endoribonuclease component of the two-part Re/EF/MazEF toxin-antitoxin
system, which is located on the W. chondrophila chromosome (238, 244, 270). This system is

involved in plasmid maintenance during cell division.
3. Culture-independent approaches for genomic characterisation of Chlamydiae

Microbial community profiling and ecology analysis is proving to be a useful tool for
uncovering novel diverse microbial taxa in the far reaches of our biosphere, many of which may
have industrial uses or are human or animal pathogens. Initial microbial diversity studies involved
culture-dependent methods, which are laborious and not always successful. Advances sequencing
methodologies such as 454 pyrosequencing led to the understanding that there were many more
microbes that were unable to be cultivated in the lab than those that were. The profiling tools
quickly switched to culture-independent molecular methods, commonly using conserved regions

of the 16S rRNA gene to characterise diversity in environments such as soil, sediment and water,
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as well as human gut, skin and oral microbiomes. These studies revealed that cultivable bacteria
only represent ~1% of the number of bacteria in a given sample (271). In the chlamydial context,
as has already been discussed, these molecular methods have been instrumental in our

understanding of the extent of chlamydial diversity (1, 134, 195).

These “gene-centric” methods come with limitations, such as primer bias and restriction to
previously identified taxa. To overcome this, and better characterise the true diversity of these
niches and others, and in particular gain a deeper insight into the viral and fungal diversity in
addition to bacterial and archaeal diversity, there has been a shift toward deep metagenomic

sequencing in which the entire DNA extract is subject to shotgun sequencing.

Advancing the field even further are depletion or enrichment methods for certain
components of the DNA sample. Commercial kits have been developed that enable selection or
depletion of specific DNA based on methylation properties or restriction enzymes while other
methods involve separating target DNA from background DNA by immunomagnetic separation
and fluorescence-activated cell sorting. These methods are often followed by whole genome

enrichment to yield higher levels of the target bacterial DNA appropriate for genome sequencing.

3.1. Culture-independent genomics of Chlamydiae

Clinical samples often contain low numbers of pathogens, and to obtain sufficient material
for WGS, intracellular bacteria such as chlamydia, 7z vitro culture is required. Due to the laborious
nature of cultivating chlamydiae in host cells, the propensity for microbes to mutate after several
passages (272) and the need for high throughput approaches for large-scale genomics analysis to
“catch up” with the genomics studies of other bacterial groups, culture-independent molecular

approaches are an attractive alternative gaining recognition and use throughout the chlamydial

field.

Immunomagnetic-separation — multiple displacement amplification
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Seth-Smith and colleagues broke new ground in 2013 when they sequenced novel C.
trachomatis strains using an immunomagnetic separation (IMS) approach to select for chlamydial
EBs in the swab samples. They coupled this with whole genome amplification (WGA) by multiple
displacement amplification (MDA) to further amplify all DNA in the sample. Using primary mouse
antibodies directed at chlamydial LPS, and secondary IgG conjugated to magnetic beads, the
chlamydial EBs are separated from the sample material (273). Host DNA is removed by DNase
treatment prior to MDA and sequencing. This method builds on previously described protocols
for IMS for diagnostic purposes such as Listeria detection in food sources, and C. frachomatis in
urine samples, and would also be suitable for use from cultured samples. Interestingly, around the
same time, a single C. #rachomatis genome was reported from a clinical swab (Ct value 25) subject
to MDA alone (274). This yielded low coverage depth over the entire chlamydial chromosome,
high coverage of the plasmid, high coverage of several vaginal bacterial species, and an over-
abundance of human reads. This study highlighted the usefulness of WGA for metagenome

analysis and metagenome-assembled genome assembly

Putman et al then applied the IMS-MDA method to 10 C. #rahomatis strains directly from
endo-cervical swabs. While lower IFU loosely correlated with more unsolved bases, the authors
showed this method was highly sensitive, with whole genomes obtained from samples containing
as little as 4 IFU per swab prior to enrichment (275). This study had two main findings that may
have been overlooked had these samples been prepared and sequenced according to traditional
methods (culture following by EB purification). In one sample, unresolved bases reflected a
within-host clonal population, and in another, clonal variation at two nucleotide positions
separated by 150,000 bp was suggestive of active recombination in response to selective pressures

not present zz vitro (based on culture and sequencing of the same sample).
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RNA ‘bait’-DNA hybridisation

C. trachomatis has also been the subject of another culture-independent approach which uses
biotinylated RNA probes (‘baits’) to hybridise chlamydial DNA away from a complex DNA
mixture (276); a method that has successfully yielded viral genomes from mixed samples. The 120-
mer custom RNA bait sets are designed to span the entire chromosome and hybridisation occurs
after library preparation. Like IMS-MDA, this method employs magnetic separation using
streptavidin-coated beads to separate the “captured” (hybridised) DNA, prior to genome
sequencing. The authors used this methods for both swab and urine samples, with a higher
sensitivity from urine samples, potentially due to lower background DNA. Over 95% of the
genome was covered by as little as ~1% of the reads in samples with as little as 3.9x10* chlamydial
genome copies, however clinical samples were sequenced twice, while cultured samples were

sequenced once to obtain the same genome coverage, with far higher depth.

C. pecornm genomic studies using the same method have revealed that, as previously
suspected, animals may be colonised with more than one strain at the same anatomical site (277).
These whole genomes, obtained from koala ocular and urogenital swabs and bovine joints and
ocular swabs, could be separated from each other based on abundance, and were phylogenetically
distinct, separated by up to over 6000 SNPs. The presence of “minor strains” in clades dominated
by Australian livestock supports ongoing exposure and potential cross-transmission of livestock
strains into koalas from sheep and cattle. This finding would not have been possible if sequencing

was conducted on cultured samples.

Metagenomic approaches

Whilst not published for any chlamydial species prior to this PhD project, a host DNA
methylated DNA depletion approach, coupled with MDA as above, has gained popularity in

circumstances where the pathogen is either a) unknown, b) uncultivable, c) in low abundance
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and/or d) potentially novel. This method, although the most expensive of the three detailed here,

yields the most information with regard to the entire metagenomic content at the site of infection.

This approach was used to characterise the genome of a plant pathogen, Ca. Liberibacter
asiaticus (278), and subsequently the genomes of a novel genus of fish pathogens from Sea bream
(279). Like the other methods, sequencing results are heavily dependent on the level and
proportions of chlamydial/bacterial DNA in the starting sample, and in this case, bacterial DNA

was further enriched by the use of laser-capture microdissection of cysts from the gill tissue.

A final approach, not included in Table 2, is the use of multiplexed microdroplet PCR which
employs 500 overlapping 1-1.3 Kbp amplicons (280). Like IMS-MDA and bait-probe hybridisation,
this method is heavily dependent on knowledge about the target species for specific assay design.
It also requires very specific downstream bioinformatics methods. Nonetheless, it is applicable for
C. trachomatis phylogenetic and typing studies, and is capable of discriminating between strains in a
sample, however, areas of recombination are hard to resolve. This study also acts as a reminder
that DNA extraction method is paramount to good quality sequencing, especially in low-abundant

samples.
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Table 2: Summary of culture-independent genome sequencing methodologies used for Chlamydiae

Category Targeted genome capture Non-targeted (meta)genome
capture
Method IMS-MDA Probe-bait hybridisation Depletion-enrichment

Molecular basis

Sample collection

Application

Novel species discovery
Variant detection
Multiple strains/ co-infection

Cost

Anti-LPS antibody binding
coupled with whole genome

amplification
Swab stored in transport media

Initial sample, prior to DNA

extraction
No'

Yes?

Yes

$5-10 per sample

Biotinylated RNA probe
hybridisation to pathogen genome

‘bait’
Swab, tissue, urine

After total DNA extraction

Yes

Yes
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Depletion of host methylated
DNA coupled with whole genome

amplification
Swab, tissue

After total DNA extraction

Yes
Yes
Yes

$60-70 per sample



Speed (excl. DNA extraction

and sequencing)

Sensitivity (for 100% genome

coverage)

Specificity”

Limiting factors(s)/

requirement(s)

~5hr

4 TFUs/swab (Putman et al., 2013)

1.1x10° genome copies (post-IMS)

(Seth-Smith et al., 2013)

Up to 95% (Putman et al., 2013)

- Reference genome,

- Suitable characterised surface-

exposed antigen

- Sample must be preserved in

transport media

24hr hybridisation

~1000 genome copies/ swab

(Bachmann et al., 2014)

3.3x10°, 5.5x10° (urine, swab)

(Christiansen et al., 2014)

- Reference genome
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1-2 days (~ 8hrs hands-on time)

Not reported

Not applicable
>99%*

- Relative abundance of microbial

and eukaryotic DNA in sample



Species applied to C. trachomatis Wolbachia sp., C. trachomatis, C.
pecorum
References Seth-Smith et al., 2013, Putman et~ Melnikov et al., 2011%;
al., 2013 Christiansen et al., 2014;

Cua. Liberibacter asiasticus, Ca.

Ichthyocystis spp.

Zheng et al., 2014; Seth-Smith et

al., 2016%;

*Not chlamydial genomics studies
# (highest % of non-chlamydial reads still allowing 90-100% chlamydial genome coverage)

" Only if chosen antigen is present in novel species and is recognised by the antibody

? Achieved by two sequencing runs totalling 7.8x10" reads from Ca. Libetibacter asiaticus; 175pg/ul. Ca. L. asiaticus DNA
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4. Lessons from the literature and concluding remarks

Despite historical and ongoing research efforts to characterise the diversity of the
Chlamydiales, much of the diversity — even within the Chlamydiaceae — remains to be uncovered, let
alone cultivated and characterised. Indeed, analysis of sequence databases reveals a plethora of
uncultivated, unclassified chlamydial taxa that would “fill in” the Chlamydiales phylogenetic tree
(195) highlighting how little we know about the true ecological, biological and genomic diversity
of the Chlamydiae. Given recent descriptions of novel chlamydial taxa from avian, piscine and

reptilian hosts, it follows that these hosts would be ideal reservoirs to investigate and characterise

novel species (25, 60, 64, 67, 134, 136, 140, 141, 281).

Investigations into chlamydial infections of reptiles have revealed an array of aetiological
agents (C. psittact, C. pnenmoniae and uncultured Chlamydiae) associated with various disease
presentations (granulomatous inflammation, wasting disease, myocarditis etc) (63-65, 73, 282).
Most reports to date have been case studies, so little is known about chlamydial species and strains
present in captive populations. No reptile-associated chlamydial lineages have been described, and
no chlamydial genomes have been characterised from any reptilian host. However, it is suspected
that C. pneumoniae may have originated in amphibians or reptiles (36, 37), and characterisation of
closely-related species may provide clues to the evolution of Chlamydia and its adaptation to
different host niches.

Further, chlamydial infections of fish have been described frequently across the globe,
usually in aquaculture settings, presenting an economically significant threat (135). Interestingly,
these species appear specific to their fish hosts with chlamydial diversity increasing with every
additional fish host that is investigated. Prior to the commencement of this project, nine species
of Chlamydiae in five families outside the Chlamydiaceae were molecularly described in ten diverse
fish hosts (135-138, 140-142, 148-149). More lineages were added to these families over the last

three years, and others are represented by partial sequences only, while some studies did not
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conduct molecular analyses (146, 283-285). Hence, the true phylogenetic diversity of these
bacteria is likely underestimated, suggesting molecular screening studies should continue. Despite
our increased understanding of these agents, in no case have Koch’s postulates been fulfilled, as
all attempts to culture the agent(s) zz vitro have proven unsuccessful (135, 284, 2806), and no
animal infection models have been established for this infection. Researchers have instead relied
on fulfilling Fredericks and Relman’s postulates (287). This lack of culture system has been a
barrier to understanding the biology and pathogenicity of these unique bacteria. Importantly, 16S
rRNA sequencing and phylogenetic analysis place two of these families — Ca. Piscichlamydiaceae
and Ca. Parilichlamydiaceae — at the root of the Chlamydiales phylogenetic tree, but genomic
studies are needed to confirm their relationship with most recent common ancestors of this
order, as well as to assess the pathogenic potential of these novel chlamydiae.

To date, 16S rRNA gene sequencing has been the most widely used tool for chlamydial
phylogenetic analyses, with nearly all genetic information on novel species, such as those from
piscine and reptilian hosts, limited to sequencing of near full-length fragments of this gene.
Whilst this tool is useful for pathogen detection, phylogenetic analysis and epidemiological
studies, more sophisticated tools are needed to understand the virulence and metabolic capacity
of novel chlamydial pathogens. For most bacteria, this would be easily achieved by axenic
culture, biochemical assays and genomic characterisation from pure culture. However, for novel
species, 2 vitro culture systems are not readily available or can be laborious and costly to
establish. With deep sequencing becoming faster, more affordable and higher throughput (288),
research groups within the chlamydia field have recently developed several methods of deep
sequencing from clinical samples to gain insight into the biology of these species (275-277, 289),
in the absence of an established culture step that has thus far hampered genomic characterisation
of novel pathogens throughout the Chlamydiae and in other intracellular bacteria. These methods
have provided unprecedented ability to a) capture a high level of diversity in less time than

traditional gene screening methods, and b) assemble whole genomes from complex samples,
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without culture. The application of these methods to novel uncultivated chlamydial species is
anticipated to provide insight into the unique host-pathogen interactions exhibited by chlamydiae

in novel infections for which no culture system exists.
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CHAPTER 2: Aims, significance and project development

The work presented in this thesis describes the genomic characterisation of several novel
chlamydial species infecting reptile and fish hosts with the general aims of advancing our
understanding of the taxonomic and biological diversity with the phylum Chlamydiae. To achieve

this aim, this project had the following objectives:

Objective 1: to demonstrate the use of molecular methods for discovery of novel

uncultivatable pathogens in the phylum Chlamydiae,

Objective 2: to apply molecular methods to understand the molecular epidemiology of

novel chlamydial pathogens in the phylum Chlamydiae;

Objective 3: to bioinformatically characterise the virulence and metabolic capacities of

novel chlamydial pathogens in the phylum Chlamydiae.

The work presented in this thesis was performed in the laboratory of Prof. Adam
Polkinghorne in the Centre for Animal Health Innovation in the Faculty of Science, Health,
Engineering and Education at the University of the Sunshine Coast, Australia, with aspects of the
projects conducted with various collaborators from Australian and international institutes, as listed
in each research chapter. Prof Polkinghorne is a leader in Chlamydia genomics with a keen interest
and background in novel chlamydial infections in other animal hosts and the pathogenic

mechanisms driving these infections.

Until recently, our knowledge of the host range and diversity of members of the
Chlamydiaceae was thought to be near-complete (1). Advances in molecular diagnostics have led to
the identification and desctiption of an expanded cohort of new taxa within this family from avian,
reptilian and other hosts, highlighting how much we still have to learn about the diversity, biology
and pathogenicity of the Chlamydiaceae as a whole (2-8). Further, the identification of novel families

outside the Chlamydiaceae, collectively termed Chlamydia-related bacteria (CRBs), has both clouded
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and expanded our knowledge of chlamydial diversity and evolution (1, 9, 10), as explained in

chapter 1.

Ongoing genomics studies within the Chlamydiaceae have been paramount to understanding
the genetic basis of many of the pathogenic mechanisms employed by chlamydiae [eg. the type
three secretion system (T3SS), inclusion membrane proteins and polymorphic membrane proteins
(11-14)], as well as offering opportunities to investigate the widespread global diversity and
intraspecies evolution of human and veterinary pathogens (15-20). Over the 10 years since the first
CRB genome was published, to the commencement of this project, chlamydial genomic studies
have expanded in parallel with phylum diversity expansion (21-23). The inclusion of more, diverse,
distant chlamydiae in comparative genomics studies has allowed the description of pan- (all genes),
core- (shared genes) and accessory (unique genes) genomes within the phylum, families and species
(21, 24-206). These studies have been slowly “narrowing in” on the genes required for the unique
biphasic intracellular life cycle exhibited by the chlamydiae, but until now, no genomic

representatives of any deeply-rooted chlamydiae have been included in these analyses.

The limiting factor to sequencing more, diverse Chlamydia-related bacteria, is their
requitement to be cultured in a host cell, and for many novel and/otr Candidatus species, this is
lacking. Hence, I have developed a workflow using DNA depletion and enrichment techniques
and deep metagenomic sequencing (ie. culture-independent genome sequencing) to characterise
the genomes of novel uncultivated chlamydiae, straight from the sample material. Aspects of this
method have been developed and used previously for other uncultivated bacteria and for
chlamydiae (27, 28). This method addresses several limitations encountered in novel chlamydial
infections, such as a low abundance of the pathogen, lack of a reference genome and lack of an 7

vitro culture system.

I addressed the aims by applying our culture-independent genomics method to two species

as examples of the taxonomic and biological diversity within the phylum. The first example is of
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snakes infected by novel Chlamydiaceae species, and the second is of chlamydial infections of fish,

which are associated with deeply rooted chlamydiae in the Ca. Parilichlamydiaceae family.

The discovery and description of three new taxa in avian hosts prior to the commencement
of this project highlighted that significant additional diversity may exist in the ‘well-characterised’
genus Chlamydia (5, 6), and other studies suggested that reptiles may also harbour an as yet
untapped diversity of chlamydial species (2, 3, 29-31). In Objectives 1 and 2 of this project, I
sought to characterise an outbreak of chlamydial infections of captive snakes in Switzerland. An
initial epidemiological study was conducted of six private collections following unexpected
mortalities (Chapter 3). The study showed that one of the mortalities was attributed to C.
prenmoniae infection (32). Based on previous studies looking at chlamydial diversity in reptiles, and
preliminary data giving inconclusive species identification, I hypothesised that these animals would
harbour existing and putative novel chlamydial species, and provide greater insight into the
phylogenetic relationships and host tropisms of existing and novel species. Our subsequent
screening showed a high prevalence of chlamydial infection in asymptomatic animals, and 16S
rRNA sequencing not only revealed C. pnenmoniae positive animals, but also novel chlamydial
species present in these snake populations. Based on these results, as a part of the third objective
of this project, I sought to characterise the genomes of novel chlamydial species associated with
infections in snakes to identify a number of hallmarks of chlamydial biology in these species,
including virulence factors and membrane proteins. These results are described in Chapter 4 (Ca.
C. sanzinia) and Chapter 5 (Ca. C. corallus), which were published in the journals, BMC Genomics
and Scientific Reports, respectively. The work in these chapters was conducted in collaboration
with the Institute of Veterinary Pathology and Section for Epidemiology at the University of

Z.urich.

The second example utilises genomics of novel members of the deeply-rooting chlamydial

family to understand chlamydial pathogenesis and evolution at the phylum-level. The work in
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Chapters 6 and 7 follow on from previous work conducted primarily in Prof. Barbara Nowak’s
laboratory, in which three novel chlamydial species were discovered in three novel fish hosts of
aquaculture interest in southern Australia (South Australia and Tasmania) (33-35). These species
formed a novel family, Candidatus Parilichlamydiaceae, distantly related to the Chlamydiaceae and
closely related to the Ca. Piscichlamydiaceae, the most deeply rooting chlamydial family described
several years prior (36, 37). On this basis, I hypothesised that the genomes of these novel
chlamydiae would (a) be closer in composition to the most recent common ancestors of this
monomorphic order, the Chlamydiales, than they would be to the high adapted reduced genomes
of the Chlamydiaceae; and (b) provide clues to the evolution of pathogenic mechanisms within the

broader phylum Chlamydiae.

For Chapter 6, I characterised a novel chlamydial species (Ca. S. epinephelii) infecting
cultured Orange-spotted grouper (Epinephelus coivides) in North Queensland. This work was
conducted in collaboration with researchers at James Cook University who, using histology, found
evidence for epitheliocystis in fish experiencing respiratory distress. Order Chlamydiales-specific
PCR and FISH were then used to confirm the chlamydial association with the cysts. Our
epidemiological survey showed that epitheliocystis prevalence and severity varied over the year.
This was the first description of a chlamydial species in grouper, and the first report of
epitheliocystis in Queensland. Given the as yet uncultivated nature of these pathogens, and with
recent advances in culture-independent and metagenomic methods, I utilised genomic data to
investigate the pathogenic potential of this novel uncultured epitheliocystis agent. This was the
first published chlamydial genome from fish and confirmed that many of the chlamydial hallmarks,
particulatly virulence mechanisms such as the T3SS were acquired by the chlamydial ancestor. The

chapter is presented in the form of a paper that was published in Environmental Microbiology.

Given the host-specific nature of the Ca. Parilichlamydiaceae members, I wanted to further

investigate genomic differences throughout the family and phylum. Chapter 7 details this
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comparative genomic study of the deeply-rooting Ca. Parilichlamydiaceae family. Members of this
family continue to be described in novel fish hosts (unpublished data), re-iterating the idea that
members of this family are specific to their hosts. This comparative genomics work revealed that
members of this family have highly reduced genomes with limited metabolic capacity, which
functionally share more similarities with the Chlamydiaceae than the CRBs. This work is prepared in

the format of a manuscript submitted for publication in ISME J.
This thesis contains eight chapters, which are structured as follows:

In Chapter 1, I review the literature and provide a general introduction to the phylum
Chlamydiae. The first section summarises the taxonomic and biological diversity within the phylum
prior to undertaking this project. The second section focuses on chlamydial genomics and its

application to our understanding of chlamydial biology.

Chapter 2 outlines the aims and development of the project and the structure of the
resulting thesis, with summaries of each chapter, their significance and their relationship to each

other.

In Chapter 3, I detail the investigation of novel chlamydial infections in captive snakes in
Switzerland, which led to genomic descriptions of two novel taxa. This initial study was published

in Veterinary Microbiology.

Chapter 4 provides the genomic characterisation of a novel uncultured chlamydiae from

the first reptilian host, Ca. C. sanzinia, which was published in BMC Genomics.

Chapter 5 provides genomic characterisation of another novel uncultivated chlamydial
species found in the snake collections, Ca. C. corallus. This work was published in Scientific

Reports.
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Chapter 6 describes the molecular and genomic characterisation of a novel Ca.
Parilichlamydiaceae species in a novel fish host in Queensland, published in Environmental

Microbiology.

In Chapter 7 I then conducted comparative genomics on members of the Ca

Parilichlamydiaceae family.

Chapter 8 is a general discussion of the findings of this research, and their contribution
to the chlamydial field.
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3.1 Abstract

Chlamydiosis has been described in both free-ranging and captive reptiles. The infection
usually manifests as granulomatous inflammation in inner organs such as spleen, heart, lung and
liver but might also occur in asymptomatic reptiles. The aim of this study was to investigate and
characterise Chlamydia pneumoniae and potential other novel chlamydial infections in the choana and
cloaca samples of 137 clinically healthy captive snakes from six private collections. Forty eight
samples from 29 animals were found to be positive by a Chlamydiaceae tamily-specific qPCR. By
Chlamydia species-specific ArrayTube Microarray, 43 samples were positive, with 36 of these being
identified as C. pmeumoniae. The prevalence of Chlamydia ranged from 5 to 33%. PCR and
sequencing of the Chlamydiales 16S rRNA signature sequence of 21 Chlamydia positive samples
revealed the presence of seven novel 16S rRNA genotypes. BLAST-n and phylogenetic analysis of
the near-full length 16S rRNA gene sequence of each of these novel 16S rRNA sequences revealed
that five genotypes share closest sequence identity to 16S rRNA sequences from C. pnenmoniae
(98.6-99.2%), suggesting that these sequences are novel C. pneumoniae strains. One genotype is
96.9% similar to C. preumoniae strains suggesting it may originate from a yet undescribed chlamydial
species within the genus Chlamydia. The seventh genotype shares 99.0% nucleotide identity with
C. muridarnm. This study further highlights the broad host range for C. punenmoniae and suggests that
reptiles may still contain a significant and largely uncharacterised level of chlamydial genetic

diversity that requires further investigation.
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3.2 Introduction

The Chlamydiae are a unique phylum of intracellular bacteria that are ubiquitous in the
environment and are able to infect and cause disease in a wide range of hosts. In recent years there
has been an expansion of this phylum and, as such, it now consists of nine families including a
range of novel “Chlamydia-like” organisms that share obligate intracellular lifestyles and a similar
developmental cycle but otherwise a diverse range of morphologies, host specificities and disease

outcomes (Taylor-Brown et al., 2014).

Chlamydiosis has been described in both free-ranging and captive reptilian hosts including
puff adders, boas, chameleons, crocodiles, frogs and tortoises (Homer et al., 1994; Bodetti et al.,
2002; Jacobson et al., 2002; Soldati et al., 2004; Hotzel et al., 2005; Huchzermeyer et al., 2008). The
infection typically manifests as inflaimmatory lesions in affected organs (granulomatous
inflammation) (Howerth, 1984; Homer et al., 1994). Organs commonly affected are the spleen,
heart, lung and liver, and diagnosis is usually on the basis of visualisation of the inclusions by light
or electron microscopy. In many cases, proliferative pneumonia was observed prior to euthanasia
ot natural death of reptiles (Bodetti et al., 2002), and limited cases have reported inflammation or
lesions in the gastrointestinal tract, wasting disease, necrotising mycocarditis, necrotising enteritis

and splenitis (Bodetti et al., 2002; Jacobson et al., 2002; Jacobson et al., 2004; Cope et al., 2014).

Although some studies identified Chlamydia psittaci (Huchzermeyer et al., 1994; Robertson et
al., 2010) or novel Chlamydia-like organisms (Soldati et al., 2004) as the aetiological agent in reptilian
chlamydiosis, Chlamydia pnenmoniae appears to the most widespread (Bodetti et al., 2002; Vlahovic
et al., 2000). However, while human and marsupial C. preunmoniae strains are well characterised

(Roulis et al., 2013), reptilian strains are not.

Detection of asymptomatic carriers in association with a lethal case of granulomatous

inflammation of the heart, liver and splenopancreas of a horned viper (I"zpera ammodytes ammodytes)
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caused by C. pmeumoniae prompted the investigation and characterisation of the diversity of

chlamydiae strains circulating in clinically inconspicuous captive snakes in Switzerland.

3.3 Methods
3.3.1 Snake collections

The six private collections (arbitrarily named collections 1 to 06), included in this study,
contributed samples from 51, 11, 17, 17, 17 and 24 exotic snakes, respectively. Collections 1 and
4 provided samples from snakes belonging to the families 17peridae, Colubridae, Pythonidae and
Elapidae. Collections 5 and 6 included snakes belonging to Boidae and Pythonidae families, while
collection 6 also included Vipers. Collections 2 and 3 provided samples from Vipers only. Owners
1, 2 and 3 trade snakes while the other owners and their collections have no contact. One snake,

in collection 1, was sampled at two time points (Table 3.2).
3.3.2 Sample collection and DINA extraction

An arbitrary selection of 137 snakes from six collections (272 samples in total) was sampled

by swabbing the cloaca and choana and extracting DNA according to Borel et al. (2008).
3.3.3 Chlamydial screening

A Chlamydiaceae family-specific qPCR targeting the 23S rRNA gene was carried out in 96-
well microtitre plates on all samples (n=272), and positive samples were then subjected to an
ArrayTube Microarray (AT) targeting 23S rRNA (described in Ehricht et al. (2006)). The AT
Microarray chip cartied 36 Chlamydiales probes, five positive controls and one internal staining
control. Sample DNA was amplified and biotin labelled prior to hybridisation according to Borel
et al. (2008). Hybridisation patterns were assigned on the basis of the most intense signal, with the

provision that all other probes of the same species were among the 10 most intense signals.

A PCR targeting the 298 bp Chlamydiales signature sequence of the 16S rRNA gene was

conducted on the 23 AT-positive samples using 16SIGF and 16SIGR primers (Everett et al., 1999),
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followed by amplicon sequencing. One sample corresponding to each genotype was chosen for
near full length (approximately 1400 bp) 16S rRNA sequencing using the 16SIGF primer paired

with the 16SB1 primer (Hosokawa et al., 2006), followed by amplicon sequencing.
3.3.4 Phylogenetic analysis

Resulting sequences were first compared to chlamydial sequences previously deposited in
Genbank using BLAST (Altschul et al., 1990), then further analysis was conducted in Geneious
v.7.1 (Kearse et al., 2012). Sequences were aligned using the Geneious algorithm, and phylogenetic

trees were constructed using MrBayes, with a HKY85 substitution model.

3.4 Results

A total of 137 snakes from six collections were tested at both the cloaca and choana to
ascertain the presence and diversity of chlamydial infections in captive snakes in six collections in

Switzerland.
3.4.1 Detection of chlamydiae in captive snakes

The presence of chlamydiae in this population of snakes ranged from 5.9% to 33.3% in the
six collections (Table 3.1a). Initially, a Chlamydiaceae specitic qPCR and Chlamydia species-specific
ArrayTube microarray (AT) were conducted to screen for the presence of chlamydiae. By qPCR,
48 samples from 29 animals were positive for Chlamydiaceae, and of these, the chlamydial species
could be identified in 45 samples by ArrayTube microarray (Table 3.1b). By Chlamydiaceae qPCR,
four snakes were positive at the choana only, six snakes were positive at the cloaca only and 19
snakes were positive at both sites. By ArrayTube, six animals were positive at the choana only,
seven were positive at the cloaca only and 15 were positive at both sites (Table 3.1b). By Chlamydia
ArrayTube microarray, the hybridisation pattern indicated clear species identity of C. pneumoniae at
the cloaca of six animals, the choana of four animals and at both sites in 13 animals, C. muridarum

at both sites from one snake and the genus Chlamydia (chlamydial species could not be determined)
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in three samples from two animals. An additional four samples from four animals (two choana
and two cloaca samples) had inconclusive or uncharacteristic AT hybridisation patterns (Table
3.1b). C. pneumoniae was detected in all six collections, and it was the sole Chlamydia detected in

collections 3, 4 and 6. No chlamydia was detected in snakes belonging to the Elapidae.
3.4.2 Chlamydial identity by PCR and sequencing

Further molecular characterization of chlamydial strains circulating in these six collections
was performed. A 279-286 bp sequence could be fully resolved from 21 of the 23 AT-positive
samples following direct sequencing of the PCR product in both directions. BLAST-n analysis
revealed that for 20 of these sequences, closest sequence similarity (95.0-99.0% nucleotide identity)
could be found to one of two ‘Uncultured Chlamydia’ sequences (accession numbers GQ507439.1
and GQ507442.1), C. pnenmoniae strains or a chlamydial sequence isolated from a tortoise
(accession number AY845424.1 (Table 3.2)). The last sequence shared 99.0% nucleotide identity
with C. muridarnm (Table 3.2). No sequences shared 100% nucleotide similarity with any sequences

in the database.

Multiple sequence alighment of these short novel sequences against other representative 16S
rRINA sequences from species in each chlamydial family lead to the designation of seven unique

genotypes from the 21 PCR amplified sequences (genotypes 1-7).

Two unique sequences (genotypes 1 and 2) were found in seven samples each, differing from
each other by one base. These sequences were both most similar to ‘Uncultured Chlamydia’ isolates
(97.5-98.5%) and C. pneumoniae (97.9-98.5%). A third novel sequence (genotype 3) was unique to
one sample, and shared 96.4% nucleotide similarity with the same uncultured isolates and C.
prenmoniae, differing by up to 11 bases. Two unique sequences (genotypes 4 and 5) were also found
in one sample each. Genotype 4 shares 92.8% nucleotide identity with a ‘Chlamydiales bacterium’
isolated from a tortoise; the ArrayTube signal for this sample was characteristic for Chlamydia genus.

Genotype 5 is 99.5% identical to C. muridarum (one SNP), as predicted by the ArrayTube analysis.
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The remaining two genotypes (genotypes 6 and 7) are shared between two samples each, differ
from each other by six nucleotides and differ from other Chlamydiaceae sequences by up to 29 bases
each. These unique genotypes individually share closest similarity to the ‘uncultured Chlamydia

isolates (96.9%) and C. pneumoniae (96.9%) as above.
3.4.3 Phylogenetic analysis

These novel 16S rRNA sequences were further analysed using Geneious software.
Sequences were aligned with a selection of available chlamydial sequences deposited in GenBank.
Phylogenetic analysis of the unique 16S rRNA sequences identified in these samples against other
16S rRNA sequences obtained from the order Chlamydiales revealed a distinct clade of five of the
unique 16S rRNA sequences identified in this study (genotypes 1, 2, 3, 6 and 7) within the broader
clade formed by member species of the family Chlamydiaceae (data not shown). The remaining two
unique sequences cluster with a Chlamydiales sequence obtained from a tortoise and a C. wuridarum

isolate, as expected from BLAST results and sequence analysis (data not shown).

To further understand the phylogenetic position of these novel chlamydiales, near full length
(1354-1437 bp) 16S rRNA gene sequences were amplified from one sample corresponding to each
genotype (n=7). By Geneious analysis, genotypes 1, 2, 3, 6 and 7 were 99.0, 99.1, 99.2, 98.6 and
99.1% identical to C. pnenmoniae strain LPCoLLN (CP001713.1), respectively, with 10-17 SNPs
across 1420-1437 nucleotides, confirming their identity as novel C. pneumoniae strains. Genotype 4
was 96.9% identical across 1357 nucleotides (up to 41 differences), suggesting it is a novel species
in the genus Chlamydia, closely related to C. pnenmoniae. Genotype 5 shared 99.8% identity with C.

muridarum (2 SNPs).

These sequence differences are reflected in the phylogenetic tree where genotype 4 branches
away from the C. pnenmoniae clade, separated from C. pneumoniae isolates by = 39 nucleotides, whilst
the remaining genotypes branch most closely with C. pneumoniae isolates, with fewer SNPs (Figure

3.1). By maximum likelihood methods, genotype 6 also diverges before the remaining genotypes,
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however bootstrapping for this method was lower overall, and tree topology was not reflective of
whole genome phylogeny (Chapter 1, Figure 4). As predicted by the ArrayTube results and initial

sequencing, sample 2742-399 (genotype 5) clusters most closely with C. wuridarun.
3.4.4 Genotype diversity

Of the novel chlamydial 16S tRNA sequences detected in this study, genotypes 1 and 2 were
the most common genotypes found: genotype 1 was found in multiple animals from two
collections (1 and 3), while genotype 2 was identified in three different snake species (I"7pera latastez,
Python regins, Elaphe guttata across three collections (2, 5 and 7) (Table 2). Each of the other novel

16S rRNA genotypes was restricted to a single collection.

Adding more confidence to the detection of these novel 16§ rRNA genotypes, paired
sampling of the choana and cloaca (n=3) revealed the presence of the same 16S rRNA genotype
in an individual animal (Table 2). Equally, two snakes in collection 1 that were sampled at different
time points were infected with the same genotype. Over half of the novel 16S rRNA genotypes (1,
2, 6 and 7) could be found at either cloaca or choana sample whilst Genotypes 3, 4 and 5 were

restricted to either choana or cloaca sample.

In terms of the diversity of chlamydial strains, collection 5 was revealed to be the most
diverse with three novel chlamydial 16S rRNA genotypes and one 16S rRNA sequence consistent
with C. muridarum (Table 2). Owner 6 houses snakes infected with two genotypes, while one

genotype per owner was detected in the remaining collections.

3.5 Discussion

In order to verify the presence and assess the diversity of clinically unsuspicious chlamydial
infections in snakes, 137 animals from 6 collections were investigated for the presence of Chlamydia
sp. Forty eight samples from 29 snakes were found to be positive for Chlamydia sp., and of these,

23 were identified as C. pneumoniae. This is the first report of C. pneumoniae and novel chlamydiae
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in clinically unsuspicious captive snakes in Switzerland. A recent study from Argentina also
described the presence of C. pnenmoniae in cloaca samples from otherwise unsuspicious captive

snakes, using a different detection method (Frutos et al., 2014).

The molecular positivity of Chlamydia sp. among six collections ranged from one animal to
11 animals, as is listed in Table 3.1a, with the overall positivity rate being 21.7%. These numbers
are slightly lower than prevalence rates of chlamydiosis seen in other reptiles in previous
opportunistic studies (Bodetti et al., 2002; Soldati et al., 2004; Robertson et al., 2010; Frutos et al.,
2014). The main difference between those and the current study is that the previous studies have
involved clinically diseased animals, while the animals in this study were healthy, thus a) they were
not presenting clinical signs at the time of sampling and b) their inner organs were not available
for analysis. Differences also lie in the methods used to determine positivity, ie, IHC and PCR or

PCR alone, as well as the gene amplified in the assays.

Following PCR and sequencing, genotypes were designated on the basis of 16S rRNA
sequence similarity. Seven genotypes were found among six collections in Switzerland. Collection
5 contained the highest level of genotype diversity (genotypes 2, 3, 4, 5 and 7). Aside from one
sequence (a C. muridarum sequence), all sequences shared 96-99% similarity with C. preumoniae. Due
to a lack of full length chlamydial 16S rRNA sequences from reptiles, no further comparisons are
able to be made within this host range. Nevertheless, phylogenetically, these novel genotypes form
a clade separate from animal and human C. pueumoniae strains, supporting previous suggestions
that human C. pneumoniae isolates have diverged from reptilian and amphibian C. preumoniae isolates
(Mitchell et al., 2010). The full length 16S rRNA gene of a novel genotype (genotype 4), is 96.9%
and 96.8% identical to C. pneumoniae strains LPCoLLN and TW-183, respectively, placing it as a
novel species within the Chlamydiaceae (Everett et al., 1999). It was found in one sample only and
shared 93.6% nucleotide identity across 279 nucleotides with a previous isolate from a tortoise.

Additional research efforts such as whole genome sequencing and zz vitro cell culture are required
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to further understand the phylogenetic position of this genotype as well as biological differences
trom C. pneumoniae. While the chlamydial 16S rRNA signature sequence has proven useful as a
genotyping tool in this study, the near full length sequence is necessary to confirm identity and

phylogenetic relationships.

It remains unknown exactly why some of the hybridisation patterns were uncharacteristic
tor C. pneumoniae. One sample with a weak C. pneumoniae signal was genotyped as genotype 2, which,
although across the near full length 16S rRNA gene is 99.2% similar to C. prenmoniae LPCoLLN, is
99.0% similar to the human strains of C. pneumoniae, which the ArrayTube probes are designed
against, providing one possible explanation for the weak signal (Ehricht et al., 2006). For the two
choana samples that were positive by qPCR but unidentifiable by ArrayTube (2742-323 and 2742-
371), 16S tRNA sequencing failed. This could have been due to low chlamydial load (Ct values of
= 33), or a mixed sample inhibiting PCR amplification and sequencing, although this was not

identified in the present study.

No genotype was associated to any taxon of snake or collection. The present study highlights
the genetic diversity of chlamydial organisms infecting clinically unsuspicious captive snakes in
Switzerland, which is comparable to that of a previous study that identified five C. prenmoniae
genotypes among eight reptilian and amphibian host species in geographically distinct locations
(Bodetti et al., 2002). The main difference between these two studies is the typing scheme applied.
It is also possible that the entire population diversity was not captured in this study as only 21
samples from 18 animals were successfully genotyped. Bodetti et al. (2002) also identified mixed

infections with multiple Chlamydia species, a phenomenon that was not observed in this study.

While chlamydiosis has been described in a number of reptiles and amphibians, different
chlamydial species have been implicated (Berger et al., 1999; Soldati et al., 2004; Blumer et al., 2007;
Robertson et al., 2010; Martel et al., 2013). C. pneumoniae, on the other hand, has been described

more widely in reptiles such as snakes, iguanas and chameleons (Bodetti et al., 2002; Jacobson et
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al., 2002; Jacobson et al., 2004). In the current study of captive animals, we found C. pneumoniae to
be the most common aetiological agent of chlamydiosis in reptiles, with novel chlamydiae related
to C. pnenmoniae also able to infect snakes. As yet the implications for progression for disease in
these collections and wider are unknown; further work will aim to isolate these strains for 7z vitro
characterisation to investigate the pathogenic potential of C. pmeumoniae and novel chlamydiae in

reptiles.

Detection of Chlamydiae in these asymptomatic captive snakes broadened the host range of
reptilian species known to be susceptible to chlamydial infection, and with the increasing
popularity of keeping reptiles and amphibians as pets, these findings are important in terms of
considering the potential zoonotic risk. The same 16S rRNA genotypes were identified in snakes
belonging to two of three owners who trade snakes, which could suggest a possible transmission
network. Not only is C. pneumoniae a common cause of pneumonia in humans, it has also been

associated with atherosclerosis, coronary heart disease and Alzeihmer’s disease (Roulis et al., 2013).
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Chapter 3 Tables & Figures

Table 3.1a: Presence of chlamydial infection in captive snakes from six collections in Switgerland.

Number of
Number of Number of
Number of samples
Collection snakes samples
samples positive by
sampled positive by AT
qPCR
1 51 98 18 17
2 11 22 5 3
3 17 34 9 9
4 17 34 1 1
5 17 36 11 11
6 24 48 4 4
Total 137 272 48 45
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Table 3.1b: Presence of chlamydial infections in six collections of captive snakes per anatomical site and diagnostic
method. This table highlights the positivity levels at different anatomical sites and highlights the discrepancies between

AT and gPCR results. Footnotes detail samples that had inconsistent or conflicting results.

Collection Collection Collection Collection Collection Collection

1 2 3 4 5 6
Number animals positive by
1 1 0 0 1 1
gPCR at choana only
Number animals positive by
2 3 0 0 04° 1
ArrayTube at choana only
Identity by  C. pneumoniae 2 1 1
ArrayTube o\ mydia/Chiam
ydophila sp.
Other 223
Number animals positive by
3 0 1 1 0 1
gPCR at cloaca only
Number animals positive by
3 0 1 1 1 1
ArrayTube at cloaca only
Identity by  C. pneumoniae 2 1 1 1 1
ArrayTube o mydia/Chiam
1
ydophila sp.
Other
Number animals positive by
7 2 4 0 5 1
gPCR at both sites
Number animals positive by
61! 0 4 0 4 1

ArrayTube at both sites
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Identity by  C. pneumoniae 6 4 2
ArrayTube o mydia/Chiam
1
ydophila sp.
Other 16
Total animals positive by gPCR
11 3 5 6
at at least one site
Total samples positive by gPCR 18 5 9 11
Total animals positive by
11 3 5 5
ArrayTube at at least one site
Total samples positive by
17 3 9 9

ArrayTube

' 0-11-CL: negative by AT but qPCR positive
* 2464-201: weak C. pneumoniae signal

? 2464-204: unidentifiable signal

*2742-323: unidentifiable signal

> 2742-371: unidentifiable signal

6 2742-399: C. muridarum by AT
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Table 3.2. Genotype designation and distribution for sequences obtained from cloaca and choana swabs from captive snakes in Switzerland.

Owner Sample

23430-12

23430-09

1679-8*

2464-262*

2464-202

2 2464-203"

2464-204'

2464-236

2464-246

Anatomical
site

Choana

Cloaca

Cloaca

Cloaca

Choana

Choana

Cloaca

Cloaca

Cloaca

Snake species

Vipera a. ammodytes

Vipera a. ammodytes

Vipera a. ammodytes

Vipera a. ammodytes

Vipera latastei

Vipera latastei

Vipera latastei

Montivipera wagneri

Montivipera raddei

ArrayTube
identity

C. pneumoniae

C. pneumoniae

Chlamydia sp.

C. pneumoniae

C. pnenmoniae®

C. pneumoniae

inconclusive

C. pneumoniae

C. pneumoniae

111

3:155 Ct Genotype
25.9 1
30.4 1
33.1 1
33.6 1
29.6 2
31.4 2
32.2 2
30.8 1
32.8 1

Closest BLAST hit (ID%)
(194-198 bp)

Uncultured Chlamydia isolates
2040.3 or EBB (98%)

Uncultured Chlamydia isolates
2040.3 or EBB (98%)

Uncultured Chlamydia isolates
2040.3 or EBB (98%)

Uncultured Chlamydia isolates
2040.3 or EBB (98%)

Uncultured Chlamydia isolates
2040.3 or EBB (98%)

Uncultured Chlamydia isolates
2040.3 or EBB (98%))

Uncultured Chlamydia isolates
2040.3 or EBB (98%)

Uncultured Chlamydia isolates
2040.3 or EBB (98%)

Uncultured Chlamydia isolates
2040.3 or EBB (98%)


https://www-sciencedirect-com.ezproxy.usc.edu.au/topics/agricultural-and-biological-sciences/cloaca-embryology
https://www-sciencedirect-com.ezproxy.usc.edu.au/topics/veterinary-science-and-veterinary-medicine/posterior-nasal-apertures
https://www-sciencedirect-com.ezproxy.usc.edu.au/science/article/pii/S0378113515001807?via%3Dihub#tblfn0035
https://www-sciencedirect-com.ezproxy.usc.edu.au/science/article/pii/S0378113515001807?via%3Dihub#tblfn0035
https://www-sciencedirect-com.ezproxy.usc.edu.au/science/article/pii/S0378113515001807?via%3Dihub#tblfn0040

Owner Sample

2464-255

4 2741-436

2742-308

2742-324

2742-332

2742-387°

2742-388°

2742-399

6 0661-435

Anatomical
site

Choana

Choana

Choana

Choana

Choana

Choana

Cloaca

Cloaca

Choana

Snake species

Montivipera albizona

FEunectes notaeus

Sanzania madagascariensis
volontany

Corallus batesii

Corallus caninus

Python regius 2

Python regius 2

Liasisboa/ Bothrochilus boa

Atheris squanziger

ArrayTube
identity

C. pneumoniae

C. pneumoniae

Chlamydia sp.

C. pneumoniae

C. pneumoniae

C. pneumoniae

C. pneumoniae

C. muridarum

C. pneumoniae

112

qPCR Ct
value

26.9

28.7

21.0

28.6

24.6

20.8

26.2

26.8

30.4

Genotype

Closest BLAST hit (ID%)
(194-198 bp)

Uncultured Chlamydia isolates
2040.3 or EBB (98%)

Uncultured Chlamydia isolate
2040.3 (97%)

Chlamydiales bacterium V1242-
01 (95%)

Uncultured Chlamydia isolates
2040.3 or EBB (96%)

Uncultured Chlamydia isolates
2040.3 or EBB (97%)

Uncultured Chlamydia isolates
2040.3 or EBB (98%)

Uncultured Chlamydia isolates
2040.3 or EBB (98%)

Chlamydia muridarum (99%)

Uncultured Chlamydia isolate
2040.3 (97%)



Anatomical ArrayTube qPCR Ct Closest BLAST hit (ID%)

Owner Sample site Snake species identity value Genotype (194-198 bp)
0661-436>  Cloaca Atheris squamiger C. pneunoniae 30.4 6 goac(;lati;%/s/a/mjdm isolate
0661-437 Cloaca Python regius C. pneumoniae 29.8 2 gozc()ug[ir:%gé/ig% gif)l isolates
0661-448 Choana FElaphe guttata C. penmoniae 319 > Uncultured Chlamydia isolates

2040.3 or EBB (98%)

>’ Samples from different anatomical sites from the same animals (1, 2, 3) at the same timepoints.
* Samples from the same animal at different timepoints.

® Questionable positive AT result.
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Candidatus Clavochlamydia salmonicola isolate Br25
Genotype 5 (2742-399)
* Chlamydia muridarum strain MoPn/Wiess-Nigg

Chlamydia suis strain 545

- Chlamydia trachomatis strain HAR-13

[ (Genotype 6 (0661-436)
[ (Ganotype 2 (0661-448)
1 e e Genotype 1 (2464-255)
] { e Ganotype 7 (2742-332)
.................................................................................. Genotype 3 (2742-324)
- Chlamydia pneumoniae strain LPCoLN
~ Chlamydia pneumoniae strain WBB
0.83] 1L
- Chlgmiydia pneumoniae strain N16
- Chlamydia pneumoniae strain TW-183
LT S Chlamydia pneumoniag AR39
- Chlamydia pneumoniae strain CWL029
L e Genotype 4 (2742-308)

- Chlamydia ibidis strain 10-1398/6

0.67
0.79

.............................................................................. Chlamydia avium strain 10DC88
- Chlamydia gallinacea strain 08-1274
.......................................................................................... Chlamydia psittaci strain 6-BC
Chlamydia abortus strain Ov/B577

- Chlamydia caviae strain Gp/lc

........................................................................... Chlamydla fellS Straln Fe/Pn_']

- Chlamydia pecorum strain ES8

0.05
Figure 3.1: Phylogenetic tree depicting relationships between novel genotypes identified in this study and related
chlamydial 1685 rRINA gene sequences obtained from Genbank. MrBayes phylogenetic tree constructed in

Geneious v7.1. Posterior probabilities are shown on each node.
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4.1 Abstract
Background

Recent molecular studies have revealed considerably more diversity in the phylum Chlamydiae
than was previously thought. Evidence is growing that many of these novel chlamydiae may be
important pathogens in humans and animals. A significant barrier to characterising these novel
chlamydiae is the requirement for culturing. We recently identified a range of novel uncultured
chlamydiae in captive snakes in Switzerland, however, nothing is known about their biology. Using
a metagenomics approach, the aim of this study was to characterise the genome of a novel
chlamydial taxon (Candidatus Chlamydia sanzinia 2742-308) from the choana of a captive snake, to

expand our knowledge of the additional diversity and biology of the genus Chlamydia.
Results

We identified two chlamydial genomic contigs: a 1,113,073 bp contig, and a 7,504 bp contig,
representing the chromosome and plasmid of Ca. Chlamydia sanzinia 2742-308, respectively. The
998 predicted coding regions include an expanded repertoire of outer membrane proteins (pmp
and omp genes), some of which exhibited frameshift mutations, as well as several chlamydial
virulence factors such as the translocating actin-recruitment phosphoprotein (Tarp) and
macrophage inhibition potentiator (Mzp). A suite of putative inclusion membrane proteins were
also predicted. Notably, no evidence of a traditional chlamydial plasticity zone was identified.
Phylogenetically, Ca. Chlamydia sanzinia forms a clade with C. preumoniae and C. pecornm, distinct

from former “Chlanydophila” species.
Conclusions

Genomic characterisation of a novel uncultured chlamydiae from the first reptilian host has
expanded our understanding of the diversity and biology of a genus that was thought to be the
most well-characterised in this unique phylum. It is anticipated that this method will be suitable

for characterisation of other novel chlamydiae.
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4.2 Background

The Chlamydiae are a phylum of intracellular bacteria that are characterised by their unique
biphasic lifecycle [1-3]. While they are ubiquitous in the environment [4], a significant number are
also associated with disease in a wide range of hosts [2]. The traditional family in this phylum,
Chlamydiaceae, consists of a single genus, Chlamydia, and includes important human and animal
pathogens such as Chlamydia trachomatis and Chlamydia psittaci. Even though this is the best-
understood family in the phylum, two new species, and one Candidatus species, in the genus
Chlamydia, were recently described from birds [5-6], highlighting how little we still know about the
full diversity of these obligate intracellular pathogens. Aside from human and mammalian hosts
[7], chlamydiosis has been reported in both free-ranging and captive reptilian hosts including
several snake species, turtles, tortoises and crocodiles, among others [8-11]. The most common
species found in these hosts to date is Chlamydia pnenmoniae, however, a recent study also revealed

16S rRNA sequences corresponding to potentially novel Chlamydia species [11].

Barriers for characterising the biology of these unique intracellular parasites lie in the fact
they require a host cell to undergo replication. For many novel species, 7 vitro culture systems are
not available. With deep sequencing becoming faster, more affordable and higher throughput [12],
groups within the chlamydia field have recently developed several methods of deep sequencing
from clinical samples to gain insight into the biology of these species [13-17]. These alternative
methods bypass the labour-intensive and costly culture step that has hampered genomic

characterisation of novel pathogens.

In the current study, we have utilised a culture-independent method to sequence the
genome of a previously uncharacterised and uncultivable new member of the genus Chlamydia. The
subsequent comparative genomics enabled by this approach allows for fast and effective
identification of a number of hallmarks of chlamydial biology in these novel species, including

virulence factors and membrane proteins.

119



4.3 Results and discussion
4.3.1 Description of “Candidatus Chlamydia sanzinia”, sp. nov.

We propose a novel species with Candidatus status in the genus Chlamydia, based on
genomic DNA sequence similarity in the absence of maintenance in culture: Ca. Chlamydia
sanzinia (Sanginia, pertaining to the host genus name). Ca. C. sanzinia shares < 97% 16S rRNA
nucleotide identity with other Chlamydia spp. Additionally, it shares < 96%, <98%, <96%, <95%
and <95% nucleotide sequence identity with other Chlamydia spp. for rpoIN, fisK, pepF, adk and heml,
respectively; classifying it as a new species using the scheme recommended by Pillonel ez a/ [18].
This novel species was detected in the choana of a captive asymptomatic Madagascar tree boa

(Sanzinia madagascariensis volontany) in a private collection in Switzerland.
4.3.2. Metagenome reconstruction and chlamydial genome assembly

5,561,445 paired reads were obtained from the treated DNA sample following shotgun
sequencing on an Illumina MiSeq. As no reference genome was available for this putative novel

species, reads were trimmed prior to de novo assembly into 261,306 contigs.

BLASTn analysis revealed two contigs that were suspected to be of chlamydial origin: a
1,113,073 bp chromosomal contig with 81 % nucleotide identity with C. pneumoniae 1L.PColLN
(CP001713.1), and a 7,504 bp plasmid contig with 77% nucleotide identity with the plasmid of C.

prenmoniae LPColLN (CP001714.1).

329,886 reads mapped to the chromosomal contig, accounting for ~6% of the reads. The
mean read coverage across the genome was ~44x, with at least 10x read coverage at every base
with the exception of some of the predicted polymorphic membrane proteins. Interestingly, the
mean coverage of the plasmid was estimated to be ~1888x, with the plasmid reads accounting for

~37% of the total reads.
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Despite treatment of the DNA to enrich for microbial DNA, at least 227,252 contigs are
believed to be host-derived, based on BLLASTn analysis against two available snake genomes
(Python  bivittatus, AEQUO00000000.2 and Pantherophis guttatus; JTLQO0000000.1), although the
majority of these contigs are very short. While the method used to enrich for microbial DNA relies
on depletion of methylated DNA, there is evidence to suggest that vertebrate mitochondrial DNA
may not be methylated at many regions [19]. This would explain the high coverage (~1904x)
obtained for the mitochondrial genome obtained in this metagenome, accounting for ~5% of the

reads.

The metagenome was also screened for host-associated microbiota to assess the
proportion of reads devoted to other bacterial species. Full or partial 16S rRNA sequences were
detected for five non-chlamydial bacteria in the sample, with significantly lower coverage than the

chlamydial genome.

Automated annotation of the chlamydial chromosome and plasmid by RAST followed by
manual annotation in Artemis resulted in prediction of 998 coding regions, demonstrating a
similarly reduced gene content to other members of the Chlamydiaceae (Table 4.1). Roughly one
third of the genome consists of hypothetical proteins (314). The two chlamydial genomic contigs
of Ca. Chlamydia sanzinia, had G+C contents of 38.5% and 32.3%, respectively (Table 4.1) [5, 6].
The chromosome was shown to be able to be circularised 7 si/ico by read mapping across the contig

break.
4.3.3 Ca. Chlamydia sanzinia 2742-308 forms a distinct clade with C. pnenmoniae and C. pecorum

Using the novel sequence data for this unique chlamydial taxon, we extracted the core
genome for comparative phylogenetic analyses to show that Cz. Chlamydia sanzinia 2742-308 is
most closely related to C. prenmoniae 1.LPCoLLN strain), with an average nucleotide identity of 76.9%,
in agreement with the 16S rRNA sequence identity previously described for this putative novel

species [11]. In our phylogenetic tree construction, this taxon shares the same minor clade with C.
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prenmoniae and C. pecorum, within a major clade comprised of former “Chlamydophila” spp. and the
novel avian Chlamydia spp and distinct from C. muridarum, C. suis and C. trachomatis (Figure 4.1).
Branch lengths indicate that Ca. Chlamydia sanzinia and C. presmoniae have evolved at a similar

rate after divergence from a common ancestor.
4.3.4 The genome of Ca. Chlamydia sanzinia 2742-308 harbours a 7.5 Kbp cryptic plasmid

Chlamydial plasmids are nonconjugative, nonintegrative and found in most chlamydial
species [19]. While we are still understanding the function of this plasmid, studies have suggested
roles in regulation of the developmental cycle and in influencing tissue tropism and disease
outcome [20-22]. De novo assembly of the trimmed reads produced an extra-chromosomal contig
resembling the chlamydial plasmid, the gene content and arrangement of which are typical of other
chlamydial plasmids (Figure 4.2b). The Ca. Chlamydia sanzinia 2742-308 plasmid proteins share
42.7 to 87.2% amino acid similarity with Chlamydia spp. plasmid proteins. The phylogenetic tree
constructed from a concatenated alignment of the conserved proteins, reflects these relationships
(Figure 4.2a), which mirror that of the chromosome. The nucleotide sequence identity across the
plasmid was much lower, ranging from 31 to 69%, although much of this variation can be

attributed to genes absent from some of the plasmids (Table 4.1, Figure 4.2b).

It is also interesting to note that coverage of the plasmid contig was almost 43 times that
of the chromosome (~1,888x vs ~44x and accounting for ~37% of the reads), suggesting a
plasmid copy number of up to 43 per chromosome. This seems unlikely given previous
descriptions of plasmid copy numbers in the range of two to ten [23-25]. An alternative explanation
for the high coverage is that the MDA process preferentially amplifies the plasmid. Other studies

have also shown that plasmid copy numbers change throughout the developmental cycle [23-25].
4.3.5 The genome of Ca. Chlamydia sanzinia 2742-308 does not appear to contain a plasticity gone

The chlamydial plasticity zone (PZ) is a region of extensive variation between chlamydial

genomes [2, 7], which, while highly variable, generally harbours (i) acetyl coA carboxylase chains
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(aeeBC), (ii) cytotoxin genes/adherence factor, (iii) phospholipase D (p/d), (iv) membrane attack
complex/perforin (MACPF), (v) tryptophan biosynthesis operon (#7pABFCDR, £yrU, prsA) and
(vi) purine biosynthesis genes (g#aAB-add) |2, 7]. Iterations of the chlamydial PZ have been
described in the genomes of all species of Chlamydia to date ranging from ~12 kbp to ~86 kbp,

with 11 to 48 genes [2, 7].

Despite rigorous homology and conserved domain searches through all 261,306 contigs, the
only features of a chlamydial PZ in Cz.Chlamydia sanzinia 2742-308 are acB & aceC (Cs308_0799
& Cs308_0800) (Figure 4.3). While this region is very small, it is similar to that of its closest relative,
C. pneumoniae LPCoLN and to that of C. avium 10DC88, both of which only possess a«BC and
MACPEF. Two hypothetical proteins have weak sequence similarity to C. psittaci adherence factor
(tox) (Cs308_0802 and Cs308_0803). The finding of neither a MACPFE or plasticity zone-p/d is
consistent given the evidence that MACPF may assist PLDs in lipid acquisition and processing [2],
in which case the absence of a MACPF may depend on the absence of a PLD. The lack of a
complete #p operon, a feature shared with its closest relative, C. pneumoniae, as well as other
Chlamydia spp. except C. pecorum, C. caviae and C. felis, suggests a different pathway for synthesising
tryptophan. Interestingly, an aromatic amino acid synthase, which has been described as an
alternative pathway for #p synthesis in C. pnenmoniae [20], also appears to be absent. The lack or
truncation of the gnaAB-add operon for purine biosynthesis is common to C. trachomatis, C. abortus,
and some strains of C. pmeumoniae and C. psittaci. The genome of Ca. Chlamydia sanzinia does
however appear to possess an AMP nucleosidase (Cs308_0522) which plays a role in purine

nucleoside salvage.

We considered the possibility that the plasticity zone was either not sequenced or not
assembled, given that multiple displacement amplification may introduce an amplification bias [27],
as seen for the plasmid. However, overlapping read mapping to the joined ends of the

chromosomal contig demonstrates that we have obtained the complete genome for this bacterium.
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The absence of an obvious chlamydial plasticity zone characteristic to other members in the
genus, as such, sets this putative novel species apart from its known closest phylogenetic relatives.
Strain diversity studies in other chlamydial species suggest that further investigation could elucidate

remnants of a PZ if other strains of this novel taxon were to be characterised.

4.3.6 An excpanded repertoire of polymorphic membrane proteins are located on “pmp islands” for Ca. Chlamydia

sanzinia 2742-308

Chlamydial membrane proteins are thought to play an important role in host-parasite
interaction throughout the chlamydial developmental cycle. Given their antigenic properties, many
have also been the target of extensive vaccine studies [28]. Polymorphic membrane proteins (Pmps)
are one such family of membrane protein, unique to chlamydiae, that are highly variable but are
united by their GGA (I, L, V) and FxxN tetrapeptide motifs [28-29]. They also function as
autotransporters in the Type V secretion system [29]. Investigation of the genome of Ca.
Chlamydia sanzinia 2742-308 revealed not only the presence of homologues of previously
described pmp genes, exhibiting the aforementioned motifs, but also the presence of an expanded
group of membrane proteins annotated as op5, an outer membrane protein (Cs308_0070, 0072,
0079, 0084, 0085, Cs308_674-677). These protein encoding genes share significant sequence
homology with either pzp or omp proteins from C. pneumoniae, C. pecorum, C. psittaci and C. abortus
(43-62% amino acid similarity). This family of membrane protein genes, together with the pmps,

are arranged in four clusters, not dissimilar to the pmp distribution in other chlamydial genomes.

Although twelve omp5 genes were annotated by automated methods, further analysis
determined three of these (Cs308_0074, Cs308_0076 and Cs38_0077) to be fragments of two
pmpG pseudogenes, (Cs308_0073 and Cs308_0075), with truncations attributed to frameshift
mutations. The fragments together contain the repeat motifs, middle domain protein and
autotransporter domains characteristic to pmps. Frameshifts are common to pmp encoding genes,

and it has been suggested that these mutations promote antigenic diversity [26].
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Pmp genes account for around 4 to 5% of the coding regions in closely related chlamydial
species (up to 22% for some strains of C. pneumoniae [26]). The predicted Pmp-encoding genes in
this genome account for 3.1%; with the inclusion of the additional o7p5 genes these membrane
proteins together account for approximately 5% of the coding regions of this genome, suggesting
the expanded pmp and omp repertoire confers characteristics advantageous to survival inside the

host cells infected by this novel chlamydial agent.
4.3.7 Ca. Chlamydia sanzinia 2742-308 displays genomic hallmarks of a pathogen

The Chlamydiae possess a number of mechanisms to exploit the host cell machinery in order
to survive and replicate inside a host cell. One of the ways in which chlamydiae achieve this is by
the secretion of “effectors”, virulence factors which function to influence host signalling, cleave
host proteins and suppress host defences. Homologues of several virulence factors secreted by the
Type Three Secretion System (T3SS) are present in the genome of Ca. Chlamydia sanzinia 2742-
308: namely, a homolog of translocated actin-recruiting phosphoprotein (Tarp) (Cs308_0200),
macrophage inhibition potentiator (ip) (Cs308_0291), tail-specific protease (#5p) (Cs308_0179)
and serine/threonine protein kinase (Pk#D) (Cs308_0709) [30], while genes encoding the
chlamydial outer protein, CopB, and a chlamydial protein associating with death domains (CADD),

appear to be absent [30].

Another chlamydial virulence factor, chlamydial protease-like activity factor (CPAF)
(Cs308_0639), secreted by the see-dependent Type 11 secretion pathway [31], was also identified in

this novel genome.

The inclusion membrane proteins (Incs) are another group of membrane proteins unique to
the Chlamydiae, exposed to the host cytosol and hypothesised to be involved in inclusion membrane
biogenesis [32, 33]. They share little sequence similarity but instead possess a 40-60 amino acid bi-
lobed hydrophobic structure [32]. In addition to two copies of IncA and single copy each of InB

and InC (Cs308_0059, Cs308_0863, Cs_0864, Cs_0885), an additional 41 putative Inc proteins
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were predicted iz silico in the Ca. Chlamydia sanzinia 2742-308 genome. This is within the range
described for other Chlamydia spp, which are predicted to encode as few as 36 Inc proteins (C.
trachomatis) or up to as many as 107 (C. pneumoniae) [32], providing further evidence that these

proteins are integral to inclusion development and host interaction across the genus [2].

4.4 Conclusion

For many novel species within and outside of the Chlamydiae, culture-independent
sequencing from clinical samples provides a unique opportunity to understand the biology of the
species for which there is a) no established culture system or b) no reference genome. While our
group and others have recently used several genome sequencing methods to broaden our
knowledge of previously described species in the genus Chlamydia [13-17], the current study
suggests that a shotgun deep sequencing approach is better suited to novel species. For instance,
using “bait” probes designed from a reference genome risks overlooking previously undetected or
undescribed features, such as a plasmid [25]. Likewise, using only homology or binning approaches
for metagenomes from clinical samples such as this may also omit accessory proteins or extra-
chromosomal sequences that either share no homology to known proteins or are lacking in
conserved phylogenetic markers. The use of MDA for whole genome amplification prior to
genome sequencing does come with its own limitations however, such as such as preferential
amplification of certain genomic regions or particular bacteria in a microbial community [27, 34].
The amplification skew is unpredictable and appears to be heavily dependent on both the
complexity of the sample and the MDA protocol applied [27]. These issues appear to be able to
be partially overcome by combining MDA with other depletion or enrichment methods [15].
Nonetheless, these tools are particularly useful for uncultivable intracellular organisms such as
members of the phylum Chlamydiae, and can likely be incredibly valuable for further

characterisation of a range of novel chlamydiae reported within and outside the genus Chlamydia.
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This method also circumvents sequencing of genetic changes that are often acquired during
passaging.

We have used this method to sequence and characterise a novel uncultured bacterium in the
genus Chlamydia from the first reptilian host, expanding our understanding of the diversity and

biology of a genus that was thought to be the most well-characterised in this biologically unique

phylum.

4.5 Methods
4.5.1 DNA extraction and microbial DINA enrichment

Genomic DNA was extracted from a swab from the choana of a Madagascar tree boa
(Sanzinia madagascariensis volontany) as per [11]. Total genomic DNA was then subject to host
methylated-DNA depletion using the NEBNext Microbiome DNA Enrichment kit (New England
BioLabs, USA), according to manufacturer’s instructions. The selectively enriched DNA was
purified by ethanol precipitation before being subject to multiple displacement amplification using

the Qiagen Repli-G mini kit (Qiagen, Germany), according to manufacturer’s instructions.
4.5.2 Genome sequencing and assembly

Sequencing was carried out on an Illumina MiSeq at the Australian Genome Research
Facility, Walter & Eliza Hall Institute, Parkville, Australia using 150 bp paired end reads. Read
quality was assessed with FastQC v0.11.2 and trimmed using Trimmomatic v.035 [35]. Trimmed
reads were de novo assembled using SPAdes v3.1.1 [30], with kmer values of 51, 71, 91, 101 and 127
in both multi-cell and single-cell mode. QUAST [37] was used to assess the quality of the

assemblies.
4.5.3 Genome annotation and analysis

Resulting contigs were subject to a BLASTx search against an in-house chlamydial protein

database. Contigs longer than 1000 bp with hits with e-values = 0.005 and identity values = 60%
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were subsequently also manually compared to the NCBI database. Two chlamydial contigs were
uploaded to RAST [38] for automated annotation. Additional coding regions were identified and
annotated using Artemis [39]. The chromosomal contig was split to resemble the genome
architecture of C. trachomatis, and reads were mapped back to the assembly to assess genome
coverage. A 60 bp region with <10x coverage was removed from the 5’ end of the contig, resulting
in reads overlapping the the 5" and 3’ ends of the contig. A similar method was also applied to the
plasmid contig; a 124bp region was removed from the 5 end. The nucleotide sequence of the

genome of uncultured Chlamydia sp. 2742-308 was deposited in Genbank under accession numbers

CP014639 (chromosome) and CP014640 (plasmid).

To identify the origins of non-chlamydial contigs, Metaxa [40] was employed to detect
ribosomal RNA sequences of prokaryotic and eukaryotic origins. These results informed

downstream read-mapping to assess the proportion of reads belonging to different origins using

Geneious [41], BWA aligner [42], and BEDTools [43].
4.5.4 Phylogenetic analysis

To assess the genome-wide phylogenetic relationships among Chlamydia spp., the core
genome was extracted using the LS-BSR package [44]. A phylogenetic tree was constructed from
the computed alignment using FastTree [45] and visualised in Geneious [41]. For the plasmid
phylogeny, each gene was extracted and translated 7 sifico, prior to concatenation. The phylogenetic

tree was then constructed from the resulting alignment.
4.5.5 Inclusion membrane protein prediction

The amino acid sequences for all 314 hypothetical proteins were subject to transmembrane
helix prediction using TMHMM [46]. Hydropathy plots were visualised to identify characteristic
bi-lobed hydrophobic domains.
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Chapter 4 Tables & Figures

Table 4.13: Comparative analysis of chlamydial genome features. One strain representative for each species was analysed.

Species, strain Unculturea C. C. pecorum C. psittaci C. felis C. caviae C. abortus C. avium C. gallinacea C. ibidis C. muridarum C. trachomatis C. suis
(accession Chlamydia pneumoniae MC/ 6BC Fe/C-56 GPIC S26/3 10DC88 08-1274/3 10-1398/6 Nigg A/HAR-13 MD56
number) sanzinia ~ LPCoLN  MarsBar (NC_017287.1) (AP006861.1) (AE015925.1) (NC_004552.2) (CP006571.1) (AWUS00000000.1) (APJW00000000.1) (NC_002620.2) (NC_007429.1) (CM002267.1)
2742-308  (CP006571.1) (NZ_CM002310.1)
(CP014639)
Chromosome 1.11 1.24 1.11 1.17 1.17 1.17 1.14 1.04 1.05 1.15 1.07 1.04 1.07
length (Mbp)
GC content (%)  38.5 40.5 41.1 39.1 39.4 39.2 39.9 36.9 37.9 38.3 40.3 41.3 42.0
No. CDSs 998 1,097 945 1,003 1,005 998 964 940 898 949 904 911 915
Hypothetical 314 426 297 337 324 376 219 242 207 235 353 294 218
proteins
Plasmid length 7.5 (8) 7.52(8) 7.52(8) 7.5 (8) 7.5 (8) 7.9 (7) Np 71(7) 7.0 (7) Np 7.5 (8) 7.5b (8) 5.9 (6)
(Kbp) (No.
ORES)
Np; No plasmid

* Plasmid not present in all strains

® Plasmid length of C. trachomatis 1.2b/CS784/08
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Figure 4.1: Chlamydia species core genome phylogenetic tree. The core genome was extracted using the I.S-BSK
package and phylogenetic tree constructed using FastTree. Numbers on the branches indicate support values. Scale

bar indicates nucleotide substitutions per site.
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Figure 4.3: Lack of the plasticity zone in Chlamydia sp. 2742-308. The region of the genome encoding the plasticity gone in C. pecorum and C. pneumoniae were
compared to that of Chlamydia sp. 2742-308 via tBLASTx analysis and their arrangement plotted in EasyFig. Block arrows represent proteins, coded by colour and grey

shading represents sequence homology.
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5.1 Abstract

Advances in culture-independent methods have meant that we can more readily detect and
diagnose emerging infectious disease threats in humans and animals. Metagenomics is fast
becoming a popular tool for detection and characterisation of novel bacterial pathogens in their
environment, and is particularly useful for obligate intracellular bacteria such as Chlamydiae that
require labour-intensive culturing. We have used this tool to investigate the microbial

metagenomes of Chlamydia-positive cloaca and choana samples from snakes.

The microbial complexity within these anatomical sites meant that despite previous
detection of chlamydial 16S rRNA sequences by single-gene broad-range PCR, only a chlamydial
plasmid could be detected in all samples, and a chlamydial chromosome in one sample.
Comparative genomic analysis of the latter revealed it represented a novel taxon, Ca. Chlamydia
corallus, with genetic differences in regards to purine and pyrimidine metabolism. Ultilising
statistical methods to relate plasmid phylogeny to the phylogeny of chromosomal sequences
showed that the samples also contain additional novel strains of Ca. C. corallus and two putative

novel species in the genus Chlamydia.

This study highlights the value of metagenomics methods for rapid novel bacterial discovery

and the insights it can provide into the biology of uncultivable intracellular bacteria such as

Chlamydiae.
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5.2 Introduction

Recent advances in culture-independent molecular methods and diagnostics, coupled with
an increased breadth and depth of sampling, have played a significant role in detecting emerging
disease threats in humans and animals (1-4). This method is advantageous over traditional single-
gene pathogen detection methods in which nucleotide differences alone are, in some cases, not
powerful enough to distinguish between closely related species (5-7). Metagenomic sequencing
also addresses challenges encountered in a clinical setting: a) if the putative pathogen is novel or
unknown, b) if there are no established culture systems, or c) if culture is time-consuming and

laborious (eg. for obligate intracellular pathogens such as Chlamydiae).

We recently used metagenomics to sequence and characterise the genome of a putative novel
Candidatus species, Ca. Chlamydia sanzinia (8), originating from a diverse group of chlamydial
strains circulating among clinically healthy, captive snakes in Switzerland (9). This species is closely
related to Chlamydia pnenmoniae and its genome encodes several chlamydial virulence markers such
as a type three secretion system, translocated actin-recruiting phosphoprotein (Tarp) and
chlamydial protease-like activity factor (CPAF) (8). Elsewhere, chlamydiosis has been described in
both wild and captive reptiles, including crocodiles, lizards and snakes, in broad geographical
locations, with the impact of infection ranging from asymptomatic infections to severe disease (9-
106). Little or nothing is otherwise known about the the biological diversity of chlamydiae infecting

these hosts.

Further, few studies have used metagenomics to describe the metagenome and microbiota
of wild or non-model vertebrates, with most studies focussing on mammalian species and
agriculturally important animals (17, 18). Recently, groups have used culture-dependent and
independent methods to characterise the microbiota of several anatomical sites in various reptile
hosts, to uncover the diversity and function within these communities, and their potential impact

on animal and human health (19-23). We therefore aimed to assess the microbial diversity in
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Chlamydia-positive cloaca and choana samples from captive, asymptomatic snakes. In doing so, we
also showed that metagenomics analysis is not only useful for novel chlamydial species discovery
but that it also reveals key genomic differences between a novel chlamydial taxon and established

species.

5.3 Results and discussion

5.3.1 Snake choana and cloaca metagenome assembly and microbial composition

135,167,964 reads were obtained across two cloaca (G1/1679-8 and G2/2464-204) and
three choana (G3/2742-324, G6/0661-435, and G7/2741-436) samples in which novel C.
pnenmoniae strains were detected by 16S rRNA sequencing. Reads were trimmed for quality and
adapter sequence prior to de novo assembly and metagenome binning using SPAdes and MaxBin,
respectively. 27,763-378,622 contigs were obtained for the samples (76-10,516 contigs over 1,000
bp).

Metagenomic assessment revealed a high level of complexity in the samples, with such deep
sequencing allowing us to simultaneously uncover the microbiota of these sites, putative novel
bacteria and microbial eukaryotes residing in the choana and cloaca of these snakes. The cloaca

samples harboured up to five bacterial species, and the choana samples up to two species based

on recovery of full 16S rRNA sequences and partial or complete bacterial genomes (Table 4,1).

Many of the BLAST hits of microbiota species were known members of reptilian, piscine
or mammalian microbiomes, for example Achromobacter sp. and Luteimonas sp. in the respiratory tract
(21, 22) and Serratia marcescens, Pseudomonas aernginosa and Salmonella enterica in the cloaca (23).
Interestingly, Chitinophageaceae appeared to dominate the choana samples, which has not been
described before. This discrepancy is most likely due to the different detection methods used (19-
23). It is unclear what role these bacteria are playing at these sites: S. enterica has been repeatedly

described as a reptile pathogen and such a high level of abundance may provide evidence for this
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(Table 5.1). As the name suggests, the Chitingphagaceae members in the choana samples (which are
98.5% identical to each other) are rich in chitinases. The role for these bacteria and their enzymes
in the choana/oral cavity are unknown, but they may contribute to the digestion of the exoskeleton
of animals ingested as part of the snake’s diet. Interestingly, previous studies of reptile microbiota
did not detect any Chlamydia species (19-23). This highlights a strength of metagenomics and
strongly suggests that it may be a pathogen rather than a commensal, however, additional iz vitro
and 7z vivo studies are obviously necessary to confirm this. We also detected rRNA sequences from
a flagellate, Monocercomonas coluborum, in a choana sample (G1/1679-8), and a fungal species related
to Sporothrix schenckii in a cloaca sample (G7/2741-436). Further metagenomic sequencing would
clarify the presence, abundance and roles of these and other species in the choana and cloaca of

snakes.

Despite methylated DNA depletion prior to MDA and sequencing, a host mitochondrial
genome was recovered from each sample. It has been shown that mitochondrial DNA may not be
methylated in all species (24), and this is reflected in our data by the presence of these sequences
at differing levels of coverage in each sample, combined with fragmented mitochondrial genomes
for two species. The mitochondrial genomes were obtained on a single contig or over up to six
contigs, with the read coverage ranging from 43x to 38,621x, accounting for ~0.07% to ~31% of

the reads.
5.3.2 Chlamydial genome construction from a snake choana metagenome

Given the fact that more than one bacterial genome was present in these metagenomes, a
full chlamydial genome could only be recovered from a single sample (G3/2472-324), the
characteristics of which are summarised in Table 5.2 in comparison with other chlamydial genomes.
The single metagenome containing chlamydial chromosomal contigs contained 4,445 contigs over
1,000 bp, seven of which were chlamydial and divided between six predicted chromosomal contigs

and one predicted plasmid contig. The combined chromosomal contigs total 1,196,452 bp in
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length and were predicted to encode 1,076 genes. The GC content of 39.33% was comparable to
other chlamydial genomes (Table 5.2). The plasmid contig was 7,522 bp, harboured the typical
eight open reading frames and has a lower GC content than the chromosome (32.0%), as is
expected for plasmids. The average read coverage across the chromosome and plasmid were

~110x and ~40,134x, respectively.

For the remaining four samples, despite lacking a chlamydial chromosome, a plasmid
sequence could be recovered, presumably since chlamydial plasmids are found at copy numbers
of two to ten times that of the chromosome (25, 26) and because MDA may preferentially amplify
the plasmid DNA (8). The plasmid sequences ranged from 7,210 to 7,534 bp, with 5-14,471x

average read coverage (Table 3).
5.3.3 Phylogenomic analysis of Ca. Chlamydia corallus within the Chlamydiaceae

To assess the genetic relationship of Ca. Chlamydia corallus to other chlamydial species, we
utilised the classification scheme published by Pillonel ¢ a/., 2015 (5). Sequence homology within
the 16S rRNA gene placed this novel taxon as a member of the order Chlamydiales, (99.2% identical
to C. pnenmoniae LPCoLN [9]). Sequence analysis of the additional genes show that this sample is
closely related to C. pneumoniae but is sufficiently genetically different (ANI 90.16-90.31% with C.
pneumoniae AR39 and LPCoLN) that, according to this scheme, G3/2742-324 should be classified
as a novel species within the genus Chlamydia. To visualise the genetic relationships between this
putative new chlamydial species with other members of the genus Chlamydia, a phylogenetic tree
was constructed from a concatenation of the eleven gene alignments (5). The resultant
phylogenetic tree re-iterates the distinct lineage formed by G3/2742-324, in a major cluster with

Ca. Chlamydia sanzinia, C. pneumoniae and C. pecorum (Figure 5.1).

Based on the nucleotide identities of the analysed genes highlighted in the classification
scheme (5), G3/2742-324 should be classified as a novel Candidatus species within the genus

Chlamydia. We propose for it the name Candidatus Chlamydia corallus (strain G3/2742-324), so
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named for the genus of the Amazon Basin emerald tree boa (Corallus batesii) in which it was
detected. Ca. Chlamydia corallus was detected in the choana of a clinically healthy, captive snake

in Switzerland.
5.3.4 Plasmid-based diversity within chlamydial species infecting snakes

Although culture-independent genome sequencing failed to resolve whole genome
sequences for the all samples in this study, an extra-chromosomal plasmid was detected in all five
metagenomes. An approximately 7.5 Kbp contig from G1/1679-8, G2/2464-204, G3/2742-324,
G7/2741-4306, and an approximately 7.2 Kbp contig from G6/0661-435, showed a BLASTn hit
against the C. pmeumoniae LPCoLN plasmid. The nucleotide sequence identity between these
sequences and C. pneumoniae LPColLN plasmid was 78.76-86.09% and among each other was 77.45-

96.8%.

Almost all chlamydial species, but not all strains, are known to carry a plasmid, and the
nucleotide and amino acid sequences are highly conserved between species (26). The presence of
a plasmid has been suggested to contribute to the pathogenicity or tissue tropism of the chlamydial
species (27, 28), and plasmid proteins are used for diagnostic targets and vaccine candidates. The
chlamydial plasmid is normally organised with eight open reading frames (ORFs), encoding for
genes involved in plasmid maintenance and glycogen synthesis (29). Alignment of the plasmid
sequences revealed conservation of these ORFs, with the exception of a gap in the coding region

for helicase in the sequence for G6/0661-435, which resulted in a pattial plasmid sequence.

Previous research has also shown that there is a co-evolution between the chromosome and
plasmid sequences for the chlamydial species (26, 30), so in the absence of chlamydial
chromosomal genetic data for these additional samples, we performed phylogenetic analysis on
the nucleotide sequences across the plasmid in order to assess the genetic relationship of all strains
obtained from the metagenomes in this study. In agreement with the tree constructed from its

chromosomal loci, phylogenetic analysis revealed that Ca. Chlamydia corallus clusters with but is
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genetically distinct from C. pneumoniae. (Figure 5.2). Plasmid sequences from G6/0661-435 and
G7/2741-436 can also be found in this clade. Notably, G1/1679-8 and G2/2464-204 form two
additional branches distinct from Ca. C. corallus, C. pnenmoniae and Ca. C. sanzinia, sharing 84.09%

of their nucleotides with each other and 72.27% to 83.51% with these three species.

As no typing scheme exists to distinguish species based on plasmid sequence analysis or
phylogeny, we used linear regression analysis to assess the relationships between chromosome and
plasmid pair-wise patristic distances (sum of branch lengths) within the Chlamydiaceae. Based on
the phylogenetic markers used in this study, at the strain level (eg. C. pneumoniae . PCoLLN and N16;
C. pecorum MC/MarsBar and L1), patristic distances for the chromosome are 0, while for the
plasmid they are 0.01-0.02. For closely related species pairs such as C. caviae and C. felis or C. suis
and C. trachomatis, chromosomal and plasmid patristic distances are 0.12-0.16 and 0.20-0.22,
respectively. For more distantly related species pairs such as C. trachomatis and C. psittaci, or C.
pecorum and C. muridarum, chromosomal and plasmid patristic distances are higher: 0.28-0.33 and
0.52-0.57. For the sequences obtained in this study, branch lengths between G6/0661-435 and
G7/2741-4306, and between these two samples and G3/2742-324, are equivalent to those at the
strain level (0.0), as are their extrapolated chromosomal patristic distances based on the curve. On
the other hand, the plasmid and extrapolated chromosomal patristic distances between G1/1679-
8, G2/2464-204 and C. pnenmoniae of 0.18-0.21 and 0.11-0.13, respectively, are slightly lower than
those of C. caviae and C. felis, but not as close as that of C. psittaci and C. abortus, highlighting their
relatedness to each other (Figure 5.2). Meanwhile, their branch lengths with most other members
of the genus is 0.36-0.41, which is comparable to most other pair-wise distances, thus may

represent two distinct novel species.

These data also fit with initial testing results, in which G1/1679-8 and G2/2464-204 could
not be definitively assigned to a species based on a Chlamydiaceae ArrayTube assay designed to

detect established species (8) (chapter 3). G1/1679-8 was identified as a Chlamydia species, and
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G2/2464-204 did not yield a conclusive result (Table 3) (9). G3/2742-324, G6/0661-435 and
G7/2741-436 were designated as C. pneumoniae, which is in line with their close plasmid nucleotide
identity. This suggests the assay is less specific when taxa are so closely related, but is robust

enough to detect novel species.

Given the above, the phylogenetic position of G1/1679-8 and G2/2464-204 among other
species and their evolutionary distances from other species and strains provide strong evidence of
additional species-level diversity within the Chlamydiaceae. These data provide a) evidence that, for
some taxa, 16S rRINA sequencing is not sufficient to speciate, b) validation of the use of genome
sequencing to further investigate genetic diversity within and/or between populations, and c)
evidence for the use of plasmid sequence to assess diversity and phylogeny of novel chlamydial

species for which plasmids are ubiquitous.
5.3.5 Genetic differences within the plasticity zone of Ca. Chlamydia corallus

In order to further characterise the genome of the novel species, Ca. Chlamydia corallus, in
comparison to other chlamydial species, the plasticity zone (PZ) region was analysed. The plasticity
zone is a unique region within the Chlamydia genome that has been associated with host adaptation
for some chlamydial species (6, 31). The well-known variability between the chlamydial species
within this region makes it an appropriate target for understanding the factors that might have

influenced the tissue tropism of Ca. Chlamydia corallus.

The plasticity zone of Ca. Chlamydia corallus is approximately 13,700 bp in size and
composed of genes required for several biochemical pathways such as Acetyl-CoA-carboxylase
(aceBC), purine and pyrimidine synthesis genes (¢#a.4Badd) and the MAC/petforin gene, as seen in
Figure 5.3. When compared with other chlamydial species, the plasticity zone harboured by Ca.
Chlamydia corallus is structurally most similar to the human-isolated strain of C. pnenmoniae AR39
(Figure 5.3). Both species have a slightly smaller plasticity zone than other species, due to the

absence of any cytotoxin, which is present in C. psittaci and duplicated in C. pecorum (32, 33). The
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main difference between the PZs of Ca. C. corallus and C. pneumoniae appears to be fragmented or
truncated hypothetical proteins in AR39, and the absence of a putative lipoprotein in Ca.

Chlamydia corallus, which is present in both strains of C. prenmoniae (Figure 5.3) (34).

The plasticity zone of Ca. Chlamydia corallus was genetically variable from Ca. Chlamydia
sanzinia (Figure 5.3). For instance, the MAC/perforin complex gene was not detected in the
plasticity zone of Ca. Chlamydia sanzinia (8). The function of the MAC/perforin gene in the
chlamydial species is unknown, but has been suggested to contribute to the pathogenesis of these
species (35). Additional differences in the PZs of Ca. Chlamydia sanzinia and Cz Chlamydia
corallus lie in the purine ribonucleotide biosynthesis pathways, as highlighted in Figure 5.3. The
purine ribonucleotide biosynthesis (g#a.4Badd) cluster, detected in Ca. Chlamydia corallus, plays a
critical role in both de novo and salvage pathways for purine synthesis in prokaryotes (36). This
cluster is present in some chlamydial species (33, 34, 37), but was never detected in the other
recently described snake chlamydia, Ca. Chlamydia sanzinia (8). Chlamydial species that do not
encode for this gene cluster are most likely able to synthesise purines through alternative pathways
(38). Its absence in other bacterial species, such as Helicobacter pylors, has been found to have an
effect on their rate of growth (36). The absence of the gnaABadd genes in several of the chlamydial
species, however, indicates that these genes are not needed by the chlamydial species; its absence
in Ca. Chlamydia sanzinia also suggests that these genes are not necessary for the chlamydial

species to establish infection in snakes (8, 37).

No tryptophan operon (#7p.AB) was detected in the plasticity zone or other genomic regions
of Ca. C. corallus. Tryptophan is a necessary amino acid for chlamydial growth (39), however, host
cell defence mechanisms against chlamydial infections exist in which interferon gamma (IFN-y)
production depletes intracellular tryptophan stores (40). Certain strains of C. frachomatis encode for
an intact tryptophan operon (#p.4B), which is absent or incomplete in other chlamydial species

(37), suggesting that not all chlamydial species are able to synthesise tryptophan. For urogenital
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strains of C. #rachomatis, the vaginal microbiota is believed to provide indole, allowing for synthesis
of tryptophan (39). The absence of a tryptophan operon would suggest that Ca. C. corallus either
has alternative pathways for synthesising tryptophan or is possibly completely auxotrophic for
tryptophan. Notably, neither Ca. C. corallus nor Ca. C. sanzinia encode for an aromatic amino acid
hydroxylase, which has been suggested to contribute to tryptophan metabolism in the absence of
tpAB. As has been suggested for C. trachomatis (39), the diverse microbiota in these snakes may
provide nutrients or substrates for chlamydial synthesis of amino acids. Metagenomic mining
revealed several tryptophan synthesis pathway or rescue genes encoded by the bacteria present in
the cloaca and choana samples, for example, tryptophan synthase, tryptophanase and indole-3-
glycerol phosphatase were detected among the samples, encoded by Achromobacter sp., Serratia
marcescens. Clostridium sp., Salmonella enterica and Chitinophagaceae. Previous studies also describe the

presence of indole-producing bacteria at these sites (21-23).

5.4 Conclusions

In the current study, we have used culture-independent metagenome analysis to investigate
the microbial metagenome of snake choana and cloaca samples. In doing so, we have shown that
this method provides a wealth of biological information for novel species discovery through
microbial community profiling, and have described the presence of highly abundant bacterial
species at these sites, some of which have not previously been described. The animal and public
health implications of these findings are unknown, but the repeated observations of human

pathogens in the microbiota of snakes (21,22) and other reptiles warrants further investigation.

The metagenomic method used is particularly useful for characterising novel species or
strains with no reference genome such as novel uncultivable bacteria (eg. members of the phylum
Chlamydiae). The complexity within these anatomical sites meant that despite previous detection of
chlamydial 16S rRNA sequences by PCR, only a chlamydial plasmid could be detected in all

samples, and a single chlamydial chromosome. Nonetheless, comparative analysis of the novel
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chlamydial species with other Chlamydia sp. revealed genetic differences in regards to purine and
pyrimidine metabolism. The detection of chlamydial plasmids in all samples, which was only
possible using this method, highlights additional diversity within the Chlamydiae, which appears to
be a growing trend with increased breadth and depth of sampling and advances in molecular
techniques. Further studies, such as metatranscriptomic analysis would better elucidate the

complex role of the microbiota on chlamydial pathogenesis and vice versa.

5.5 Materials and methods
5.5.1 Sample preparation

Suspected novel genotypes (n=5) of C. pnenmoniae were recently detected in collections of
captive snakes in Switzerland (8). Clinical swabs were taken from either the cloana or choana of
clinically healthy snakes, and DNA was extracted as previously described (8). All samples were
subjected to host methylated DNA depletion prior to multiple displacement amplification, as

previously described (9).
5.5.2 Ethics approval and consent to participate

The collection and molecular analysis of the snake samples was approved and performed in
accordance with the relevant guidelines and regulations of the Veterinary Office of Canton Zurich

(authotization no. ZH010/15).
5.5.3 Metagenome assembly and analysis

Deep sequencing was carried out on an Illumina NextSeq at the Australian Genome
Research Facility using 150 bp paired-end reads. Read quality was assessed through FastQC v.011.2
and reads were trimmed for adaptors and quality using Trimmomatic v.305 (41). Reads were
assembled into contigs using SPAdes v.3.1.1 in metagenome mode with default kmer values (21,
33, 55) (42). Each assembly was assessed through QUAST (43). To obtain chlamydial contigs from

the assembled metagenome, contigs were subject to BLAST analysis against an in-house
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chlamydial genome database, and subsequent analysis against the NCBI nucleotide database.
Contigs with hits against chlamydial sequences were automatically annotated using RAST (44) and

manually curated in Artemis (45).

Metaxa was employed initially to assess the species richness within the resulting
metagenomes, detecting ribosomal RNA subunits of various origins (46). MaxBin was used to
construct partial or complete draft genomes for the microbial species detected in the samples and

determine genome completeness for each assembly (47).

Burrows-Wheeler aligner, SAMtools and BEDtools were used to map reads and assess read

coverage across the various metagenomic components (48-50).
5.5.4 Phylogenetic analysis

The genetic relationships of the novel species described in this study to other chlamydial
species was assessed using the classification system published by Pillonel ez @/, (5). Individual genes
were extracted from the assembled genome and established chlamydial species, including Sizzkania
negevensis as an out group. Extracted genes were concatenated and aligned using MAFFT (51) and
a phylogenetic tree based on the resulting alignment was constructed using FastTree (52); both

were run in Geneious v7.1 (53).

Plasmid phylogeny was performed based on the alignment of nucleotide sequences using
MAFFT (51) and tree construction using FastTree (52). In order to include plasmid sequences
from all possible species, nucleotide sequences were re-ordered and large gaps were removed so
that each resulting plasmid sequence was 5,522-6,170 bp, thus comparable to C. suzs plasmid which

lacks the parA and pgp-6 genes.

5.5.5 Data availability
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The metagenomic sequence data obtained for the Ca. Chlamydia corallus chromosome

and plasmid was deposited in Genbank under accession numbers as part of bioproject

PRJNA312988.
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Chapter 5 Tables & Figures

Table 5.4: Microbial composition of choana and cloaca samples from captive snakes

G2/2464-204

G3/2742-324

G6/0661-435

G7/2741-436

G1/1679-8
Host Vipera a. ammodytes
(Family) (Viperidae)
Anatomical site Cloaca
No. partial or complete

4

bacterial genomes detected
No. 16S rRNA sequences detected 5
No. microbial eukaryotes detected 1
Most abundant bacterial taxon Serratia
(coverage of 16S rRNA sequence)

marcescens (~125x)

(Phylum) (Proteobacteria)

Vipera latastei

(Viperidae)

Cloaca

0

Salmonella  enterica

(72x)

(Proteobacteria)

Corallus batesii

(Boidae)

Choana

2

0
Chitinophageaceae
bacterinm (~T702x)

(Bacteroidetes)

Atheris squamiger

(Viperidae)

Choana

O/\

Eunectes notaeus

(Boidae)

Choana

Chitinophageaceae
bacterinm (~20x)

(Bacteroidetes)

~ Only contigs = 1,000 bp were considered

N.a; not applicable



Table 5.2: Genome characteristics of Uncultured Chlamydia sp. G3/2741-324 compared to closely-related chlanmydial species.

Ca. Chlamydia

corallus G3/2742-324

Ca. C. sanzinia
G4/2742-308

(CP014639)

C. pneumoniae
LPCoLN

(CP006571.1)

C. pecorum
MC/Marsbar

(NZ_CM002310.1)

C. trachomatis

A/HAR-13

(NC_007429.1)

Emerald tree boa
Host
(Corallus batesiz)

Chromosome length (bp) 1,196,452
GC content (%) 39.9
No. CDS 1,076

No. hypothetical proteins 356
Plasmid length (bp) 7,621

No. CDS on plasmid 8

Madagascar tree boa
(Sanzinia

madagascariensis)
1,113,233

38.5

998

314

7,504

Koala (Phascolarctos

cinerens)

1,241,024

40.6

1,095

426

7,530"

Koala (Phascolarctos

cinerens)

1,230,439

40.6

1,116

297

7,547

Human

(Homo sapiens)

1,044,459

41.2

954

294

7,510"

™ Not present in all strains
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Table 5.3: Characteristics of chlamydial plasmids obtained from snake choana and cloaca metagenomes

G1/1679-8  G2/2464-204 G3/2742-324 G6/0661-435 G7/2741-436
No. contigs 1 1 1 4 1
Length (bp) 7,534 7,518 7,522 7,210' 7,522
Mean read ~3,243x ~389x ~40,132x ~5x ~14,471x
coverage
No. ORFs 8 8 8 8 8
BLAST hit C. pneumoniae  C. pneumoniae  C. pneumoniae  C. pneumoniae — C. pneumoniae
%% LPCoLLN LPCoLLN LPCoLLN LPCoLLN LPCoLLN
nucleotide plasmid plasmid plasmid (88%) plasmid plasmid
ID) (81%) (88%) (86%) (87%)
ArrayTube Chlamydia sp.  Inconclusive  C. pnenmoniae  C. pneumoniae  C. pneunoniae
result

! Possibly incomplete sequence; truncated helicase gene predicted over ends of contig.

*Nucleotide identity (%) of near-full length 16S tRNA sequence.
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Figure 5.1: Phylogenetic position of the novel taxon, Ca. Chlamydia corallus G3/2742-324 within the

Chlamydiaceae. Phylogenetically informative markers genes were retrieved from each genome, concatenated and
aligned using MAFFT, prior to tree construction using FastTree. Numbers on the branches indicate support

values.
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Figure 5.2: Plasmid sequence-based phylogenetic analysis of all samples sequenced in this study and other
chlamydial plasmid sequences. Nucleotide sequences were aligned using MAFFET and tree was constructed using

FastTree. Support values are shown on the branches.
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Chlamydia psittaci 6BC
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Chlamydia pneumoniae LPCoLN

Chlamydia pneumoniae AR39
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Figure 5.3: Comparison of plasticity zone regions encoded by Ca. Chlamydia corallus and related chlanydial species. Figure constructed using EasyFig (50). Grey shading

represents tBLASTx matches (see BLAST identity scale). Coloured arrows represent coding regions (see legend).
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6.1 Abstract

Several Chlamydiales families are associated with epitheliocystis, a common condition of the
fish gill epithelium. These families share common ancestors with the Chlamydiaceae and
environmental Chlamydiae. Due to the lack of culture systems, little is known about the biology of
these chlamydial fish pathogens.

We investigated epitheliocystis in cultured Orange-spotted grouper (Epinephelus coioides)
from North Queensland, Australia. Basophilic inclusions were present in the gills of 22/31 fish
and the presence of the chlamydial pathogen in the cysts was confirmed by 7 siz# hybridisation.
Giant grouper (Epinephelus lanceolatns) cultured in the same systems were epitheliocystis free. 168
rRNA gene sequencing revealed a novel member of the Candidatus Parilichlamydiaceae: Ca.
Similichlamydia epinephelii.

Using metagenomic approaches, we obtained an estimated 68% of the chlamydial genome,
revealing that this novel chlamydial pathogen shares a number of key pathogenic hallmarks with
the Chlamydiaceae, including an intact Type III Secretion system and several chlamydial virulence
factors. This provides additional evidence that these pathogenic mechanisms were acquired early
in the evolution of this unique bacterial phylum.

The identification and genomic characterisation of Ca. S. epinephelii provides new
opportunities to study the biology of distantly-related chlamydial pathogens while shining a new

light on the evolution of pathogenicity of the Chlamydiaceae.
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6.2 Introduction

The Chlamydiae are a phylum of obligate intracellular bacteria ubiquitous in the
environment and associated with disease in a wide array of hosts. While our knowledge of the
Chlamydiaceae family of human and veterinary pathogens is well established, the phylum has
expanded drastically over the last twenty years (Taylor-Brown ef a/., 2015). These more recently
described families are collectively referred to as “Chlamydia-related bacterias” (CRBs) or
environmental Chlamydiae; the latter referring to the fact a large number of these species have been
detected in or isolated from environmental sources such as water (Thomas e 4/, 2006; Lienard ez
al., 2011), free-living amoebae (Amann ez al., 1997; Everett et al., 1999; Fritsche ez al., 2000) and
insects (Kostanjsek ez al., 2004; Everett ef al., 2005). Metagenomic studies suggest that chlamydial
sequences deposited in public databases are actually predominantly recovered from aquatic
environments (Lagkouvardos ef al, 2014). These novel species are deeply rooted within the
chlamydial phylogenetic tree, representing a wealth of untapped diversity and biological
significance.

Although there is an increasing body of evidence, the pathogenic potential of many CRBs
is still unclear, certainly in comparison to the “traditional Chlamydiae”, ie. the Chlamydiaceae family.
Molecular and sero- epidemiological surveys have detected CRBs in association with respiratory
disease in humans (Kahane e a/, 1998; Friedman e7 al., 1999) and livestock (Wheelhouse ¢7 al.,
2013) and reproductive disease in both humans and animals (Borel ¢7 @/, 2007; Baud ef al.,, 2011;
Barkallah e al., 2014). Further, murine respiratory disease models have recently been established
tor Waddlia chondrophila (Pilloux et al., 2016) and Parachlamydia acanthamoebae (Casson et al., 2008), as
has a bovine model of P. acanthamoebae respiratory disease (Lohr ef al., 2014) and a murine model
of W. chondrophila genital infection (Vasilevsky ez al., 2015), confirming Koch’s postulates for these
causative agents of disease. Questions nevertheless remain about whether these organisms are truly

pathogens of their varied host species.
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Perhaps the strongest evidence for the pathogenic potential of CRBs lies in organisms
from the deepest branches of chlamydial phylogeny, occurring in a wide range of taxonomically
and geographically diverse fish hosts and associated with the gill disease, epitheliocystis (Stride e7
al., 2014). Originally described in salmonids of the genus Sa/zo in the Northern hemisphere, the
Candidatus family Piscichlamydiaceae (Draghi ef a/., 2004) signalled a new and deep rooted clade of
the phylum Chlamydiae. Description of a closely related Candidatus tamily, Parilichlamydiaceae in
Yellowtail kingfish (Seriola lalandz), followed. Members of this clade have been detected in African
(Steigen ez al., 2013), Australian (Stride ez al, 2013b; Stride ez al, 2013a), Scandinavian (Steigen e#
al., 2015), Mediterranean (Seth-Smith e7 a/, 2016) and Swiss waters (Guevara Soto ef al., 2016c¢).
Additional chlamydial epitheliocystis agents include two members of the family Simkaniaceae (Fehr
et al., 2013; Nylund et al, 2015) and the closest marine relative to the Chlamydiaceae, Ca.
Clavichlamydia salmonis (Karlsen ez a/, 2008), the latter sharing many features common to their
closest land-based relatives (Katlsen e7 a/., 2008; Schmidt-Posthaus e# a/., 2012). The geographical
and host species diversity of the Ca. Parilichlamydiaceae clade is truly impressive and raises
considerable interest on the genomic background for this feat.

Despite our increased understanding of these epitheliocystis agents, in no case have Koch’s
postulates been fulfilled, as all attempts to culture the agent(s) iz vitro have proved unsuccessful
(Hoffman ez al., 1969; Bradley ez al., 1988; Chen ¢t al., 2003; Stride e al., 2014; Katharios ¢t al., 2015;
Seth-Smith e# al, 2016). Researchers have instead relied on fulfilling Fredericks and Relman’s
postulates (Fredricks and Relman, 1996). Given the diversity in the causal agents, it is not
surprising that the disease manifestations also vary, ranging from little or no host tissue reaction
to a moderate host response and epithelial cell proliferation. The physiological responses are varied
and include laboured/rapid respiration, lethargy, flared opercula and weak swimming behaviour,
with white to yellow nodules often visible on the gill epithelium. Epitheliocystis is of significant

interest and increasing burden in the aquaculture industry, with high mortality rates in some
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populations and substantial economic losses (Bradley ez a/., 1988; Draghi e al., 2004; Katharios ez
al., 2008; Stride ez al., 2014).

Orange-spotted grouper (Epinephelus coioides) and Giant grouper (E. lanceolatus) are emerging
tropical aquaculture species, with the value of individual fish ranging up to US$169 per kilo for
live Giant grouper (Sadovy and Vincent, 2002). Unfortunately, grouper are susceptible to a number
of infectious diseases of bacterial, viral, and parasitic origins (Nagasawa, 2004; Harikrishnan ez al.,
2011; Lafferty et al, 2015). Intensification of farming appears to exacerbate disease risk; high
stocking densities in particular are proposed to increase disease susceptibility and mortality due to
disease is a major production constraint (Nagasawa, 2004; Nowak and LaPatra, 2006) (Nagasawa,
2004; Harikrishnan e al, 2011). Epitheliocystis has until now not been reported in any species of
Serranidae/Epinephelinae.

We aimed to characterise a putative novel chlamydial epitheliocystis agent detected in
Orange-spotted grouper in North Queensland, Australia. Given the as yet uncultivated nature of
these pathogens, and with recent advances in culture-independent and metagenomic methods
(Seth-Smith ef al., 2013; Bachmann ez al, 2015; Katharios e al., 2015; Qi et al., 2016; Seth-Smith ef
al., 2016; Taylor-Brown ez al., 2016), we utilised genomic data to investigate the pathogenic

potential of this novel uncultured epitheliocystis agent.

6.3 Results and discussion

6.3.1 Detection of epitheliocystis in cultured Epinephelus coioides

Three different novel chlamydial species have been described in association with
epitheliocystis from farmed Australian fish species. Ca. Parilichlamydia carangidicola was detected
in five Yellowtail Kingfish cohorts between 2002 and 2014 (Stride ez a/., 2013c) in association with
differing levels of disease severity and infection rates. Ca. Similichlamydia latridicola was described
in wild and farmed Striped trumpeter (Latris lineata) (Stride ez al., 2013b) and Ca. Similichlamydia

laticola in seven cohorts of Barramundi (Lates calearifer) (Stride ef al., 2013a). To date, genomics has
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been carried out on beta- and gamma-Proteobacterial epitheliocystis agents (Katharios ez a/, 2015;
Qi et al., 2016; Seth-Smith e al., 2016), but not on chlamydial fish pathogens.

In the current study, an epidemiological survey was carried out over 12 months to assess
the disease dynamics throughout ten groups of farmed E. cozvides and E. lanceolatus in Queensland,
Australia following the observation of putative epitheliocystis in E. coioides upon examination for
gill flukes. Table 6.1 details the cohorts sampled in this study: 53 fish were sampled from 10 cohorts
(31 E. coivides and 22 E. lanceolatns) between March 2014 and February 2015. All fish sampled were
juveniles except for the broodstock samples from Cairns (EC-May-14).

Histopathology showed that disease prevalence in E. coiozdes increased from initial sampling
in March 2014 (Autumn) (83.33%; n=0) to October 2014 (Spring) when it peaked at 100% of all
gills sampled (n=6). Overall, 22 out of 31 E. civides sampled were found to have epitheliocysts
following histopathological examination. Affected fish had an average of up to 2.1 cysts per gill
filament from four out of the six cohorts of E. coivides (Table 6.1). Interestingly, by February 2015
(Summer), there was no histological evidence of epitheliocystis, although only three fish were
sampled at this time point. Some studies of epitheliocystis have suggested that cyclic changes in
temperature contribute to disease severity and prevalence, with greater epitheliocystis prevalence
observed in warmer months (Nowak and Clark, 1999) which may more be a reflection of seasonal
changes rather than water temperatures per se (Guevara Soto et al., 2016b). Groupers have been
shown to produce innate and adaptive immune activation in response to infection with other
intracellular pathogens (Huang ef al, 2011; Wei et al., 2012; Lai et al, 2014). Three E. coioides
broodstock (EC-May-14) sampled at a different facility were negative for epitheliocystis, suggesting
that the bacterium could be introduced to the ponds or JCU facility via seawater exchange (see
methods) or that there is age-dependent effect on disease prevalence and severity.

Interestingly, the E. lanceolatus that were sampled from the same ponds showed no clinical
ot histopathological evidence of epitheliocystis (Table 6.2), suggesting either that the agent is

species-specific or that E. /anceolatus may be less susceptible to bacterial infection in general than
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E. coioides. This phenomenon was also observed in a mass mortality event on a Brazilian fish farm,
where only the pacus (Piaractus mesopotamicus) in a mixed pond succumbed to epitheliocystis
(Szakolczai ez al., 1999). It is also unclear what role, if any, co-infections with other epitheliocystis
agents (Schmidt-Posthaus e a/., 2012; Guevara Soto e/ al., 2016a; Guevara Soto ef al., 2016¢; Seth-
Smith ez al., 2016) or parasites, such as ciliates (Fehr ez a/, 2013), amoebae (Clark and Nowak,

1999), or gill flukes (this study), may have on the dynamics of chlamydial epitheliocystis infection.

6.3.2 Morphological description of Ca. Similichlamydia epinephelii ¢ysts in E. coioides

Staining of infected gill sections with haemotoxylin and eosin showed round to oblong
basophilic inclusions ranging from 10 pm to 100 pm in diameter (Figure 6.1a, b). Cysts were spread
sporadically throughout the filaments and not confined to a particular location in the lamellae as
is often described (Figure 6.1b), with the number of cysts ranging from 0 to 35 per filament in the
positive E. coioides cohorts. While most cysts were enclosed in hyaline capsules, some cysts were
walled off by eosinophilic capsules (Figure 6.2b), presumably derived from layers of epithelial cells.
In several cases, two cysts were observed occupying the same interlamellar space. The cyst
morphology observed in E. cooides gills most resemble epitheliocystis seen in two other Australian
fish species, Striped trumpeter and Barramundi, caused by Ca. Similichlamydia laticola and Ca. S.
latridicola (Lai e al., 2013; Stride ef al., 2013b; Stride ¢ al., 2013a), and epitheliocystis lesions caused
by Ca. Similichlamydia sp. in Ballan wrasse from Norway (Steigen e7 a/., 2015).

Host response was variable as shown by the “walling off” of the cysts and large variation
in the hyperplastic response of the epithelium (Figure 6.1a, b). There was limited evidence of host
response such as leucocyte infiltration and epithelial hyperplasia in this population, and lamellar

fusion was uncommon.

6.3.3 Identification of the chlamydial agent of epitheliocystis in E. coioides gill samples by PCR and 1SH
To identify the aetiological agent of the epitheliocystis detected in the E. codvides gill

samples, Chlamydiales-specific PCR targeting the signature sequence of the 16S rRNA gene was
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performed on four samples from the EC-May-Jul-14 cohort, which were positive for Chlamydiales
DNA. Direct sequencing of one amplicon and subsequent BLLAST analysis revealed 95-96%
nucleotide identity to uncultured Chlamydiales detected in Wrasse species (Accession numbers
KC469567-469570). Screening for other epitheliocystis agents was not performed in this

investigation.

Subsequently, sequencing of a ~1,400 bp 16S rRNA gene amplicon from two of these
PCR positive samples confirmed these Chlamydiae to be a novel species in the Ca. Similichlamydia
genus. The sequences obtained from grouper gills are 99.6% identical to each other (ie. 4 SNPs
difference) and share the highest nucleotide identity with Candidatus species in the Ca.
Similichlamydia genus; Ca. S. laticola (95.4-96%), Ca. S. latridicola (95.8-96.1%), Ca. S. labri (95.8-
95.9%) and other unassigned similichlamydial sequences (95.3-96.2%). The phylogenetic tree
clearly demonstrates the close relationship between the sequences obtained from grouper gills and
members of the Ca. Parilichlamydiaceae family.

Following our demonstration of PCR positivity for Chlamydiae, we targeted a pan-
Chlamydiales anti-sense probe against the 16S tRNA gene to detect DNA or mRNA associated with
the cysts by 7z sitn hybridisation. Using this probe, hybridisation signals localised to all cysts (Figure
6.1d), while no hybridisation was seen using the non-sense probe (scrambled sequence) on a serial
section from the same gill arch (Figure 6.1e). As a positive control, the anti-sense probe was also
successfully hybridised to cysts in an archival Yellowtail kingfish epitheliocystis gill section (Stride
et al., 2014) under the same conditions (data not shown). Lighter stained signals (Figure 6.1d) likely
come from cysts that contain fewer bacteria than the darkly stained cysts, possibly reflecting

different stages of the cyst development.

6.3.4 Proposal of sp. nov. Ca. Stmilichlamydia epinephelii
Based on the above findings, we propose that the causative agent of epitheliocystis

described in the Orange-spotted grouper belongs to a novel species in the family
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Parilichlamydiaceae and hence, assign the name, Candidatus Similichlamydia epinephelii (L. mas. n.,
Epinepebelus, the genus to which the fish host belongs). The 16S rRNA gene of two samples of Ca.
S. epinephelii has been sequenced to date, and the sequences are 99.7% identical to each other,
and only 95.4% to 96.1% similar to characterised Ca. Similichlamydia spp (accession numbers
KX880946 and KX880947).

The novel bacteria is associated with epitheliocystis disease, evidenced by hybridisation of
a Chlamydiales 168 rRNA probe (probe sequence: 5DIG-
ATGTAYTACTAACCCTTCCGCCACTA-3DIG) to the cysts in the gill epithelium.
Pathogenicity of this species is also evidenced by virulence factors present in the draft genome.
The chlamydial inclusions are reminiscent of other species in the Ca. Parilichlamydiaceae family.
They appear round to oblong to irregular, with a basophilic, granular appearance under light
microscopy.

The genome has also been sequenced using metagenomics and the contigs deposited under

Bioproject PRINA343727.

6.3.5 Genomic analysis of Ca. Similichlamydia epinephelii

Virtually no information exists on the biology of CRBs belonging to the family Ca.
Parilichlamydiaceae, largely due to the absence of a culture system for members of these distantly
related and recently described Chlamydiae. In an effort to provide the first insight into the biology
of Ca. Similichlamydia, as a representative member of the Ca. Parilichlamydiaceae, we performed
a metagenomics analysis of a Ca. Simichlamydia epinephelii PCR positive tissue sample from an
infected E. coioides described in this study.

5,561,445 paired reads were obtained from a methylated DNA-depleted DNA extract
following shotgun sequencing on an Illumina MiSeq. As no reference genome was available for
this putative novel species, reads were trimmed prior to de novo assembly into 78,820 contigs. A
series of filtering steps were applied to the assembled contigs (see Experimental procedures). 169

contigs harbouring at least one gene with greater sequence identity to chlamydial genes than other
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bacterial species were retained. This resulted in a partial draft genome of 981,542 nucleotides,
estimated to represent approximately 68.2% of the Ca. S. epinephelii genome, demonstrated by
the presence of 73 of 107 conserved marker genes (Wu ez al., 2014). However, upon manual
examination, we detected an additional 21 genes with partial sequences, bringing the total to 94.
Taking these estimates, and based on similar coding density and the assumption that these markers
are distributed evenly throughout the genome (Wu e @/, 2014), we predict that the full Ca. S.
epinephelii genome would be approximately 1,117,929 - 1,439,211 bp, and encode 1037-1280
genes. The obvious disadvantage to this homology-based method is that contigs containing only
novel proteins would be discarded due to a lack of sequence similarity to previously characterised
chlamydial proteins. However, given the complexity of the microbial community in the gill, owing
to its constant exposure to the aquatic environment, coupled with a similar G+C content of the
pathogen and host genome (Han and Zhao, 2008), this method provided the most confidence in
eliminating false positive contigs. In the absence of a culture system, it is anticipated that future
sequencing efforts for other members of this family will confirm genome completeness and the

presence of family-, genus- and species-specific proteins.

The G+C content of this partial genome is 39.65% which is comparable to that of the
Chlamydiales, and in particular, the CRBs (Horn et al., 2004; Greub e al., 2009; Bertelli ez al., 2010;
Collingro ez al., 2011; Bertelli e al., 2014; Bertelli e al., 2015). Automated annotation using RAST
coupled with manual annotation in Artemis resulted in the prediction of 943 coding sequences
(CDS:s), 300 of these being hypothetical proteins. These metrics are comparable to the genomes
of members of the Chlamydiales, which range from 1.0-3.1 Mbp in length, with the number of
coding regions being proportional to genome size (Taylor-Brown ef al, 2015). The predicted
coding density is ~90%, reflecting the compact nature of the genome and indicative of their

obligate intracellular lifestyle. The genome statistics mentioned above are summarised in Table 5.3.
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Comparison of coding regions revealed that Ca. S. epinephelii shares most homologs
(n=395) with Protochlamydia sp. C2 (Figure 6.2a), but a comparable number are shared with other
members of the Parachlamydiaceae. A smaller subset of homologs are shared with the Chlamydiaceae
(n=331-350). One notable set of genes shared with the latter include the presence of hallmark
regulatory genes of the chlamydial developmental cycle such as the eatly upstream open reading
frame (en0). While we were unable to characterise the developmental cycle of this novel pathogen
using microscopic methods, this suggests that this pathogen may share similar developmental
stages to species in the Chlamydiaceae and other chlamydial families.

312 orthologous groups were found to be common among Ca. Parilichlamydiaceae,
Simkaniaceae, Chlamydiaceae, Parachlamydiaceae and Waddliaceae (Figure 6.2b) by cluster analysis. This
is a much smaller number than reported in previous pan-genome studies (Collingro ef al., 2011,
Gupta ez al., 2015; Pillonel ef al., 2015), but reflects the evolutionary distance between this species
and other members of the phylum. Given the draft nature of the Ca. S. epinephelii genome, it is
likely that this gene set is an underestimate and could be considered the preliminary “draft core
genome” of the Chlamydiales. Among these are genes involved in DNA replication and repair,
transcription and translation, general secretion pathway proteins and some transporter proteins.
Conversely, 239 proteins are unique to Ca. S. epinephelii when compared to these groups. This
mostly comprises hypothetical proteins and is again comparably smaller than the number of unique
genes encoded by other CRBs, yet higher than the Chlamydiaceae, and suggests that we have not yet

captured the true level of uniqueness of this distant clade.
6.3.6 Updated phylogenomics of Ca. S. epinephelii within the order Chlamydiales

We employed sixty-four single copy orthologs conserved among the Planctomycetes/
Verrncomicrobia/ Chlamydiales superphylum to reconstruct the phylogeny of the order Chlamydiales.

Phylogeny obtained on the basis of the concatenated amino acid sequences confirmed Ca. S
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epinephelii to be the most distantly related species to chlamydial species whose genomes are

available (Figure 6.3).

The concatenated amino acid tree topology is analogous to the 16S tRNA gene phylogeny
and is congruent with genome-wide trees depicted in recent pan-Chlamydiales genome studies
(Collingro et al., 2011; Psomopoulos ¢z al., 2012; Gupta et al., 2015; Pillonel ez al., 2015) with the
addition of this newly described taxon. Further, the phylogenetic placement based on genomic
information supports a third clade with the Chlamydiales, as proposed by Gupta ez al. (Gupta et al.,
2015). Additional genomic resources for the Ca. Parilichlamydiaceae will further clarify the

phylogenetic placement of this clade.

6.3.7 The genome of Ca. S. epinephelii provides evidence for the ancient acquisition of a chlamydial Type 111 secretion

system (135S)

A key chlamydial virulence mechanism employed by Chlamydiae is the Type 111 secretion
system, T3SS, an ancient, highly conserved piece of molecular machinery that facilitates the
translocation of effectors into the eukaryotic host cell through a needle-like “injectisome” to
mediate bacterial survival and replication (Hueck, 1998; Horn et al.,, 2004; Coburn e al., 2007,
Peters et al., 2007). T3SS components can be divided into “apparatus” proteins that account for
the structure of the transmembrane needle-like system, and “effector” proteins that are secreted
into the host cytosol to mediate cell adhesion, entry, and invasion. Distinct clusters of T3SS
proteins have been described, (Hueck, 1998; Read ez a/., 2000; Hefty and Stephens, 2007; Peters et
al., 2007; Betts-Hampikian and Fields, 2010) which appear to be highly conserved throughout the

Chlamydiae.

The draft genome assembly of Ca S. epinephelii reveals that most of the
structural /apparatus components of the T3SS are intact. Furthermore, we observed the previously
described conservation of the T3SS gene arrangement, as 3 of the 4 clusters were successfully

assembled. These regions are syntenic with other chlamydial species analysed in this study (Figure
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6.4; (Bertelli ef al., 2015)). Amino acid sequence identity for these proteins ranged from 26.2 to
69.5% between Ca. S. epinephelii and the CRBs, as could be expected for conserved proteins that
are thought to be essential for the intracellular lifestyle of the Chlamydiae. This is comparable to the
sequence conservation observed between other families, eg. Parachlamydiaceae and Criblamydiaceae
share 61.8% amino acid identity for SctV. SctU and SctV (cluster 1) and SctR and SctS (cluster 2)
appear to be the most highly conserved across the Chlamydiales. Cluster 4 could not be identified;

it may be split over several contigs.
y p g

Homologs of some T3SS chaperones appear to be present, namely syl (GCCT14_06130,
06150, 04180), se1G (GCCT14_04160), and 5e/O (GCCT14_04080). The heat shock protein family
chaperones are also conserved in Ca. S. epinephelii, including two genomic copies each of grwES
and grwEL (hsp60 family), and one copy of drnaK (hsp70 family), which share between 32.9 and
49.0% amino acid identity with other chlamydial species. Additionally, general secretion pathway
proteins were identified in the genome, which could contribute to the stability, interaction and

transport of secreted proteins.

While the structural and regulatory components of the T3SS are well conserved throughout
the Chlamydiae, effectors are not, probably representing a major difference in host cell modulation
mechanisms once host cell entry has taken place. We predicted 123 putative T3SS effectors
(EffectiveDB; Jehl ez al, 2011), 65 of which were hypothetical proteins. These numbers are
comparable to other pathogenic Chlamydiae. This suggests that Ca. S. epinephelii may possess
several novel species-specific proteins which are potentially secreted into the host cell (Small ez 4/,

2004).
6.3.8 Genomic evidence of the pathogenic potential of Ca. S. epinephelii

In order to further establish the pathogenic potential of Ca. S. epinephelii, we conducted a

genomic survey for a range of known chlamydial virulence factors.
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Members of the Chlamydiales are known to encode a range of proteases that are employed to
cleave host proteins during attachment and invasion of the host cell. One such protease is the
chlamydial protease-like activity factor (CPAF), which is capable of degrading a range of host cell
proteins involved in cytoskeleton stability and antigen presentation, for example, major
histocompatibility complex (Zhong et al., 2001; Chen ez al, 2010). A homolog of CPAF was
identified (GCCT14_00610) that possesses an S41 peptidase domain and was most similar to that
of E. laussanensis (21.9% amino acid identity). CPAF requires the se-dependent pathway for
secretion and cleavage (Chen ez 4/, 2010), and parts of this translocase complex including
chaperones were identified in the Ca. S. epinephelii assembly (GCCT14_00180, 05190, 02900,
07980, 01650, 06730, 0001, 8720), suggesting CPAF could indeed be secreted by Ca. S. epinephelii.
A putative homolog of tail-specific protease (#p) (GCCT14_08300), which is implicated in
blocking host transcriptional control and cytokine production (Lad ez /., 2007) is also present in
the genome, containing the characteristic PDZ domain. The presence of these proteases and some
of their chaperone provides evidence of mechanisms by which Ca. S. epinephelii may modulate

the host cell and evade the fish host immune response upon infection.

Three copies of hemolysin (GCCT14_01140, 01150 and 08420), a secreted protein that lyses
red blood cells, were annotated automatically in the Ca. S. epinephelii genome. Based on the
protein domains identified (DUF21), these genes may actually encode for transporters involved in
sodium and/or magnesium uptake. In fact, one of the hemolysins (GCCT14_08420) lies
downstream of a magnesium and cobalt efflux protein. Related to hemolysin, Ca. S. epinephelii
encodes a RTX (repeats in toxin) homolog (GCCT14_01940), containing the glycine-rich
COG2931 domain. Although this cytolytic toxin family is described throughout Gram-negative
bacteria (Coote, 1992), the copy in Ca. S. epinephelii exhibits less than 10% amino acid identity to
the 77xA gene in Ca. Protochlamydia amoebophila UWE25. The high level of sequence divergence
may hint at the advantage conferred by high levels of genetic variation. While this protein was

predicted to be secreted, it is unclear whether it is functional, given that a) RTX toxins require
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post-translational modification to become active and b) no other genes within the operon (xCBD)

were identified (Lally e a/, 1999).
6.3.9 Predicting novel pathogenic proteins in the genome of Ca. S. epinephelii

In order to assess the novel aspects of the pathogenic processes utilised by Ca. S. epinephelii,

we predicted putative novel pathogenic proteins based on similarity to known virulence factors.

278 proteins were determined “pathogenic” using the MP3 hybrid model (Gupta ez al., 2014),
while 235 proteins were considered “virulent” by VirulentPred (Garg and Gupta, 2008), making
up around 30% of the coding regions. This is comparable to other emerging CRB pathogens, as
well as representatives of the Chlamydiaceae. 214 proteins were predicted to have roles in virulence
by both programs, 139 of which are hypothetical proteins. This analysis indicates that Ca. S.

epinephelii may harbour several novel pathogenesis mechanisms.

Further, a number of these predicted pathogenic proteins are co-located within what could
cither be virulence operons, or pathogenicity islands (PAls). Several hallmarks of PAIs such as the
presence of previously-described pathogenic proteins, high numbers of hypothetical proteins,
deviation from the chromosomal G+C content and flanking tRNAs were observed on some of
these regions (Che e al, 2014). In two cases, genes for competence, recombination and DNA
repair are present up or downstream of the putative pathogenic proteins.

6.4 Conclusion

This study provides (i) the first description of epitheliocystis in species of Serranidae, (ii) the
description of a novel Ca. Similichlamydia sp. and (iii) the first genomic insight into a member of

the Ca. Parilichlamydiaceae.

The results demonstrate that, despite the fact that Koch’s postulates remain unproven, the
molecular genomic data presents strong evidence that Ca. S. epinephelii is indeed the causative

agent of epitheliocystis in Orange-spotted grouper. The presence of several known pathogenic and
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virulence proteins such as CPAF and putative cytolytic toxins suggests that Ca. S. epinephelii
dedicates a large portion of its genome to pathogenic mechanisms, much of which remains
undiscovered. The conservation of the T3SS provides further support for pathogenic potential of

this novel organism as well as evidence for its ancient acquisition.

These findings also suggest that future comparative genomic investigations will be of benefit
in the contexts of other members of the Chamydiales as well as other epitheliocystis agents.
Importantly, in lieu of using culture methods to understand the biology and pathogenicity of
distantly related Chlamydiae, genomic methods directly applied to animal samples can be used to

gain insight into the pathogenicity of this and other related species.

6.5 Experimental Procedures
6.5.1 Ethics statement

The animal ethics application to collect gill samples from farmed Orange-spotted grouper
and Giant grouper was reviewed and approved by the James Cook University Animal Ethics
Committee (document approval number A2056). Samples were collected from two commercial
aquaculture farms (Pejo enterprises and FinFish enterprises) under the Australian Code for the
Care and Use of Animals for Scientific Purposes (Australian Research Council) and the Animal

Care and Protection Act (Queensland Department of Agriculture and Fisheries).
6.5.2 Sample collection

Initial discovery of putative epitheliocystis in Epinephelus coioides came from individuals that
were sourced from an open pond aquaculture farm near Innisfail, Queensland (30-35 practical
salinity units [psu]) and held in a closed recirculating aquarium system at James Cook University
(JCU) in Cairns (33-35 psu) for experimental gill fluke infection trials between May and July 2014.
The open pond aquaculture farm is adjacent to a saline creek, with which it has regular water

exchange. The closed system at JCU has 10% weekly water exchanges with seawater. None of the
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water used for exchange is treated. Microscopic examination of gills from this cohort revealed the
presence of epitheliocystis-like nodules, which were subsequently preserved in neutral buffered
formalin for histological and DNA sequencing analyses. This prompted further investigation of
previously preserved gill material from past experiments and prospective sampling of both E.
cotoides and E. lanceolatus, within the aquaria facility on the JCU campus and on the farm between

March 2014 and February 2015. Details of the cohorts sampled are outlined in Table 6.2.
6.5.3 DNA extraction

Gill clippings were placed in DNA grade ethanol upon collection and stored at room

temperature. Prior to DNA extraction, tissues were removed from ethanol, and incubated with
proteinase K and ATL buffer (Qiagen) at 56°C overnight until lysed, with intermittent vortexing.
RNA was depleted by digestion with RNase A (Life Technologies) for 10 min at 37°C. DNA was
purified by column purification with the DNeasy Blood & Tissue DNA extraction kit (Qiagen),

according to manufacturet’s instructions, with a final elution volume of 50pL.

6.5.4 PCR, sequencing and phylogenetic analysis

An initial screen for Chlamydiales was conducted on DNA from one E. cozvides sample with
putative epitheliocystis. The PCR was targeted to the Chlamydiales signature sequence of the 168
rRNA gene, using the primers described in (Everett et al., 1999). PCR was conducted on 5 pL of
extracted DNA, with final concentrations of 1X reaction buffer (Roche), 4.5uM MgCl,, 0.1 uM

each ANTP (Thermoscientific), 0.3 uM each primer (Sigma) and 1 unit of Taq. Taq polymerase

was activated at 95°C for 10 mins, then 35 cycles of 95°C for 30 sec, 56°C for 30 sec and 72°C for

1 min 30 sec were catried out prior to final extension at 72°C for 7 mins. For positive samples,
amplification of the near full-length 16S tfRNA gene was conducted using the primers 16SIGF and

16SB1. Reaction mix was as per the above reaction, but with final concentration of 2.5uM MgCl..

Cycling conditions were as above, but with 1 min denaturation and annealing at 55°C.
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Purified amplicons were prepared using the Big Dye Terminator cycle sequencing kit
(Applied Biosystems), followed by EDTA purification and sequenced at the Molecular Genetics
Research Facility at Queensland University of Technology. Sequences were deposited in Genbank

under accession numbers KX880946-IKX880947.
6.5.5 Histology and in situ hybridisation

Gills that were not placed in ethanol were fixed in formalin for downstream processing.

Samples were dehydrated through six ethanol washes (70% to 100%) for 8 hours, two xylene
washes for 2 hours and embedded in paraffin for 2 hours. 6 um sections were then fixed to

polylysine coated slides at 37°C prior to haematoxylin and eosin staining or 7 situ hybridisation

(ASH).

Slides were stained for routine histology. Briefly, sections were de-paraffinised through two
xylene washes followed by rehydration through decremental ethanol washes. Slides were stained
in Harris haemotoxylin for 5-8 min, rinsed, and counter-stained in eosin for 30 sec. Sections were
dehydrated through incremental ethanol washes, then twice in xylene, and dried prior to addition

of the coverslip which was mounted using DPX.

Briefly, unstained slides were de-paraffinised and de-hydrated through three graded washes

each of xylene and ethanol. Proteins were degraded by Proteinase K, then incubated in glycine
followed by PBS. Denaturation was performed for 1 hr at 90°C, followed by hybridisation of the

probes targeted to the Chlamydiales 16S tfRNA gene overnight at 55°C at a final concentration of
500 ng/ml in hybridisation buffer. The slides were then washed through a series of stringency
washes prior to addition of blocking buffer. The slides were incubated with alkaline phosphatase-
conjugated anti-DIG antibody for 2 hours at room temperature, then incubated with NBT-Bcip
in a dark box overnight to develop. Slides were counter-stained and de-hydrated through ethanol

washes prior to coverslip mounting and visualisation by light microscopy.
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6.5.6 Genome sequencing and assembly

Extracted DNA from a selected positive sample was subject to microbial DNA enrichment
by depletion of methylated DNA using the NEBNext Microbiome Enrich Kit (New England
Biolabs, Massachusetts, United States of America), according to manufacturer’s instructions. The
resulting DNA was precipitated with ethanol and resuspended in 50 PLL'TE buffer prior to 5 pL
undergoing multiple displacement amplification using the Repli-G kit (Qiagen, Germany). 2 pug of
enriched DNA was sent to the Australian Genome Research Facility (AGRF, University of

Queensland) for shotgun sequencing on an Illumina MiSeq, with 150 bp paired end reads.

Resulting reads were subject to quality assessment using FastQC prior to quality and adaptor
trimming using Trimmomatic v0.33 (Bolger e a/, 2014) with phred 33 quality cutoff then de novo
assembly using SPAdes v3.1.1 (Bankevich ef 4/, 2012) in single-cell mode using default k-mer
values. Chlamydial contigs were differentiated from host and other bacterial contigs on the basis
of translated nucleotide similarity by running BLLASTx analysis against an in-house chlamydial
protein database. Contigs longer than 1000 bp with hits with e-values < 0.005 and identity values
= 20% were subsequently also manually compared to the NCBI database. Metagenomics binning
was also conducted on the final contig set to assess the completeness of the genome (Wu ez al,
2014). The resulting genomic contigs were annotated using RAST (Aziz et al., 2008) and PFAM

(Finn et al., 2014) with additional manual annotation in Artemis (Rutherford ez a/., 2000).

Contigs corresponding to the Ca. Similichlamydia epinephelii assembly were submitted to

Genbank under Bioproject PRINA343727.
6.5.7 Genome analysis

The genomic data for Ca. Similichlamydia epinephelii was compared to publicly available

chlamydial genomes. Proteins were clustered into orthologous groups using OrthoFinder with
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default parameters (Emms and Kelly, 2015). Additional annotations were curated using Prokka

(Seemann, 2014).

Sixty-four single copy orthologs shared among all chlamydial genomes were identified.
Amino acid sequences were aligned using MAFFT (Katoh ez 4/, 2002) and the alignments were
concatenated prior to phylogenetic tree construction using FastTree (Price ez al., 2009) with default

parameters with an _Akkermansia mucinophila (N errucomicrobia) outgroup.

Amino acids of the all CDSs were submitted to EffectiveDB (Jehl e 4/, 2011) for prediction
of secreted proteins and proteins with eukaryotic-like domains, and to MP3 (Gupta ez al., 2014)

and VirulentPred (Garg and Gupta, 2008) to predict pathogenic proteins.
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Chapter 6 Tables & Figures

Table 6.1: Prevalence and severity of epitheliocystis in coborts of two grouper species by histopathology.

Number Number fish Average number of
Cohort Prevalence
fish sampled samples positive cysts per filament
EC-May-Jul-14 6 5 83.33% 0.399
EC-May-14 3 0 0.00% 0
EC-Aug-14 8 7 87.50% 0.808
EC-Oct-14 6 6 100.00% 2.1
EC-Nov-14 5 4 80.00% 0.871
EC-Feb-15 3 0 0.00% 0
EL-Mar-14 4 0 0.00% 0
EL-May-14 1 0 0.00% 0
EL-Aug-14 1 0 0.00% 0
EL-Feb-15 16 0 0.00% 0

EC; E. coioides, EL; E. lanceolatus.
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Table 6.2: Chronological sampling and geographical distribution of E. coioides and E. lanceolatus

Species Samples collected Cohort name Location Specimen type Number
examined

Epinephelus coioides May-July 2014 EC-May-Jul-14 Innisfail/JCU Juveniles 6
Epinephelus lanceolatus Mar 2014 EL-Mar-14 Innisfail/JCU Juveniles 4
Epinephelus lanceolatus May 2014 EL-May-14 Innisfail/JCU Juveniles 1
Epinephelus coioides May 2014 EC-May-14 Cairns Broodstock 3
Epinephelus coioides August 2014 EC-Aug-14 Innisfail/JCU Juveniles 8
Epinephelus coioides October 2014 EC-Oct-14 Innisfail/JCU Juveniles 1
Epinephelus lanceolatus August 2014 EL-Aug-14 Innisfail/JCU Juveniles 6
Epinephelus coioides November 2014 EC-Nov-14 Innisfail/JCU Juveniles 5
Epinephelus coioides February 2015 EC-Feb-15 Innisfail Juveniles 3
Epinephelus lanceolatus Febuary 2015 EL-Feb-15 Innisfail Juveniles 16

JCU; James Cook University (Cairns campus)
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Table 6.3: Assembly metrics for the draft genome of Ca. S. epinephelii

Assembly metric

Ca. S. epinephelii GCCT14

No. contigs (=1,000 bp)
Largest contig

Total length (sum of contigs)
%G+C

N50

L50

No. predicted CDSs
Predicted coding density

No. rRNA operons

169
34,955 bp
981,540 bp
39.65%
10,591 bp
26

937

90%
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Figure 6.1: Epitheliocystis in Orange-spotted grouper (E. coioides) gills stained with hematoxylin and eosin

(a, b) and chlamydial localisation to cysts shown by in situ hybridisation (c, d, e). Basophilic cysts were spread
sporadically thronghout the gills and were encased in eosinophilic (*) or hyaline (") capsules. A probe targeted to
the 168 rRIN.A gene hybridised to cysts in epitheliocystis-positive gills (¢, d), while the non-sense probe did not
hybridise (black arrowheads) (e). Lighter stained signals most likely indicate cysts that contain fewer bacteria than

the darkly stained cysts.
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Figure 6.2: Pan-genome analysis. CDS's were compared between the draft genome (68% complete) of Ca. S.
epinephelii (outer rings) and other chlamydial genomes (inner shaded rings) (a); shading represents sequence
conservation (red, orange, yellow: highly, moderately and somewbat conserved; blue: no homolog). Genes unigue to
Ca. S. epinephelii are colonred pink. Genomes used for analysis are listedthe order of most to least homologs with
Ca. 8. epinephelii, also corresponding to the order from the outermost to innermost ring. Orthologons groups were
compared between Ca. S. epinephelii and representatives of four chlamydial families (b); unique and shared

orthogroups are represented in the shaded ovals.
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Figure 6.3: Phylogenetic tree constructed from concatenated amino acid sequences corresponding to sixty-four

single copy orthologs in all publicly available chlamydial genomes/ assemblies. Akkermansia mucinophila was

included as an outgroup species (N errucomicrobia group). Tree constructed using FastTree based on an amino

acid sequence alignment by MAFET. Branch support values are shown.
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CHAPTER 7: Comparative genomics of the Candidatus Parilichlamydiaceae reveals

evidence of convergent evolution and genome reduction in the phylum Chlamydiae
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7.1 Abstract

Intracellular bacteria typically possess highly reduced, compact genomes, reflective of their
need to sequester many essential nutrients from the host that they have lost the capability to
synthesise themselves. The repeated evolution of this characteristic across diverse lineages
resembles convergent evolution. Chlamydiae are one example of obligate intracellular bacteria with
genomes ranging from 1.0 to 3.5 Mbp, and a host range spanning mammals, birds, fish,
invertebrates and unicellular protists. The ecological and phylogenetic diversity of this phylum
offers ongoing opportunities to study intracellular survival and metabolic pathways and
adaptations. Of particular evolutionary significance are Chlamydiae belonging to the eatliest
diverging clade, found only in aquatic vertebrates. We assembled chlamydial genomes
corresponding to three Ca. Parilichlamydiaceae species from gill metagenomes. This revealed
highly reduced genomes similar in size to the terrestrial Chlamydiaceae, and in contrast to other
Chlamydia-related bacteria (CRBs) that have a more cosmopolitan host range. We describe a
reduction in genes encoding synthesis of nucleotides and amino acids, among other nutrients, and
an enrichment of transport proteins. We suggest that the genome reduction exhibited by Ca.
Parilichlamydiaceae and Chlamydiaceae is an example of within-phylum convergent evolution. The

factors driving these events remain to be elucidated
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7.2 Introduction

Many bacteria have evolved to live in close association with other organisms. Among these
are obligate intracellular bacteria that have adapted to thrive inside a eukaryotic host cell (Moulder,
1974, Casadevall, 2008, Omsland et al., 2014), a trait that is present in various bacterial phylum. A
primary hallmark of obligate intracellular bacteria is their inability to replicate in a host-free
environment, intimating that they depend on host-derived nutrient acquisition for replication and
growth. These bacteria may be either pathogens or symbionts, the latter of which often contribute
substrates for host metabolism (Douglas, 1998, Shigenobu et al., 2000), whilst intracellular

pathogens have converged on similar mechanisms for intracellular entry and survival (Casadevall,

2008).

An obligate intracellular lifestyle is closely correlated with a reduced genome size compared
to free-living organisms (Casadevall, 2008). Host-associated bacteria have lost many genes for
functions that could be achieved through methods other than de novo synthesis such as biosynthesis
from intermediates or uptake from the host via transport proteins (Moran and Plague, 2004, Moran,
2002, Bliska and Casadevall, 2009, Casadevall, 2008). Although which genes are lost is seemingly
specific to different bacterial groups, the net result is a highly reduced, non-redundant genome,
with a high coding percentage and reduced metabolic capacity compared to free-living bacteria
(Mushegian, 1999, Moran, 2002, Konstantinidis and Tiedje, 2004, Sakharkar et al., 2004, Merhej et
al., 2009). Although converging on the same ecological niche, these bacteria have taken different

evolutionary paths to genomic minimalism (Moran, 2002).

It has been suggested that the initial transition to an intracellular habitat is accompanied
by massive genomic deletions that are then fixed within the lineage (Moran and Mira, 2001, Moran,
2002). This is probably as a consequence of the increased impact of genetic drift resulting from
the reduced effective population size of obligate intracellular bacteria (potentially from bottlenecks

in bacterial numbers at the time of infection) favouring fixation of deleterious mutations, coupled
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with intrinsic deletional bias (Mushegian, 1999, Mira et al., 2001, Sakharkar and Chow, 2005,
Andersson and Kurland, 1998, Wolf and Koonin, 2013, Lynch, 2006, Kuo et al., 2009, Dutta and
Paul, 2012, Batut et al., 2014). Reduced genomes are also generally lower in tRNAs and rRNAs
and are biased toward a low G+C%, the latter of which is hypothesised to be due to either deletion
of DNA repair genes (Moran et al., 2008, Nishida, 2012), mutational bias (Hershberg and Petrov,

2010) or selection (Hildebrand et al., 2010).

Chlamydiae are one such example of host-associated, obligate intracellular bacteria with
minimal genomes. The well-characterised family of human and animal pathogens, Chlamydiaceae,
comprises 11 species and three Candidatus species, all with genomes in the range of 1.0-1.2 Mbp,
encoding 898 to 1097 genes (Vorimore et al., 2013, Sachse et al., 2014, Taylor-Brown et al., 2016,
Bachmann et al., 2014). With a few exceptions, species in this family are restricted to a particular
group (e.g. mammals only or birds only), when compared to the host range of other related families
in this phylum, which share a common ancestor with the Chlamydiaceae (Chlamydia-related bacteria;
CRBs), recently proposed as the Parachlamydiales order [Gupta et al., 2016; Pillonel et al., 2018].
The CRB families will from here be referred to as Parachlamydiales, to delineate them from Ca.
Parilichlamydiaceae (proposed at Parilichlamydiales). Members of these families possess slightly
larger genomes (2.1-3.4 Mbp), which are suggested to reflect their adaptation to an amoebal cell
niche, which may have played a roles as a “melting pot” for horizontal transfer among chlamydiae
(Horn et al., 2004, Collingro et al., 2011, Taylor-Brown et al., 2015, Greub, 2009). Parachlamydiales
exhibit a cosmopolitan distribution and broad host range spanning lower to higher eukaryotes,
with infection often resulting in pathogenesis (Corsaro and Greub, 2006, Taylor-Brown et al., 2015,
Lamoth and Greub, 2010). As our knowledge of the phylum expands, the ecological and
phylogenetic diversity of the Chlamydiae offer ongoing opportunities to study intracellular survival
mechanisms (Taylor-Brown et al., 2015, Konig et al., 2017).

We sought to utilise novel genome data from a distant fish-associated chlamydial family,

Ca. Parilichlamydiaceae, to investigate chlamydial biology. Interestingly, different fish species
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appear to harbour distinct chlamydial species. These bacteria are the most distantly related
taxonomically described species in the phylum Chlamydiae, lying at the root of 16S rRNA-based
phylogenies (Stride et al., 2013, Taylor-Brown et al., 2017). Remarkably, since their first description
in Yellowtail kingfish (Stride et al., 2013a), bacteria belonging to two proposed genera (Ca.
Similichlamydia & Ca. Parilichlamydia) in this novel family have been found in at least seven fish
species (Stride et al., 2013b, Stride et al., 2013c, Steigen et al., 2013, Steigen et al., 2015, Seth-Smith
et al., 2016, Guevara Soto et al., 2016, Taylor-Brown et al., 2017a) in the northern and southern
hemispheres, leading to the suggestion that each fish species might be infected with its own co-
evolved gill chlamydial pathogen (Stride et al., 2014). In the first study to provide insight into the
biology of these distantly related and uncultivated chlamydiae, to our surprise, we discovered that
the genome of the first species sequenced from the Ca. Parilichlamydiaceae, Ca. Similichlamydia
epinephilii, was highly reduced and reminiscent of their terrestrial host-associated Chlamydiaceae
relatives, despite their earlier divergence (Taylor Brown et al., 2017a). In a broader comparative
genomics study, we now suggest that these families have arrived at this genomic architecture by
within-phylum convergent evolution as a result of increased genetic drift in these species that are

highly host-restricted.

7.3 Materials and methods
7.3.1 Sample collection and DNA treatment

Nucleic acid extracts from previously obtained epitheliocystis-positive gill samples from
Yellowtail kingfish (n=5), Barramundi (n=2) and Striped Trumpeter (n= 3), were subject to DNA
preparation and metagenome sequencing (Stride et al., 2013a, Stride et al., 2013b, Stride et al.,
2013c). Total nucleic acids were subject to depletion of methylated DNA using the NEBNext
Microbiome Enrich Kit (New England Biolabs, Massachusetts, United States of America),

according to manufacturer’s instructions. The resulting DNA was precipitated with ethanol and
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resuspended in 50 ulL TE buffer prior to 5 pl. undergoing multiple displacement amplification

using the Repli-G MDA kit (Qiagen, Germany), to enrich the microbial DNA.
7.3.2 Metagenome sequencing and assembly

Two micrograms of enriched DNA was sent to the Australian Genome Research facility
(AGREF) for shotgun sequencing on either an Illumina HiSeq, or Illumina NextSeq, with 150 bp
paired end reads. Resulting reads were subject to quality assessment using FastQC prior to quality
and adaptor trimming using Trimmomatic v0.33 (Bolger et al., 2014) with trimming parameters
based on initial quality screening which differed per sample. 11,066,014 to 2,5744,043 trimmed
reads were then subject to de novo assembly using SPAdes v3.1.1 (Bankevich et al., 2012) in
metagenome mode using default £-mer values. Chlamydial contigs were differentiated from other
bacterial contigs and fragmented host contigs using metagenomic binning based on tetra-
nucleotide frequencies, relative abundance and the presence of conserved bacterial genes by
MaxBin v2.2.1 (Wu et al., 20106). In some cases, mixed bins occurred and these were re-binned and
manually sorted using BLASTX analysis against an in-house chlamydial protein database. Contigs
were also checked for G+C% vs coverage continuity, and in cases where a divergence in G+C%
content coincided with a divergence in coverage, contigs were trimmed. Reads were mapped to
the resulting bins and used for re-assembly using SPAdes. Not all gill metagenomes yielded
complete chlamydial genomes so were omitted from downstream analysis. Only one sequence per

species was used for comparative analysis.
7.3.3 Metagenome annotation and comparative genomic analysis

The resulting genomic contigs were annotated using RAST (Aziz et al., 2008), CD-search
(expect value threshold of 0.01) (Marchler-Bauer et al., 2017) Hmmscan, (using a gathering
threshold and expect value threshold of 0.01) (Finn et al., 2015) with manual annotation curated
in Artemis (Rutherford et al., 2000). The genomic data for the three Ca. Parilichlamydiaceae
sequences was compared with publicly available chlamydial genomes. Proteins were clustered into
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orthologous groups using OrthoFinder version 0.4.0 with default parameters (Emms and Kelly,
2015) and ascribed COG annotations (Galperin et al., 2015). Amino acids of all the CDSs were
submitted to KEGG BLASTKoala annotation for metabolic pathway construction, and compared
to other bacterial pathways available in the database (Kanehisa and Goto, 2000, Kanehisa et al.,
2016). Burrows-Wheeler aligner, SAMtools and BEDtools were used to map reads and assess read
coverage across the metagenome-assembled genomes (Li et al., 2009, Li and Durbin, 2010,

Quinlan and Hall, 2010).

7.4 Results and Discussion
7.4.1 Ca. Parilichlamydiaceae species possess hallmarks of a highly reduced obligate intracellular bacterial genome

De novo assembly of gill metagenomes prepared from Chlamydiae-positive Yellowtail
kingfish, Striped trumpeter and Barramundi (Table 7.1) yielded chlamydial assemblies consisting
of seven, eight and 28 contigs for Ca. P. carangidicola, Ca. S. latridicola and Ca. S. laticola,
respectively, the details of which are summarised in Table 7.2. The final draft assemblies totalled
771,491-881,979 bp, and were estimated to be 94.4% complete, based on the presence of 101 out
of 107 phylogenetic markers, several of which are not conserved in other chlamydial genomes.
Automated and manual annotation resulted in 704, 768 and 782 predicted CDSs for Ca. P.
carangidicola, Ca. S. laticola and Ca. S. latridicola, respectively, with coding percentages of 90.7-
92.4%, as expected for bacteria that have undergone reductive evolution (Andersson and Kurland,
1998, Sakharkar and Chow, 2005, Merhej et al., 2009). We omitted from our analyses additional
metagenomes that were sequenced but did not contain complete or sufficiently-covered chlamydial
genomes. In these cases, non-chlamydial bacterial species were in higher abundance (based on read

coverage) than the chlamydial sequences.

The G+C content of 37.5-43.7% within this family was comparable to other Chlamydia-
related species and in the range generally exhibited by highly reduced genomes (Nishida, 2012,

Merhej et al., 2009, Taylor-Brown et al., 2015). Mean read coverage across the metagenome-
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assembled genomes also varied, with 49x, 46x and 692x for Ca. P. carangidicola, Ca. S. laticola and
Ca. S. latridicola, respectively with the chlamydial genome accounting for 1-38% of the trimmed

reads.

There is a positive relationship between genome size and number of coding regions in the
Chlamydiae, with Chlamydiaceae and Ca. Parilichlamydiaceae possessing significantly smaller genomes
compared to the Parachlamydiales (Figure 7.1a), despite their earlier divergence (Figure 7.1b). We
consider this genome size convergence to be reflective of the predicted strict dependence on
vertebrate hosts, compared to the Parachlamydiales, which retain the ability to naturally infect both
unicellular and multicellular eukaryotes (Collingro et al., 2011), whereas members of the Chlamydia
genus may not be successfully cultivated in 4. castellani (Essig et al., 1997, Wirz et al., 2008), whilst
no Chlamydia species have been successfully recovered from environmental samples by amoebal
co-culture. This host range relationship may be exemplified in the Ca. Parilichlamydiaceae as, with
a few exceptions, each species in this family has been detected in a single fish species. This
relationship is consistent with previously described trends of high coding percentage, small
genome size and low number of coding regions in obligate intracellular or host-associated bacteria
(Konstantinidis and Tiedje, 2004, Merhej et al., 2009), such as well-characterised bacteria from
diverse phyla that possess similarly small genomes, such as Mycoplasna pnenmoniae, Borellia burgdorferi
and Buchnera aphidicola. These species (pathogens and symbionts) were thus integrated into our
analysis along with one representative each of Parachlamydiales (P. amoebophila) and Chlamydiaceae (C.

trachomatis).
7.4.2 The minimal metabolic capacity of Ca. Parilichlamydiaceae is an example of convergent evolution

Several efforts have been made to characterise the minimal requirements for microbial life.
These studies have coupled biochemical and genetic data from a range of bacteria from diverse
niches and phyla and as such, several iterations of the “minimal gene set” have been proposed,

with minor differences being attributed to the availability of genomes and basis for essentiality
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(Mushegian, 1999, Koonin, 2000, Sakharkar et al., 2004, Gil et al., 2004, Hutchison et al., 2016, Ye
et al., 2016). We have considered sets of conserved bacterial COGs to make generalised functional
comparisons (Merhej et al., 2009) and the minimal bacterial gene set proposed by Gil et al., 2004
to assess the presence of essential bacterial genes given the unexpected small size of these novel

genomes.

The gene repertoire of the Ca. Parilichlamydiaceae that could be assigned COGs is
primarily comprised of genes for DNA replication and repair, translation and post-translational
modification (information storage and processing) coupled with a low representation of genes for
defence mechanisms, lipid metabolism and co-enzyme metabolism (Figure 7.2). By comparison,
free-living bacterial genomes are rich in genes for amino acid metabolism and energy production

(Figure 7.2).

Interestingly, of 100 COGs that were ‘universally’ lost by alpha- and gamma-
proteobacterial mutualists and parasites (Merhej et al, 2009), six were retained by
Parilichlamydiaceae species, while 12 were retained by C. frachomatis and 30 by P. amoebophila,
suggesting that perhaps these are required for virulence or pathogenicity by these taxa. To further
validate the genome reduction observed in the Ca. Parilichlamydiaceae, we considered a set of 208
orthologs conserved between P. amoebophila, C. trachomatis, 1egionella pnenmophila, Coxiella burnetis,
Escherichia coli and Rhodopirellula baltica (Gimenez et al., 2011). We found 141 orthologs conserved
in the Ca. Parilichlamydiaceae genomes, congruent with 141, 136 and 155 in M. pneumoniae, B.

burgdorferi and B. aphidicola, respectively.

Essential genes for DNA and RNA metabolism and protein processing are highly
conserved in Ca. Parilichlamydiaceae with a few exceptions (Gil et al., 2004). Three parts of the
translation machinery involved in tRNA maturation and modification are missing in our draft
genomes: two GTP-binding proteins (mnmE and mnmG) and dimethyladenosine transferase (5gA).

It is possible that other predicted GTP-binding proteins and rRNA methyltransferases may
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account for the same functions. All translation factors are present, as are genes for protein
processing and secretion and ribosomal proteins, including those involved in ribosome function.
All aminoacyl-tRNA synthases are present except for glutaminyl tRNA synthase (¢/%5), which is
also absent from other chlamydial genomes. Two of the four cellular transport proteins are present:
low-affinity inorganic phosphate transporter (piz-) and the histidine-containing phosphocarrier
protein (p#sH), both of which are conserved in other Chlamydiae. ~ Neither of the
phosphotransferase enzymes — PTS enzyme I (p#]) which is present in other chlamydiae and PTS
enzyme II (p#sG) which is not — are predicted in the draft Ca. Parilichlamydiaceae genomes. Some
genes for energetic and intermediary metabolism that are also differentially present throughout the

chlamydiae were absent, and are described in more detail below.
7.4.3 Nucleotide metabolism and acquisition

It has been well-documented that the Chlamydiaceae lack genes for purine and pyrimidine
de novo synthesis (Nunes and Gomes, 2014, Bertelli et al., 2010, Bertelli et al., 2015, Stephens et al.,
1998, Kalman et al., 1999, Voigt et al., 2012), and this is also seen in the Ca. Parilichlamydiaceae.
Notably, the Ca. Parilichlamydiaceae appear to lack ribose-phosphate pyrophosphokinase (prseA),
meaning phosphoribosyl pyrophosphate (PRPP), a precursor molecule, cannot be synthesised. P.
amoebophila possesses prsA, as do the three species of small-genome bacteria used in our
comparison, but C. #rachomatis does not. Hence, none of the essential genes involved in purine de
novo synthesis appear to be encoded by the Ca. Parilichlamydiaceae genomes, nor are genes for
purine salvage, including several that were determined as part of the minimal gene set, eg.
(hypoxanthine phosphoribosyltranferase; /p7). Ca. Parilichlamydiaceae do encode adenylate,
guanylate and nucleoside-diphosphate kinases (adk, gmk and ndk), ribonucleotide reductase
subunits (#7dEF/AB), and DNA and RNA polymerases (polA and (1p0ABC), meaning the

pathways for purine and pyrimidine nucleic acid synthesis are intact, however.
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For pyrimidine metabolism, it does not appear that UTP can be aminated to CTP by
species in the Ca. Parilichlamydiaceae due to the lack of CTP synthetase (pyrG), which is otherwise
ubiquitously encoded throughout the phylum. We predict dTMP can be synthesised from dUMP
via thymidylate synthetase, the identity and predicted function of which is a flavin-dependent
analog of the #5).41 methyltransferase, #).X. The origin of the Ca. Parilichlamydiaceae #).X proteins
appear to be distinct from other chlamydial #)X sequences, which in previous studies were
omitted from phylogenetic analysis due to their lack of sequence identity (Myllykallio et al., 2002).
Rather, the Ca. Parilichlamydiaceae #5y.X sequences share up to 41% amino acid identity with

spirochaetes and deinococci.

The reduction of genes for purine and pyrimidine metabolism in the draft Ca
Parilichlamydiaceae genomes suggests that the bacteria source at least some of those compounds
from the host. Fish excrete small amounts of nitrogenous waste as purines, taurines, creatine and
methylamines (Evans et al., 2005), so they could be obtained by the bacteria from gill epithelial
cells (pavement cells; PVCs), which facilitate excretion of most of the nitrogenous waste in fish
(Ip and Chew, 2010). This is consistent with the observations in striped trumpeter, where the
infected cells were mostly PVCs as the cysts were present in the respiratory epithelium on the
lamellae (Lai et al., 2013). While the infected cells were not identified in epitheliocystis cases from
YTK or barramundi (Stride et al., 2013a, Stride et al., 2013c), according to the position of these
cells at the base of the gill lamella, they were either PVCs or chloride cells (mitochondria rich cells;
MRCs). PVCs are the most common cells (90%) in the fish gill epithelium (Evans et al., 2005) and
are the main type of cell reported to be infected during epitheliocystis (Stride et al., 2014, Nowak
and LaPatra, 20006), whilst MRCs were the main cell type infected in amberjack, Seriola dumerili

(Crespo et al., 1999) and Atlantic salmon, Sakwo salar Nylund et al., 1998).

Ca. Parilichlamydiaceac genomes are predicted to encode three nucleotide

transporters/translocases (NTT or Npt) that may facilitate the uptake of host-excreted
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compounds. Homologs of those transporters can be identified in all Chlamydiae genomes and
several other bacterial phyla (Greub and Raoult, 2003, Heinz et al., 2014). They are each around
500 amino acids in length and contain an MFS domain and 10-12 transmembrane domains,
providing further evidence that they are membrane-bound transport pumps. These NTTs share
12 to 62% amino acid similarity to the five functionally characterised N'TTs encoded by P.
amoebophila and the two encoded by C. trachomatis (P. amoebophila N'TT4 is highly divergent). Ca.
Parilichlamydiaceae NTT1 shares significant sequence identity with Nptl in C. frachomatis which
has been shown to also import NAD, a function which is carried out by NTT4 in P. amoebophila.
For this reason, C. trachomatis NTT1 has been termed a “hybrid” class I, III antiporter (Fisher et
al., 2013). Although substrate affinity cannot be predicted by sequence similarity, the Ca.
Parilichlamydiaceae N'TT1, or another homolog, may also function as a hybrid class I-III
NAD/ATP antiporter. The presence of these transporters may be sufficient for nucleotide
acquisition by Ca. Parilichlamydiaceae.

Amino acid metabolism

CRBs are capable of synthesising several amino acids whilst Chlamydiaceae and other
obligate intracellular bacteria are generally auxotrophic for these nutrients (Omsland et al., 2014,
Bertelli et al., 2015, Bertelli et al., 2010, Gil et al., 2004). No genes for amino acid synthesis were
included in the minimal gene set except for glycine hydroxymethyltransferase g4.4, which catalyses
serine to glycine interconversion and is encoded by the Ca. Parilichlamydiaceae (Gil et al., 2004.
No other amino acid synthesis genes are encoded by Ca. Parilichlamydiaceae in a striking similarity
to M. pneunmoniae, which instead encodes a number of transport systems with varying levels of

substrate-specificity (Himmelreich et al., 1996).

One major difference between the Chlamydiaceae and Ca. Parilichlamydiaceae genomes is
the presence of a tryptophan synthesis operon in C. frachomatis, which is one of the only amino

acids that some Chlamydia spp. can synthesise. Tryptophan metabolism is implicated in persistence
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and tissue tropism (Akers and Tan, 2000) but interestingly cannot be synthesised by all species, as
evidenced by the lack of an intact or partial tryptophan biosynthesis operon in our draft genomes.
A tryptophan/tyrosine permease is predicted, which shares 30% amino acid identity to that of
Parachlamydia spp., with the amino acid/polyamine transporter 2 domain predicted. This
transporter may enable uptake and utilisation of tryptophan and related amino acids 7z fien of
biosynthesis.

Carbobydrate and energy metabolism

Ca.  Parilichlamydiaceae ~ encode  the  essential  components  of  the
glycolysis/gluconeogenesis pathway to produce pyruvate, ATP and NADH from glucose, or the
reverse (Figure 7.3). Unlike other Chlamydiae, they are predicted to use phosphoglucomutase (pg»)
to convert glucose 1-phosphate to glucose 6-phosphate, whereas P. amoebophila uses glucokinase

(gck) to phosphorylate glucose.

The components of the pentose phosphate pathway are present and show similarities to
both Parachlamydiales and Chlamydiaceae. Ca. Parilichlamydiaceae appear to rely on diphosphate-
dependent phosphofructokinase (pfpB) to convert glucose 6-phosphate and fructose 2,6-
biphosphate, like Parachlamydiales, instead of the ATP-dependent phosphofructokinase 1 (pf&), used

by Chlamydiaceae and other small-genome bacteria.

Although pyruvate can be synthesised from phosphoenol-pyruvate by pyruvate kinase
(pyk), Ca. Parilichlamydiaceace genomes appear to lack the pyruvate dehydrogenase subunits
(aceEF) for acetyl-coA generation from pyruvate encoded by other Chlamydiae. Hence, genes for
the TCA cycle, which are differentially encoded throughout the phylum, are also absent. The (i)
presence of a complete cycle in most Parachlamydiales while (ii) Chlamydiaceae lack essential genes
(citrate synthase, aconitase and isocitrate dehydrogenase (g/£4, acnB and 7cd), and additional genes
are truncated in certain strains (Stephens et al., 1998, Kalman et al., 1999, Mojica et al., 2011, Voigt

et al., 2011), further suggests that the TCA genes encoded by the last common ancestor of the
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Parachlamydiales and ~ Chlamydiaceae were lost by both the Chlamydiaceae and the Ca.
Parilichlamydiaceae. Further, acetyl-coA can be generated via the above pathway in M. prenmoniae
which lacks other genes for a TCA, and B. burgdorferi is missing the same enzymes as Ca.
Parilichlamydiaceae genomes (Fraser et al., 1997, Himmelreich et al., 1996). No TCA genes were
included in the minimal gene set, as several genes are missing or not essential in the species
analysed (Gil et al., 2004). The authors proposed that NAD+ could be yielded by the reduction of
pyruvate by lactate dehydrogenase (/h), which curiously is not encoded by any chlamydial species.
It is likely that other parts of the electron transport chain generate sufficient energy to account for

the loss of this cycle in bacteria with highly reduced genomes.

The oxidative phosphorylation pathway encoded by the Ca. Parilichlamydiaceae genomes
is functionally similar to that of the Chlamydiaceae, with the expected set of V-type ATPases
(subunits ABDEIK) encoded for proton-motive force generation (Figure 7.3). Electrons are
donated by NADH (complex I) and reduced by a set of Na+-translocating NADH-quinone
reductases (subunits ABCDEFG). The succinate and fumarate dehydrogenases (complex II)

appear to be absent, not dissimilar to other small-genome bacteria.

Predicted carbon metabolism pathways in the Ca. Parilichlamydiaceae highly resemble that
of the other species investigated, given that much of the carbon utilised by Ca. Parilichlamydiaceae
is derived from glycolysis and both the oxidative and reductive phases of the pentose phosphate
pathway already detailed. Absent from the Ca. Parilichlamydiaceae genomes, but present in the
other genomes analysed except for B. burgdorfers, are several enzymes that participate in
tetrahydrofolate (THF) and ammonia metabolism. An additional enzyme only present in C.
trachomatis and P. amoebophila, 1.-serine dehydratase (sdsL), can also convert serine to ammonia,
while methylenetetrahydrofolate dehydrogenase (fo/D) participates in methylene-THF formation.

Again, this is pertinent to the Ca. Parilichlamydiaceae who reside in gill epithelial cells which
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participate in nitrogenous compound exchange: methylamines are one such by-product which may
be able to be uniquely used by the Ca. Parilichlamydiaceae.

Lipid and fatty acid metabolism

A minimal suite of genes for biosynthesis of lipids is proposed for bacterial endosymbionts,
like B. aphidicola, that reside inside a host-derived vacuole (Mushegian and Koonin, 1996, Gil et al.,
2004). It could also be the case for Chlamydiae as they reside inside the inclusion, however lipids
are still required for membrane biogenesis. Ca. Parilichlamydiaceae species appear to be lacking
the enzymes deemed essential for glycerophospholipid biosynthesis (Gil et al., 2004), and several
other chlamydiae are lacking the components to synthesise acetyl-coA, the starting molecule for
fatty acid synthesis. This suggests that these pathways may be in decay in some species, or that
host-derived CoA or intermediates are able to be utilised. Nonetheless, Ca. Parilichlamydiaceae
encode two copies of CDP-diacylglycerol-glycerol-phosphatidyltransferase (pgsA), a long-chain-
fatty-acid-[acyl-carrier-protein] ligase with a phosphopantetheine binding domain and acyl-coA
synthetase (AMP-forming) domain, the latter of which may account for the lack of acyl-coA
synthetase (fadD) in most Chlamydiae, and a fourth protein which is a distantly related homolog of
an acyl-ACP-phospholipid O-acyltransferase. These genes, coupled with uptake of substrates by
transporters described below, may accomplish fatty acid and lipid metabolism 7 /ex of other genes.

Parilichlamydiaceae genomes are enriched with membrane transporters

As compensation for their reduced genome size and biosynthetic capacities, Ca.
Parilichlamydiaceae species possess a diverse repertoire of membrane transporters as touched on
in earlier sections. The most abundant of these are ABC-type transporters. For oligopeptide
transport, up to six copies of Opp.A are encoded for each Ca. Parilichlamydiaceae species, while
OppBCDEF are also present at a single locus. This structure is most similar to that observed in the
Chlamydiaceae, whereas in CRB genomes, only OppABC are consistently present and encoded at

separate loci. Despite dipeptide (Dpp), cationic peptide (Sap) and nickel (IN7&) transporters being
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seemingly absent from these Ca. Parilichlamydiaceae genomes, the presence of Dpp, Sap and Nik
domains predicted in the Opp proteins may suggest that these genes function to transport several

molecule classes.

The presence of operons for phospholipid, lipoprotein and metallic cation transport are
again variable between Parachlamydiales and the Chlamydiaceae. For example, phospholipid
transporters (maDEF) are encoded by Parachlamydiales only, while more lipopolysaccharide
transporters are encoded by Parachlamydiales (rfbAB and iptFGB) than Chlamydiaceae (jpt only) but
not by Ca. Parilichlamydiaceae. Lipoprotein transporters (/) are encoded throughout the phylum.
Ca. Parilichlamydiaceae encode several metallic cation transporters (zinc, manganese, iron); again,
some may serve several functions. Only zz# type zinc transporters are seen in the Chlamydiaceae.
Neither methionine transporters (encoded by Parachlamydiales only) nor arginine transporters

(encoded by Chlamydiaceae only) are encoded in the draft genomes of the Ca. Parilichlamydiaceae.
7. 4.4 The updated core Chlamydiales genome

The reduced genome size of the Ca. Parilichlamydiaceae has a strong impact on the size of
the Chlamydiales core genome: just 342 orthologous groups are shared between the Ca
Parilichlamydiaceae, Parachlamydiaceae, Simkaniaceae, Waddliaceae, Criblamydiaceae and Chlamydiaceae
(Figure 6.4a). This figure is smaller than previously described core gene sets in which fewer, less
diverse family representatives could be incorporated (Collingro et al., 2011, Psomopoulos et al.,
2012, Pillonel et al., 2015). The number of genes shared with at least one other species as a
proportion of the total coding sequence is 62% in the Ca. Parilichlamydiaceae genomes, and this
value varies between 60% and 80% for Parachlamydiales and Chlamydiaceae (Figure 7.4b). We
anticipate that the number of core chlamydial genes will plateau once representatives of all
uncharacterised families are sequenced. For example, no arthropod-associated chlamydial
genomes have yet been sequenced despite their repeated observation and diversity among vectors

such as ticks (Pilloux et al., 2015, Hokynar et al., 2016, Burnard et al., 2017, Croxatto et al., 2014).
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The genomic data generated from such studies will hopefully help elucidate host-specific
adaptation mechanisms and clarify the relationship between genome size, population size and host

restriction.

Most core genes are involved in DNA replication and repair, transcription, translation,
post-translational modification, inorganic ion transport and carbohydrate metabolism (Figure 7.4c).
Orthologous groups shared between Ca. S. latridicola and at least one other family also fall into
these categories, together with proteins for which a general function only could be predicted. In
general, the largest orthologous groups exhibited throughout the phylum are shared between all
chlamydial families and hence contribute to the core genome. These include various ABC
transporters, ATP/ADP translocases, proteins with tetratricopeptide repeats, GroEL and GroES
family chaperones, sodium/alanine symporter family proteins, and vatious proteases, including the
tail-specific protease. Conversely, the largest protein families not present in the Ca
Parilichlamydiaceae genomes are mainly restricted to protein groups that are expanded from gene
duplication events in certain species or families, for example the polymorphic membrane proteins
of the Chlamydia sp. genomes (Nunes and Gomes, 2014, Bachmann et al., 2014, Vasilevsky et al.,
2016), the outer membrane protein family of the Waddliaceae (Bertelli et al., 2010), and the and
leucine rich repeat proteins (LRRs) present in Protochlamydia amoeobophila (Eugster et al., 2007) and
Neochlamydia spp. genomes (Domman et al., 2014). Notably, several of the largest orthogroups
missing from Ca. Parilichlamydiaceae genomes are also absent from Chlamydiaceae genomes, further
suggesting several gene sets have been lost in parallel by both Ca. Parilichlamydiaceae and
Chlamydiaceae over the course of adaptation to their respective multicellular eukaryotic hosts, whilst
their presence is several CRB species highlights either a) their necessity in particular genomes, b)
that they are yet to be lost from those species as they are still in the process of reductive evolution,

or ¢) that they were acquired by the ancestor of the Parachlamydiales clade.
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Our initial comparative analysis using one species representative for each chlamydial family
revealed 256 proteins unique to Ca. Parilichlamydiaceae (Figure 7.4a). Further comparative analysis
including orthogroups present in all species in the family, against genomes from other groups (e.g.
Parachlamydiales only, Chlamydiaceae only), revealed 72 orthogroups shared by all species in the Ca.
Parilichlamydiaceae and unique to that family. When 1 or 2 missing taxa were tolerated, to account
for the two genera in the family, this number increased to 126 or 147, respectively. Most of these
were hypothetical proteins, with no COG or PFAM domain annotations. We also observed several
genes that Ca. Parilichlamydiaceae have in common with A. mucinophila, a member of the
Plantomycetes-1/ errucomicrobia-Chlamydiae superphylum, that are variably encoded throughout the
Chlamydiae. Examples include SecG, which is encoded by CRBs but variable within Chlamydia sp.
genomes, the M/aDEF genes, which again are mostly encoded only by the former “Chlamydophila”

species, as well as CRBs, and tRNA synthetases for proline, asparagine and glycine.

7.5 Limitations and future directions

While we have presented a brief comparative analysis of the metabolic strategies employed
by novel gill-associated CRBs in comparison to host-associated bacteria with reduced genomes,
there are several shared and unique mechanisms still to be understood for these unique CRBs. We
have not performed any analysis of biological features reported in other chlamydial genomics
studies including virulence mechanisms, secretion systems, antimicrobial resistance, membrane
proteins, recombination and plasmids (Dugan et al., 2004, Horn et al., 2004, Greub et al., 2009,
Bertelli et al., 2010, Collingro et al., 2011, Domman et al., 2014, Bertelli et al., 2016, Collingro et
al., 2017). Some of these were described in our previous study (Taylor-Brown et al., 2017a), whilst

others should be the focus of further comparative studies upon completion of genome sequencing

of other CRBs.

Notably, plasmids have been reported for all Parachlamydiales species, and likewise are

harboured by most strains of most species of Chlamydia. As we sequenced entire metagenomes,
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and plasmid sequences are preferentially amplified by MDA (Taylor-Brown et al., 2016, Taylor-
Brown et al., 2017b) we concluded that the strains we sequenced do not contain plasmids, giving
rise to three possible scenarios. The first is that members of this family do not harbour a plasmid
at all. Indeed, it remains unclear what the exact role(s) of Chlamydia plasmids are, so it is entirely
possible that the plasmid was lost over the course of their evolution. The second scenario is that
the plasmid was acquired by the Chlamydiaceae/ Parachlamydiales ancestor after the divergence of the
Ca. Parilichlamydiaceae clade. The third fourth scenario is that parts of the plasmid have been
incorporated into chromosome. This is not evident from G+C% content or presence of plasmid-
related genes on the chromosome. The third scenario is that plasmids may be present in this family

but are not harboured by any of the strains we sequenced.

It is also unclear what role co-habitation of the gill by chlamydiae and other microbes could
play in shaping these chlamydial genomes. Although not described in detail in this paper, our
sequencing yielded highly diverse metagenomes generally containing at least two dominant
bacterial species, as has been described previously (Andersson et al., 2013, Qi et al., 2016, Seth-

Smith et al., 2016, Taylor-Brown et al., 2017b, Taylor-Brown et al., 2016).

This is of course a pitfall of the depletion-enrichment technique which enriches the most
abundant bacterial species in the sample. However, as zz vitro culture systems remain elusive for
these bacteria, and no reference genomes have been characterised upon which to base targeted
genome sequencing methods, as has been performed recently for other chlamydial species
(Putman et al., 2013, Christiansen et al., 2014), we opted for a non-targeted deep-sequencing
approach, which provided insight into the chlamydial agent of interest against a background of gill
mirobiota, and highlights an area of further study. A major caveat of this method is that the
inferences we have made throughout this analysis are based on draft genomes. However, we are
quite confident, based on the presence of conserved and essential genes, the number of rRNAs

and tRNAs, the GC skew and contig end read pairing, that we have assembled complete or near-
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complete chlamydial genomes, that will be able to be confirmed and improved once systems are

established to culture these organisms.

This genome data could be used to inform future cultivation attempts (e.g. nutrient
supplementation) as no systems yet exist to isolate these species. Of note, co-cultivation of
Chlamydiae in free-living amoebae has been only successful with chlamydial species having larger
genomes, such as the Waddliaceae (Bertelli et al., 2010) and Parachlamydiaceae (Greub et al., 2009),
which may be a prerequisite for a host range spanning multiple phyla. As with the terrestrial
vertebrate specialists, the Chlamydiaceae, all with a comparable genome size, the Ca.
Parilichlamydiaceae may similarly have a restricted (largely marine) vertebrate host range. This
hypothesis needs to be tested by examining other fish species sharing the habitats of Ca.
Parilichlamydiaceae infected fish, as well as the widening range of potential invertebrate hosts,
known to harbour Chlamydiae (Viver et al., 2017). Further, population diversity studies for these
three species could also be useful to understand routes of transmission and could be achieved by
further genome sequencing or the development and implementation of a suitable multi-gene
typing scheme. Lastly, the ongoing description of novel epitheliocystis agents in new hosts and
increasing number of available epitheliocystis-associated bacterial genome sequences from diverse
phyla including Chlamydiae, Betaproteobacteria and Gammaproteobacteria warrants a separate broad-scale
comparative genomics study.

7.6 Conclusions

In our comparative genomics analysis of gill-associated chlamydiae, rather than a larger
genome representing a broader metabolic capacity than their terrestrial and amoebae-associated
cousins, we characterised a highly reduced genome shaped by reductive evolution presumably over
a long period of host adaptation to the gill niche. We predict that this reductive evolution is an
example of convergent evolution, where the gill-associated chlamydiae have evolved a genomic

repertoire similar in content to members of the Chlamydiaceae, despite their earlier divergence, whilst
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retaining selected genes from their endosymbiont relatives, and possessing several lineage-specific
genes that may have arisen via gene birth and gain. This genome reduction may be reflective of a)
a long period of host adaptation to the gill niche, b) limited transmission routes, resulting in c) low
population sizes, leading to c) genetic drift, favouring purifying selection. Genome sequencing of

diverse novel species from a range of ecological niches will further elucidate these relationships.
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Chapter 7 Tables & Figures

Table 7.5: Details of gill samples utilised for metagenome sequencing and chlamydial genome assenbly.

Sample 76ST10 Hat2 007YTKI11
Host Striped trumpeter Barramundi Yellowtail kingfish
(Latris lineata) (Lates calciferer) (Seriola lalandi)

Chlamydial species

Collection date

Collection location

Ca. Similichlamydia

latridicola

Nov 2010

Tasmania

Ca. Similichlamydia

laticola
Aug 2012

South Australia

Ca. Parilichlamydia

carangidicola
May 2011

South Australia
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Table 7.6: Genome characteristics for members of the phylum Chlamydiae. Ranges of values are given for each

Sfamily, with the number of species or strains used for comparison in brackets.

Family Chromo No. Plasmid G+C  No. No. Coding
(No. genomes used for some predicted size content rRNA  tRNAs percentage
comparison) size CDS range (%) operons (%)
(Mbp) (Kbp)
(no.
ORFs)
Ca. Parilichlamydiaceae  0.771 - 704 - 943 No 375- 1 41-42 90.2-92.4
“) 0.981 evidence 43.7
Parachlamydiaceae (9) 2417 - 1986 - 39-145 33.0- 1-4 35-42  69.7°-90.8
3.424 3042 (40-160) 44.0
Waddliaceae (2) 2116 - 1,934, 15.5' (22) 43 2 34-37  92.2-93
2.141 2,028
Simkaniaceae (1) 2.496 2519 132 (136) 38 1 35 91.3
Criblamydiaceae (2) 2.820- 2213, 9.1 (15), 38.0- 1 40 86.0 - 89.7
2969 2426 89.5 (92) 48.0
Chlamydiaceae (5) 1.041- 911-11127.5*@®) 374- 1-2 37-39 89.0-91.2
1.229 41.6

" W. chondraphila plasmid in WSU 86-1044 strain only

> Chlamydia plasmid not found in C. abortus or Ca. C. ibidis. Plasmid also not present in all strains
of C. pecorum, C. pnenmoniae or C. trachomatis

’ Coding percentage of 69.7 and 71.3% in Neachlamydia sp. TUMEL and Neochlamydia sp. s13;

remainder of genomes have a minimum coding percentage of 82.0%
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Figure 7.1: Relationship between chromosome size and number of coding regions in Chlamydiae with reference
to phylogenetic relationships and ecological diversity. (a) Relationship between chromosome size and number of
coding regions in Chlamydiae. Species are coloured based on chlamydial family. (b) 168 rRINA phylogenetic tree
depicting the relationship between the Ca. Parilichlanydiaceae (vellow backgronnd) and other classified chlamydial
species. Species with genomic representatives have shaded backgrounds according to family, whilst for taxa without
genomic representatives, only one genus-level taxon is shown for simplicity. Epitheliocystis agents are denoted by

asterisks. The tree was constructed by FastTree based on a MAFFT alignment in Geneious.
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CHAPTER 8: General discussion
8.1 Summary of the major findings

The work presented in this thesis has contributed significantly to our understanding of

chlamydial taxonomic and host diversity, pathogenesis and evolution.
The major findings of this work were:

1. Chlamydial diversity is far more extensive than previously thought, demonstrated by the
detection of several novel Chlamydiaceae in reptilian hosts. Specifically, we found an unexpected
level of diversity circulating in captive snakes, with novel C. prenmoniae strains and two novel
Chlamydia sp. Plasmid sequences from metagenomes also suggest additional species-level diversity
within the genus Chlamydia in snakes, further highlighting the potential of reptiles to be hosts of a

large and untapped reservoir of diversity within this family.

2. The discovery of another gill-associated chlamydiae from a novel fish host, Orange-
spotted grouper, further highlights that unchartered chlamydial diversity extends through the far-
reaches of the phylum. Based on my studies and those describing additional novel chlamydial
species in this deep-branching clade from each new fish host studied, I hypothesise that even

greater diversity is waiting to be uncovered in fish, as well as other marine hosts.

3. As an example of a gill-associated chlamydiae, members of the Ca. Parilichlamydiaceae
were unexpectedly found to have genomes that are remarkably smaller than other Chlamydia-related
bacteria, and Chlamydiaceae. These species are functionally more similar to their Chlamydiaceae
counterparts despite their phylogenetic separation, suggesting that convergent evolution has

shaped the biology and pathogenesis of this family.

4. Culture-independent metagenomics was demonstrated to be an effective tool for novel
pathogen detection and subsequent genomic characterisation. Regardless of the anatomical site or

host that the sample was derived from, I showed that this approach was extremely powerful in
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providing insight into the identity and biology of previously uncharacterised chlamydial species for

which there is neither an established culture system nor reference genome.
8.2 Chlamydial taxonomic diversity revealed in this study

Improvements in surveillance and diagnostics have contributed to the detection and wider
recognition of emerging infectious diseases, including chlamydiosis. Additionally, advances in
culture-independent molecular techniques such as 16S rRNA gene sequencing and single-cell
genomics are driving a deeper understanding of the true level of phylogenetic bacterial diversity,
resulting in an abundance of uncultivated microbial species (1, 2). The characterisation of novel
tamilies, Candidatus tamilies and unclassified, uncultured lineages from a very diverse range of hosts,
habitats and niches including amoebae, insects, fish gills, jellyfish guts and aquatic environments
(3-8) further underline the idea that the uncultivated taxa probably outweigh the cultivated and

classified taxa in this phylum.

I discovered and characterised the genomes of two novel Chlamydia species in a) clinically
healthy captive snakes that may represent a reptile-only lineage prior to the divergence of C.
pnenmoniae and, b) one novel Ca. Parilichlamydiaceae species infecting a novel fish host,
representing yet another species-specific “fish chlamydia”. In the following sections, I will discuss
the chlamydial host and taxonomic diversity uncovered during my PhD, and explore the potential

for even more diversity throughout the phylum.
8.2.1 Epidemiological survey of chlamydiae in snakes revealed unexpected levels of chlamydial diversity and a
putative reptile-only lineage

I aimed to explore the diversity of uncultivated chlamydiae and discover novel pathogens
in the phylum Chlamydiae to assess whether analysis of uncultured chlamydial organisms will

provide new insight into the biology and evolution of these obligate intracellular pathogens.
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A logical place to begin to explore the diversity of uncultured chlamydiae is to screen
understudied hosts. Chlamydiosis has been described in both free-ranging and captive amphibian
and reptilian hosts including puff adders, boas, chameleons, crocodiles, frogs and tortoises (9-14).
While C. pneumoniae has been most commonly reported in association with infections in reptiles,
several studies also suggested that uncultured Chlamydia-like organisms might also infect these

cold-blooded hosts (12, 15), and C. psittaci has been detected in some reptiles (16).

A lethal case of granulomatous inflaimmation of the heart, liver and splenopancreas of a
horned viper (Iipera ammodytes ammodytes) caused by C. pneumoniae (17) prompted us to investigate
and characterise the diversity of chlamydiae circulating in captive snakes in Switzerland. As
described in Chapter 3, qPCR-screening of 29 captive snakes revealed PCR positivity of 21.1% of
these animals. These positive samples were then subject to Chlamydiae ArrayTube Microarray (AT)
species identification (18). This assay carries species-, genus- and family-specific probes, with
specific hybridisation patterns characteristic for each (19). Whilst most samples demonstrated
hybridisation patterns consistent with C. preumoniae, several could only be identified to the genus
level, or were inconclusive altogether. These ambiguous signals prompted us to conduct 16S rRNA

sequencing.

Despite this study being small, I observed a remarkable level of diversity with our 16S
rRNA sequencing confirming seven novel chlamydial genotypes. Five of these in fact had
nucleotide identities of >97.5% with C. pneumoniae, and phylogenetic analysis showed they formed
their own subclade (Chapter 3), differing from each other by 10 to 17 SNPs. The remaining two
genotypes were one C. muridarnm genotype and one putative novel Chlamydia sp., the latter aligning
with earlier and ongoing studies that suggested an involvement of putative novel Chlamydia sp. in
reptiles (12). The detection of the same genotype in both the cloaca and choana in the same animal
and the repeated detection of the same bacteria at different sampling points, suggests that snakes

experience prolonged, asymptomatic and systemic infections with these novel chlamydiae. A
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similar trend was observed in a recent study where inner organs as well as swab samples from pond

sliders free of clinical signs harboured the same omp.A genotype (15).

Interestingly, while the sampling only entailed choana and cloaca swabs from captive
snakes in Switzerland, the snake species are not endemic to that region, but rather are imported
from geographically dispersed regions, raising questions over the origins of the bacteria in these
hosts: does this diversity reflect global diversity or is this an artefact of the domestication and
global trade of these animals from different parts of the world? Since my initial study, other groups
around the world have reported similar prevalence and diversity of chlamydiae in a range of
reptilian hosts. For instance, chlamydial prevalence was highest in Japanese zoo-held reptiles (over
mammals and birds) with both C. prenmoniae and C. psittaci detected (20), mirroring findings from
an earlier Argentinean study that found significant strain-level diversity of C. pueumoniae distinct
from human strains in snakes and turtles (21). Neither of these studies were directly comparable
to mine unfortunately, as I used the 16S rRNA gene and subsequent studies used o704 and 7poB,
respectively. The most recent study in Poland detected several novel clades of Chlamydia spp. in not
only pharyngeal and cloacal swabs, but also other tissues from tortoises and turtles (15), providing
further evidence for this diverse order of animals as a suitable starting point for further
investigations into chlamydial diversity. This also suggests that the diversity observed in my study
may actually be representative of the global diversity, and the repeated detection of C. prenmoniae
strains suggest that these are indeed of reptile/animal origin rather than examples of
zooanthroponosis. More knowledge on the import and origin of animals in all studies is required

to better grasp the origin(s), epidemiology and diversity of reptile-associated chlamydiae.

From the Chlamydia-positive choana and cloaca samples (except for the C. muridarum-
positive sample) described in Chapter 3, I next focussed on metagenomic sequencing (detailed in
Chapters 4 and 5) of six samples corresponding to the genotypes with either: a) 16S rRNA gene

sequences corresponding to a novel species, b) conflicting 16S rRNA sequence and AT data in
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terms of C. pneumoniae classification, and c) the highest chlamydial load. This ensured the best
possibility of obtaining novel sequence data and good read coverage, to clarify the taxonomic
position of these novel chlamydiae and to learn more about their biology in the absence of a

cultivable isolate.

In doing so, the genomics analysis confirmed that two of the strains suspected to be related
to C. pneumoniae were in fact novel chlamydial species, namely Ca. C. sanzinia, from a Madagascan
tree boa (Sanzinia madagascariensis volontany) (Chapter 4) and Ca. C. corallus, from an Emerald tree
boa (Corallus batesii) (Chapter 5). These species are phylogenetically situated between C. prenmoniae
and C. pecorum, with Ca. C. corallus representing the most closely related species to C. preumoniae,
which, interestingly, has also been detected in reptiles. Four additional metagenomes contained
plasmid sequences corresponding to two putative novel species and two strains of Ca. C. corallus
that I then used to further explore the genetic diversity in these snake populations. Based on their
branch lengths, C. corallus has seemingly evolved at a similar rate to C. pmeumoniae since their
divergence from their most recent common ancestor, to which Ca. C. sanzinia is also closely related
(Chapters 4 and 5). This divergence appears quite recent relative to several other closely related

species pairs, e.g. C. avium and C. gallinacea.

Chlamydial plasmid sequences are not an ideal phylogenetic marker because a) not all
strains carry the plasmid (22-25), b) not all species carry the plasmid (26, 27) and c) we cannot
predict the presence of plasmid in a novel uncultivated pathogen. However, due to the fact that
chlamydial plasmids are non-conjugative and have co-evolved with the chromosome (28), the
chromosome and plasmid sequence-based phylogenetic relationships (of the plasmid-carrying
strains) mirror each other, with a linear relationship between chromosome and plasmid pair-wise
patristic distances. This allowed us to estimate phylogenetic relationships from plasmid sequences
alone, that were yielded in our metagenomes due to the high ratio of plasmid copy number to the

chromosome (~2-10x) (24, 25)
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and preferential amplification of low molecular weight DNA during the MDA step of the DNA
preparation for CIGS. This showed an even higher level of species-level diversity than estimated
by the 16S rfRNA sequences, with two putative novel species sitting between Ca. C. sanzinia and
Ca. C. corallus, the former of which precede the divergence of Ca. C. corallus and C. prenmoniae.
All members (characterised so far) of this Ca. C. sanzinia-Ca. C. corallus-C. pneumoniae clade

harbour a plasmid.

Recent studies have revealed that chlamydial diversity — even within the Chlamydiaceae — is
vastly underestimated (3, 29-32). Hence, re-examination of phylogenetic relationships as new
species are discovered and characterised raises questions over chlamydial evolution: what
intermediate species are we missing, and what will #hose species tell us about chlamydial biology?
Given a) the identification of two novel Chlamydia species confirmed by genome sequencing from
two different snake species, b) the detection of two additional unique chlamydial plasmid
sequences that may represent two novel species and c) detection of novel C. preunmoniae genotypes
by 16S tRNA, ompA and rpoB sequencing, it follows that we may identify even more chlamydial
diversity in reptilian hosts. Hence, I have speculated on the phylogenetic placement of putative
novel taxa in Figure 8.1. There are over 3000 species of snakes worldwide (33), so we may only be

scratching the surface of reptile-associated chlamydial diversity, and Chlamydiaceae diversity.

8.2.2 Nowvel Ca. Parilichlamydiaceae species as host-specific pathogens that broaden the diversity of this phylum

The Ca. Parilichlamydiaceae is a recently described family proposed in 2013, a year before
commencement of this project. At that time, it consisted of four proposed species from four
distinct hosts: Parilichlamydia carangidicola (Yellowtail kingfish), Actinochlamydia clariae (African
catfish), Similichlamydia laticola (Barramundi) and Similichlamydia latridicola (Striped trumpeter)
(34-37). The Parilichlamydiaceae family has since expanded dramatically (Figure 8.2) with two

studies contributing novel taxa comprising Ca. Similichlamydia labri from Wrasse in Norway (38),
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a novel species-level Ca. Similichlamydia clade comprising sequences from Brown trout and Sea
bream in Swiss and Mediterranean waters (39, 40). Finally, I characterised a novel species, Ca.

Similichlamydia epinephelii, from Orange-spotted grouper in Australia (41).

With a few exceptions, the increasing abundance of CRBs found in association with
previously un-investigated fish species affected by epitheliocystis has led to the suggestion that
each individual fish species may be affected by novel, unique lineages of Chlamydiae. Remarkably,
although this fish species (E. coioides) was cultured with another species (Giant grouper; Epinephelus
lanceolatns), only the Orange-spotted grouper remained positive throughout the sampling period,
by both molecular methods and histology (Chapter 6), providing further support for Ca.

Parilichlamydia species as host-specific pathogens.

If member species in the Ca. Parilichlamydiaceae each infects a novel host, this would
contrast with the other main described chlamydial family infecting fish, namely Ca
Piscichlamydiaceae (42). This latter family were first described about 10 years prior, in which a
single species, Ca. P. salmonis, is known to infect several species (Salmon, Trout and Charr) (43-
45), albeit these hosts all belonging to the Salmonidae family. Curiously, a single species in the Ca.
Clavochlamydiaceae family, Ca C. salmonicola, has a similar host range (45-47), despite being
phylogenetically more closely related to the Chlamydiaceae than the Ca. Piscichlamydiaceae or Ca.
Parilichlamydiaceae, which are sister clades forming the deepest branch in the Chlamydiales
phylogenetic tree. Although the Ca. Parilichlamydiaceae family members have been described in
a wide range of hosts, their discovery also cover a wide geographical range, bringing into question
the nature of host-specificity in this clade. Species in this family have been described in waters
around the South East and North East coasts of Australia, East Africa, Mediterranean, Alpine and
Nordic Europe. It remains to be seen whether the “species-specificity” of this group of chlamydiae
is a real phenomenon, or an artefact of sampling bias, which itself may be an artefact of species

endemicity to particular regions. Regardless, the Parilichlamydiaceac (as well as the Ca
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Piscichlamydiaceae and Ca. Clavichlamydiaceae) are restricted to fish hosts only, spanning, at this
point, Perciformes, Scorpaeniformes, Siluriformes, and Salmoniformes. Interestingly, no Ca.
Piscichlamydiaceae or Ca. Clavochlamydiaceae have been detected in the Southern hemisphere,
again suggesting at least a host family-level geographical specificity in the Ca. Parilichlamydiaceae.
On this basis, I suspect we will most likely continue to find new species in new hosts and ascertain
the true degree of natural host specificity if we a) sample different fish at different locations and
b) sample sympatric animals (not just fish) ¢) sample fish that are cultured together, d) sample wild
fish that are supplied to aquaculture or aquarium trade facilities, and e) sample wild animals that

are in close proximity to those in (b) and; f) sample fish that do not present with epitheliocystis.

What further complicates the fish host-specificity of this Ca. Parilichlamydia-Ca.
Piscichlamydia clade is the existence of other gill-associated chlamydiae throughout the phylum
that are more closely related to other species that are insect or amoebal endosymbionts. For
example, two species of Ca. Sygnamydia have been described in Salmon (48) and Broad-nosed
pipefish (49), within the Simkaniaceae family. This family appears to be very diverse in terms of
hosts and the associated biology. Hence, an understanding of host-specificity for these pathogens,
in the absence of culture systems and a resulting inability to run experimental challenge trials, is

only in its infancy.

8.2.3 Is there a limit to chlamydial diversity?

As discussed in Chapter 1, over the last 20 or so years, we have seen an explosion in the
detection and description of novel chlamydial species from diverse families referred to as CRBs,
due to the fact that many of these species have been isolated from diverse hosts or environments
such as ticks, amoebae and water sources. The question still remains: is there a limit to chlamydial

diversity?
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Figure 8.3 provides a schematic overview of our increasing knowledge of the diversity of
chlamydiae over time, which coincided with an increase in diversity as a function of a number of

other variables on the x axis that cannot be specifically separated from each other.

First, we are screening a wider range of hosts, from amoebae to fish to wild mammals.
Second, this knowledge has been helped along by advances in technology and methods we employ
to detect these “novel” species. High throughput methods have allowed us to screen and detect
more samples and more species at a time than previous culture-dependent methods, which were
more laborious and less sensitive. Third, the increase in diversity has been dependent on the

increased need for characterisation of pathogens as demand on sustainable food supply increases.
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the line). The dashed axes and trend line represent potential future trends based on the “unsampled” hosts and

niches.

Researchers were initially and still are interested primarily in chlamydial species that cause
disease in humans and animals, such as C. #rachomatis and C. psittaci, so screening was mainly
restricted to those hosts. Now, with an increasing rate and risk of zoonotic disease as we encroach
onto wildlife habitat, and with the increasing demand on commercial livestock and other
sustainable food sources, it is imperative that we characterise the pathogens of these animals, and
their potential for spill-over into humans. It follows that as these factors change over time, our
awareness of chlamydial diversity will also increase, until it presumably plateaus — that is, if we ever
discover the true range of chlamydial diversity. Based on literature searches and examination of
public sequence repositories, in the following section, I have proposed a non-exhaustive list of
hosts and niches yet to be screened for chlamydiae, which may provide further clues to the origin,

evolution and unique biology of the chlamydiae:
1) More wild (terrestrial) mammals and birds

While the overall number of studies are limited compared to studies of humans and
domesticated animals, there is growing evidence that chlamydial infections in wild mammals are
more widespread than previously thought (50). Wild animals are important in terms of zoonotic

transmission, food supply, habitat, reservoirs and vectors transmission.

Increasing reports of new chlamydiae, and new cases of “old” chlamydiae in new hosts
(51), suggest that we have only scratched the surface of chlamydial diversity in wildlife. The
proposal of three new species isolated from three distinct avian hosts in Europe (20, 32), together
with reports of novel unclassified chlamydial species from faecal specimens in wild sea birds such
as penguins and gulls [43-40], highlights how little we still know about chlamydial diversity and

disease risk in the wild. In particular, for migratory animals such as birds, it is important that we
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understand the carriage of the potentially pathogenic species across geographically diverse

locations.

Studies investigating wild mammals, particulatly those closely related to and/or in close
proximity to domesticated livestock species have thus far revealed a breadth of diversity exhibited
by the presence of Chlamydiaceae and CRBs in animals such as wild boar, water buffalo, yaks and
deer (52-55). Further, marsupials other than the koala may represent wild reservoirs of chlamydial
diversity but less is known about the prevalence and diversity of chlamydiae in these hosts, with
low levels of C. pecorum, C. pnenmoniae and CRBs all detected in bandicoots and possums, among

other endangered species (56).

In addition to revealing more about chlamydial host and taxonomic diversity, these studies
may also be of benefit to improving native animal conservation by understanding the risks for
spill-over between wild and domesticated animals, and predicting new and emerging zoonotic
disease threats for humans and animals. Contemporary spill-over studies are lacking, probably due
to a lack of sampling of sympatric populations (50), but should provide some insight into a) origin
and cross-host transmission of chlamydiae, b) public health initiatives potentially required and c)

conservation strategies that could be employed.
2) Aquatic mammals e.g. seals, whales, sea leopards, otters

Published studies on chlamydial infections or diseases of aquatic mammals such as whales,
dolphins, seals and otters, are sparse, and limited to potentially non-specific seroprevalence. For
instance, antibodies to C. psittaci and C. abortus were detected in Steller sea lions and Hawaiian
monk seals, respectively (57, 58). Further, the seroprevalence of C. psittaci was 83-85% in
bottlenose dolphins in U.S.A (59). It is unclear from these studies if there were actual infections
with C. psittaci or C. abortus or other close-related species that may assay cross-reactivity. The
authors suggested that it was likely that the antibodies were produced in response to exposure

from chlamydial shedding from sympatric birds, although the heightened immune response in
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Chlamydia-seropositive animals suggests that the infection risk and chlamydial diversity harboured

by these hosts is worthy of further study.

Beyond these studies, chlamydial sequences from the nasal cavities of seals and
corresponding sea water have been deposited in Genbank, but no paper has yet been published.
Interestingly, the majority of these sequences form two major novel clusters (data not shown), but
more sequence information will prove vital to understanding the diversity and epidemiology of
infecting strains in these hosts and ecological niches. Further investigation of these animals would
be of interest to fish-associated chlamydiae studies from the perspective of their close proximity

to wild fish, which may represent wild reservoirs of chlamydiae.
3) Terrestrial invertebrates, c.g. flies, beetles, bees, ants, mosquitoes, ticks

Insects are of particular interest given a) their biodiversity, b) their mobility and proximity
to humans and other animals and their role as potential mechanical and biological vectors c) their
long evolutionary history and d) their increasing introduction as a sustainable food source as the
global population expands. Recent studies in arthropods have uncovered a richness of emerging
groups of chlamydiae. Molecular studies in Europe, Africa and Australia have recently revealed
that ticks harbour CRBs (60-63) that primarily belong to the Ca Rhabdochlamydiaceae,
Parachlamydiaceae, and Simkaniaceae, with Ca. Rhabdochlamydiaceae DNA being most abundant,
suggesting that ticks are the natural hosts of the latter agents (62). A recent study examining skin
biopsies from tick bites identified tick-related chlamydial sequences in the biopsies but not controls
[65], highlighting the importance of studies to evaluate the role that these CRBs might have on
human and animal health. Thus far, CRBs have been also been detected in cockroaches, white flies,
fleas, lice and spiders by molecular methods (8, 64-67). The range of these infections has varied
drastically, with suggestions of endosymbiont relationships to overt disease affecting digestive

glands, so their impact remains undetermined, but the interest in their role as vectors seems
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widespread. Further, their small size and the existence of well-characterised rearing techniques

make them ideal models for studying chlamydial infection and transmission in the future.
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Figure 8.4: Chlamydiales phylogenetic tree highlighting the hypothetical phylogenetic positions yet to be

determined. (grey dashed lines). Adapted from Lagkonrvardos et al, 2014.
4) Aquatic invertebrates e.g. crabs, shrimp, corals, sponges and jellyfish

Aquatic arthropods, like their terrestrial cousins, are another example of potential
exceptional host diversity that is underrepresented in terms of chlamydial infections. Screening
these hosts for chlamydiae may prove fruitful given their abundance and proximity to fish, and
may fill gaps in our knowledge about host specificity, given that there are several clades of

chlamydiae that appear to be specific to other arthropods. Further, studies carried out in such
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hosts prior to the advent of molecular methods did visualise cysts in these hosts but the

phylogenetic classification of these species remains unknown (68-70).

Research groups have only in the last few years begun to characterise the vast biodiversity
of our oceans, including the microbial diversity. Corals, which are integral parts of these

b

ecosystems, contain “cell-associated microbial aggregates”, which in a recent study employing
specific and non-specific staining methods, were suggested to consist of chlamydiae (or rickettsiae),
as pathogens or symbionts of at last one species (Acropora) of coral in the indo-pacific region (71).
Analysis of an expressed sequence tag library to assess the phylogenomic classification of a
deuterosome, Xenoturbella westabladdz, identified one chlamydial 16S rRNA sequence (72, 73), and
proposed it as a novel Simkaniaceae species. Another novel species belonging to the same family
was found in the gastric microbiome of the jellyfish, (74). Although the genome sequence was not

fully characterised, the authors highlighted the genome size to be comparable to species infecting

unicellular hosts and hypothesised a “nested symbioses” for this particular species.

Beyond host diversity lies the question of phylogenetic positions of putative novel species.
Culture-independent molecular studies and more recent metagenomic investigations have revealed
novel bacterial lineages that are phylogenetically situated between the originally described phyla
and phyla with cultivated representatives (2). In a recent review, metagenome-derived sequences
increased bacterial diversity by 70% (75). In the Chlamydiae, more specifically, nine highly-
supported families were predicted based on currently available sequences from a range of
environments, and primarily lie between currently described families (3). It follows that this tree
will continue to expand upon further investigation of hosts and niches, as we approach saturation,

and that novel lineages as further predicted in Figure 8.4 will be uncovered.

The last question is — why do we care? Thus far, microbial diversity is far richer and displays
a “greater evolutionary depth” than the other kingdoms/divisions (1), representing the largest

proportion of the earth’s biodiversity. Given this level of diversity and abundance, microorganisms,
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including chlamydiae, are important sources of knowledge about the strategies and limits of many
forms of life, whilst representing potential new resources of biotechnological value. The American
Society for Microbiology (2016)(76) has recommended several lines of study across several
disciplines in order to investigate this diversity in our era of technology, highlighting the need to
further define this diversity for applications to bioremediation, development of rapid detection
techniques and food security, among others. Both culture collections and genomic studies will be
critical in understanding the full extent of microbial diversity. Chlamydiae, as an ecologically diverse
phylum with cultivated and uncultivated representatives, offer an ideal starting point for querying
the environment novel eukaryote hosts for novel chlamydial species that may pose disease risks or

answer evolutionary questions.

8.3 Chlamydial biological diversity revealed in this study

My studies to explore chlamydial diversity within the phylum also opened new opportunities
to characterise the metabolic and pathogenic capacities of these novel chlamydiae 7 /fien of
cultivation to conduct biochemical and cell biological characterisation. These genomic
interrogations revealed that a) key biological differences can exist between two closely related novel
chlamydial species occupying the same host niche; and b) breaking the trend of observations that
CRBs have larger genomes than their traditional counterparts in the Chlamydiaceae, chlamydial
pathogens of fish in the Ca. Parilichlamydiaceae have only small genomes with strong evidence of

massive genome reduction similar to the Chlamydiaceae.

8.3.1 Chlamydia species infecting closely related hosts do not always share genetic traits

My comparative genomics analysis of Ca. C. sanzinia and Ca. C. corallus revealed that key
genomic differences exist within the plasticity zone (PZ) of these related snake-associated
Chlamydia species. The PZ is a “hotspot” for diversity between Chlamydia and other bacterial

species, presumably due to its chromosomal location proximal to the replication terminus (77-79).
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The PZ and the genes encoded in this region have been implicated in tissue tropism in C. zrachomatis
(80), where ocular and urogenital serovars are distinguished from each other, and C. preumoniae

(81), where non-respiratory isolates cluster together.

None of the putative virulence proteins such as MACPF or cytotoxin are encoded by Ca.
sanzinia. This is in stark contrast to the PZ harboured by Ca. Chlamydia corallus, the arrangement
of which is most similar to the human-isolated strain of C. pneumoniae AR39. Neither Ca. Chlamydia
corallus nor C. pneumoniae AR39 encodes a cytotoxin, which is present in variable numbers in other
species including C. trachomatis, C. psittaci and C. pecorum (82-84) however, each harbours a purine
ribonucleotide biosynthesis operon, which is absent from Ca. C. sanzinia and the C. pnenmoniae

animal strain LPCoLLN, which are the closest relatives of Ca. C sanzinia.

These results suggest that genes in this region may not be pertinent to adaption to
particular hosts, demonstrated by the fact that the PZs in Ca. C. corallus and Ca. C. sanzinia have
marked differences. Further genomic studies on a) additional strains of Ca. C. corallus and Ca. C.
sanzinia, particularly from diverse hosts, if they exist, and b) additional species capable of infecting
snakes, will help confirm this. In support of this, two koala pathogens, C. pecorum McMarsBar and
C. pnenmoniae LPCoLLN, exhibit major differences in the plasticity zone demonstrated by the
differential presence of #ox and gnaAB-add (24, 83, 85, 86) and likewise, and there is even greater
disparity between the avian pathogens C. psittaci, C. gallinacea and C. avium, which, whilst they share
a common ancestor, have markedly different gene content and arrangement in their plasticity
zones (32). On the other hand, in the 6BC clade of C. psittaci, both the cytotoxin gene — which
exhibits high sequence similarity to the EHEC adherence factor and clostridial large cytotoxins —
and the gnaAB-add cluster — implicated in purine ribonucleotide biosynthesis — are encoded,
whereas members of the other clades don’t encode these genes (77, 78, 82, 87). This clade has a

broad host range and is highly virulent, associated with disease in birds and humans and more
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recently, horses (88), and it has been suggested that the presence of 7 in this clade only has

facilitated the host range expansion in this lineage (87).

8.3.2 Convergent evolution of chlamydial genomes is influenced by host restriction

Among chlamydiae outside of the Chlamydiaceae, there is no region analogous to the PZ upon
which to draw comparisons. Hence, I focused my analysis on the reduced metabolic capacity
representing a high level of adaption to and dependence on the fish host, which I hypothesised to

represent an example of convergent evolution with the Chlamydiaceae.

Compared to free-living organisms, an obligate intracellular lifestyle is closely correlated
with a reduced genome size (89). Host-associated bacteria, and especially intracellular bacteria,
have lost many anabolic genes (89-92), resulting in a highly reduced, non-redundant genome, with
a high coding percentage and reduced metabolic capacity compared to free-living bacteria (91, 93-
96). These bacteria — parasites and mutualists — offer an example of convergent evolution of

diverse phyla toward the intracellular niche. I observed this on a phylum-scale within the Chlanzydiae.

The four Ca. Parilichlamydiaceae species genomes I assembled from gill metagenomes were
~0.77-0.98 Mbp in size, predicted to encode 704 to 943 coding regions (Chapters 6 & 7). This is
far smaller than other CRB genomes, which range from 2.1 to 3.5 Mbp with 1986 to 3042 predicted
CDSs, and also smaller than the Chlamydiaceae genomes (~1.0-1.2 Mbp). The genome reduction in
the Chlamydiaceae is explained by a reduction in genes for biosynthesis of many
nutrients/metabolites/substrates that are presumably able to be imported from the host cell
cytoplasm. These include nucleotides, amino acids and lipids, the pathways which are also
incomplete in Chlamydiaceae species (78, 84, 97, 98) which are also highly adapted to higher
eukaryote species, in many cases to a single host (51, 99). Such pathways are generally more
complete in amoebae-associated CRB genomes, suggesting a lesser dependence on the host (100-
103), or perhaps a certain level of flexibility in the range of hosts a chlamydial species can infect.

For example, the W. chondrophila genome encodes genes for de novo synthesis of at least ten amino
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acids (102) and the P. amoebophila genome encodes genes for the TCA cycle (103), whereas C.

trachomatis only encodes genes for two amino acids and the TCA genes are incomplete (97).

With the exception of W. chondrophila, the CRBs for which we have genome sequences are
associated with a range of amoebal hosts including Acanthamoeba castellanii, Naegleria gruberi and
Hartmanella species (6,7, 104-108). The relationship of the chlamydial species to the amoebal hosts
is still under debate, with most evidence suggesting these species are amoebal endosymbionts (104,
105, 109). Other reports of these species in association with disease states in humans and animals
conflict with this hypothesis (110-119). Previously, it has been proposed that the larger genome
(2.1-3.5 Mbp) and increased metabolic capacity (more genes for de novo synthesis of nucleotides,
lipids, amino acids and carbohydrates, compared to the Chlamydiaceae) is to account for a less stable
environment in an amoebal host cell (100, 103). I extend this proposal by suggesting that the larger
chlamydial genome, including both the chromosome and highly variable plasmid, possessed by the
mostly amoebae-associated CRBs, allow for host jumping between multi-celled and single-celled
hosts, whilst the reduced genomes of Chlamydiaceae and Ca. Parilichlamydiaceae do not allow for

this flexibility, and are restricted to multi-celled hosts.

Hence, the Chlamydiaceae and CRB families have distinct evolutionary histories that have
shaped their distinct biological characteristics and genomic dynamics. In other bacteria, acquisition
of an intracellular life style is accompanied by a rapid genome shrinkage and loss of genes (91, 93).
The genome size and content of Ca. Parilichlamydiaceae species indicate that chlamydial obligate
intracellular parasitism must have occurred prior to the divergence of the three evolutionarily
distinct groups (Chlamydiaceae, CRBs and the Ca. Parilichlamydiaceae-Piscichlamydiaceae clade).
The divergence of Chlamydiaceae and Parachlamydiaceae is suggested to have occurred over 700
million years ago (103, 120). Phylogenetic analysis of the Chlamydiae including Ca.

Parilichlamydiaceae suggests that the divergence of this family occurred prior to the divergence of
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Chlamydiaceae and other CRBs, and that, Ca. Parilichlamydiaceae species have been restricted to the

gill cell niche to which they are now highly adapted.

8.3.3 Can we predict biology based on host or taxonomy? Can we extrapolate this prediction to the most recent

ancestor of the extant members of the phylum?

16S tRNA sequencing and phylogenetic data have provided the framework for
characterising chlamydial biological diversity based on chlamydial taxonomic diversity. What will
be perhaps far more interesting than the extent of taxonomic and ecological diversity is the

biological diversity conferred by adaptation to different niches.

At the start of my PhD, I hypothesised that chlamydiae infecting fish possess large
genomes (2-3.5 Mbp) akin to those harboured by CRBs, encoding a comparable number of genes
involved in housekeeping, virulence and heightened metabolic capacity. This hypothesis was based
on the evolutionary relationships inferred by 16S rRNA sequence data demonstrating that the Ca.
Parilichlamydiaceae-Piscichlamydiaceae clade diverged prior to the divergence of the Chlamydiaceae
and CRBs and branches deeper than the other families. The other factor contributing to this
hypothesis is the evolutionary age and history of fish themselves, which are estimated to have been
on earth for 400-500 million years (121, 122). What I did not take into account for my initial
hypothesis was that because of the evolutionary history of fish, it is most likely that the chlamydial
species associated with them, which are largely host-specific, have co-evolved with those hosts and
hence undergone years of genome reduction to eliminate genome redundancy resulting in the draft
genomes I have characterised. These results disproved my hypothesis and was the first hint that in

Chlamydiae, taxonomy is not a good predictor of biology.

Instead, as touched on in the previous section, I propose that we can predict genome size
and content, and hence biological features, based on the ability of the species to infect a wide or
restricted range of host types, i.e. the ability to infect single-celled hosts such as amoebae in

addition to multi-celled hosts including vertebrates and invertebrates, as is observed for several
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CRBs such as §. negevensis and Protochlamydia spp. Other examples of order-level specificity have
emerged throughout the phylum, such as arthropod-associated Ca. Rhabdochlamydia spp.
Interestingly, attempts to culture Ca. Fritschea bemisiae, an insect-associated species, in
Acanthamoeba failed despite successful initial infection (65), providing evidence in support of my
hypothesis In further support, mammalian and fish cell lines were shown to be amenable to culture
of amoeba-associated CRBs (123, 124), highlighting the enhanced host ‘promiscuity’ exhibited by

these CRBs with larger genomes.

What may throw out this hypothesised relationship between host range and biology are
the genomes of fish-associated chlamydiae that belong to families other than the Ca
Parilichlamydiaceae, Ca. Piscichlamydiaceae and Ca. Clavochlamydiaceae, such as Ca. Sygnamydia
spp in Simkaniaceae, which is an increasingly ecologically heterogeneous family. My hypotheses for
the roles of such taxa is that those species residing in other clades are not well-adapted to fish
hosts, but instead are natural endosymbionts of protists, or aquatic invertebrates, like their close
relatives, that have had the opportunity to cross the host barrier into fish, and because of their
(hypothesised) genomic capacity for survival in single-celled eukaryotes, are able to colonise the
new host. Of course, this is all hypothesis and will require a) genome sequences of these novel

chlamydiae; and/or b) model systems to demonstrate their infectivity.
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Figure 8.5: The relationship between chromosome size and number of coding regions in the Chlamydiae. Species

are coloured by family; see legend.

Based on the genomic findings from my PhD project, my review of the literature and some
assumptions mentioned above, I predict that the chlamydial ancestor had the following traits (also

summarised in Table 8.1):

- Microbial lifestyle: I predict that the chlamydial ancestor was facultatively intracellular.

This is based on the enhanced capacity for biosynthesis of nutrients by amoebae-associated

chlamydiae (100-103, 125-129).

- Genome size: I suggest that the chlamydial ancestor had a chromosome of at least 3.5
Mbp, based on genomic data from species sequenced to date. This is still relatively small but
reflects the proposed level of host-association. From here, through several series of cross-host
transmission events and subsequent host adaptation, unnecessary genes were lost and others were

duplicated.
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Table 8.1: Predicted genome characteristics of the chlamydial ancestor

Range — Chlamydiae

Predicted — chlamydial ancestor

Genome size

No. CDS

Plasmid size

No. CDS on plasmid
G+C %

No. rRNAs

No. tRNAs

Coding percentage

0.7- 3.5 Mbp
704-

7.5-150 Kbp
7-138
38-42%

1-4

34-42

82-92%

> 3.5 Mbp
> 3500

> 150 Kbp
> 140

> 45%
>3

<60

< 85%

- Extra-chromosomal elements: In addition to the large chromosome, I hypothesise that
the chlamydial ancestor possessed at least one conjugative >150 Kbp plasmid. Plasmids are
reasonably ubiquitous throughout the phylum but are exceptionally variable (100-102, 127, 128,
130). Other researchers have suggested that the chlamydial ancestor harboured a mega-plasmid

similar to the S. megevensis plasmid, from which the other chlamydial plasmids originated, before

losing elements via gene loss or chromosomal integration (100).

- Virulence factors: The recent finding of flagellar components in marine chlamydiae (125),

coupled with the flagella-derived T3SS conserved in all chlamydiae sequenced to date (131), leads

me to propose that the chlamydial ancestor had flagella, (perhaps in addition to a T3SS).

Future studies in the same vein as my own PhD studies will be required to confirm these

hypotheses.
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8.4 Metagenomics as a research tool for Chlamydiae

Initial chlamydial “omics” studies resolved several previously held paradigms such as the
“peptidoglycan anomaly” (97, 132-134), and allowed us to appreciate the genomic basis
underpinning several aspects of the intracellular life style with specific adaptations to a range of
hosts. While our group and others have recently used several genome sequencing methods to
broaden our knowledge of previously described species in the genus Chlamydia [13—17], the current
study suggests that a shotgun deep sequencing approach is better suited to novel species. For
instance, using “bait” probes designed from a reference genome risks overlooking previously
undetected or undescribed features, such as a plasmid [25], and is impossible if the species is novel.
Further, a fast, cheap method developed for C. #rachomatis that relies first on sample collection into
appropriate media and second on antibody binding to a previously characterised surface-exposed
antigen (135, 130), is also not applicable to novel species. On the other hand, a non-targeted
approach, metagenomics, as applied throughout my PhD, has allowed for a less biased exploration
of clinical samples for which we are yet to determine the aetiological agent, or for which the

aetiological agent cannot be cultured.

Although part of the technology used — multiple displacement amplification — was initially
developed to amplify plasmid and phage DNA (137), it has since been applied to a range of sample
types including clinical samples and single cells (138-142). In my studies described in this thesis,
we have successfully applied it here to a mixed clinical DNA extract from which the host
methylated DNA has been depleted. The latter aspect of the DNA preparation is the most vital to
these samples, due to the abundance of host DNA in most clinical specimens collected from a
host. The combination of these approaches, as employed in similar studies conducted in parallel
with mine (40, 143, 144), proved fruitful, as I successfully applied this technology and subsequent
bioinformatics pipeline to a) two sample types: swabs and gill tissue, b) two diverse animal hosts:

snakes and fish, and c) samples PCR-positive for either Chlamydia sp. and CRBs. This allowed me
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to obtain and characterise two novel chlamydial species from snakes (Chapters 4 and 5), a novel
species from fish (Chapter 6), and characterise the genomes of three previously-described fish-
associated chlamydiae (Chapter 7), hence using “omics” studies to further characterise chlamydial

diversity and biology.

Metagenomics also allowed me to confirm previous studies using PCR-based interrogation
of single gene sequences. In the snake study, what I believed based on AT and 16S rRNA gene
sequence data were novel C. prenmoniae strains wete, in fact, based on chromosome and/or plasmid
sequences, novel chlamydial species. The metagenomic data agreed with the AT results, in that the
two putative novel species (G1/1679-8 and G2/2464-204) were assigned eithet to the Chlamydia
genus level by AT or were inconclusive (Chapters 3 and 5), meaning that the AT assay is a good
predictor of novel taxa. Other recent examples where genome sequencing (ie. applying culture-
independent metagenomics to clinical samples) could provide phylogenetic clarification as well as
additional biological information include a novel C. psittaci-like clade specific to crocodiles (145), a
novel C. suis-related clade found in Roe deer (29) and novel Chlamydiaceae-like sequences detected
in faeces from sea birds (31, 146). Contrastingly, the genomic data for the newly characterised fish-
associated genomes derived from gill metagenomes confirmed their placement in a deeply-rooted

clade, eatlier postulated by 16S tRNA studies (Chapters 6 and 7).

The anatomical sites I have studied — choana and cloaca of snakes and gills of fish — are
ripe with microbiota and other pathogens that, if in higher abundance than the target chlamydial
bacteria, may mask complete sequence of the chlamydial genome. Whilst the masking of the
chlamydial species is most likely due to the presence of other pathogens, these findings raise the
possibility that some of the chlamydial species discovered in this project may be commensal
organisms. Notably, there is ongoing speculation around this is in the veterinary chlamydia field,
particularly in birds and ruminants. Sachse & Laroucau (2015) suggest that C. ga/linacea may be a

commensal in poultry given its high prevalence and lack of clinical signs, and Reinhold and
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colleagues (2011) debated the nature of chlamydial species in livestock given the endemic yet

opportunistic nature of these infections.

8.5 Limitations and future directions
8.5.1 Technical limitations of the metagenomic studies

The metagenomic approach taken, although fruitful, came with several limitations, some of

which were not apparent prior to embarking on this project.

The use of MDA for whole genome amplification prior to genome sequencing comes with
limitations such as preferential amplification of certain genomic regions or particular bacteria in a
microbial community (149, 150). The amplification skew is unpredictable and appears to be heavily
dependent on both the complexity of the sample and the MDA protocol applied (149)]. These
issues appear to be able to be partially overcome by combining MDA with other depletion or

enrichment methods (151, 152), which were not attempted in my study.

Expanding on the MDA limitations, a major aspect lacking from my metagenomics studies
is the application of the depletion-enrichment method to a mock or spiked sample, in order to
identify a threshold at which bacterial genome assembly from these metagenomes would be viable.
The metagenomes obtained for both the snake choana and fish gill metagenomes contained
hundreds of thousands of host-derived contigs. Importantly, the species richness within the
sample itself, which is difficult to assess without running several individual specific PCR assays or
conducting microbiome sequencing, seems to be the biggest factor in successful chlamydial

genome assembly from these metagenomes.

In Table 2 I have outlined a number of depletion and enrichment combinations, their
plausibility for clinical samples, and their pros and cons in terms of cost and effectiveness. Ideally,
in the future, I could run a mock sample, in which I co-culture several bacteria with host cells in

known relative concentrations, and conduct several DNA treatments in parallel prior to
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sequencing and metagenomic assembly. To extend this, I could run serial dilutions of the starting
concentrations of each bacteria, plus culture them in different relative concentrations, to obtain
thresholds at which the method is effective. Next, I could trial two rounds of depletion, which is
the key factor in this process, prior to MDA, whose main purpose is to generate enough DNA for
library preparation, in order to increase the effectiveness of methylated DNA depletion. Thirdly,
if a DNA sample was split in two, and depletion was conducted on the separate aliquots, then the
aliquots were pooled, this may yield enough DNA for sequencing with a theoretical better bacterial

genome sequencing outcome, although would be slightly more costly.

A final but important limitation of the use of metagenomics in my studies is that the
genomes I have characterised are drafts assembled from metagenomes, meaning they may be
incomplete. In the case of the Ca. C. sanzinia genome, its assembly into a single contig with
overlapping ends evidenced its completeness, whilst Ca. C. corallus assembled into six contigs,
with predicted contiguity, genomic synteny with closely related species and presence of conserved
markers (153). For the fish-associated metagenomes, which assembled into six to 28 chlamydial
contigs, the presence of essential genes supports the notion that we have assembled very near-
complete genomes. However, we cannot account for regions such as genomic islands (if they exist)
that may have assembled distinctly from other chromosomal regions, or plasmids, which exhibit
GC contents different from the chromosome and may be differentially covered by reads. Only
when we cultivate these organisms to obtain pure DNA can we be sure that our draft genomes are
complete and not lacking extra-chromosomal elements. Further, when we have more genomic
representatives of other CRBs, in particular for other insect-associated and other gill-associated
chlamydiae, can we confidently assess the extent of host adaptation and convergent evolution

explored here.
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8.5.2 Future directions for chlamydial diversity and genomics studies

There were several aspects not addressed throughout my project that would be ideal topics
to explore further or integrate into future studies, including further epidemiological investigations,

wider comparative genomics studies and metatranscriptomic studies.

First, ongoing re-assessment of the way we describe the groups of families within the
phylum eg. “Chlamydia-like, “Chlamydia-related”, pathogenic, environmental, traditional is required.
Not all terms adequately describe the groups of species, and as we detect and characterise more
and more taxa, these groupings and descriptions will presumably change. The classification scheme
appears to continually need revisions as well. Gupta et al. most recently took steps toward re-
classification of the phylum (a topic that has been controversial over the years (108, 154, 155)) into
three orders, pending genomic information for the Ca Parilichlamydiaceae and Ca
Piscichlamydiaceae families as the most deeply branching families. By this scheme, these families
would constitute the third order, Parilichlamydiales, in addition to Parachlamydiales (CRBs excluding
Ca. Piscichlamydiaceae and Ca. Parilichlamydiaceae) and Chlamydiales (Chlamydiaceae). This scheme
is not yet widely accepted but the ongoing characterisation of chlamydial genomes should clarify
these groupings and I suspect this will change in the near future. The Ca. Parilichlamydiaceae
genomic data generated from my project may spur taxonomists to revise these groupings, which I
would be in favour of, based on the diversity among CRBs that is too high to continue to group

them together.

The genomic information generated by this and similar studies for diverse members of this
phylum can be used for design of multi-gene typing schemes such as MLST which are cheaper
than WGS and hence can be applied to a larger group of samples. Such schemes would help to
assess the population diversity for certain species and hosts, for instance in the Yellowtail kingfish
cohorts which were infected with Ca. P. carangidicola over five years (36)(Chapter 7), and the

Striped trumpeter and Trout studies which comprised wild and cultured samples (35, 157). This
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information, in turn, could then be used to resolve a number of outstanding knowledge gaps over

the reservoirs and/or transmission of these novel chlamydiae in aquaculture systems.

It also remains unclear what role microbe-microbe interactions have played in shaping the
genomes and strain-level diversity of any number of these reptile-associated and gill-associated
lineages. Other chlamydial species such as C. trachomatis, C. psittaci and C. suzs exhibit high levels of
recombination among strains or have acquired genes from other bacteria (88, 158, 159).
Furthermore, recent genus-wide genomics studies revealed extensive levels of admixture between
species, demonstrating different levels and origins of gene flow and recombination flux,
particulatly in C. psittaci (159, 160). It is possible that similar incidents have occurred over the
evolution of both the Chlamydia species and Ca. Parilichlamydiaceae species characterised in my
studies, especially if they are have co-evolved with their respective hosts and other resident
microbes. Microbial communities have been reported to facilitate horizontal gene transfer between
closely and distantly related bacteria (161). Reptiles such as snakes and crocodiles harbour a diverse
oral and gastrointestinal flora as well many respiratory and gastrointestinal pathogens of bacterial
and viral origin that may donate DNA to chlamydial genomes (162-164) or contribute to gene loss

and decay by compensating for functions (165).

Next, metatranscriptomic characterisation of a) natural chlamydial infections of fish and
snakes, b) natural mixed infections (in either host), c) individual infections 7z vitro and d) mixed
infections 7z vitro would help clarify the cross-talk between bacterial species and between bacteria
and the host cells in response to different naturally occurring or simulated environmental pressures.
In both of my studies, host and environmental factors were not directly addressed, although were
speculated on in each chapter. Metatranscriptomics, particularly for uncultivable bacterial
pathogens is still in its infancy, however a recent study of P. amoebophila cultured in its natural host,
Acanthamoeba castellanii, revealed the time and developmental stage-specific regulation and

expression of the type three secretion system (160).
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The final step to propetly characterising novel bacteria and proving Koch’s postulates for
pathogenesis will be to culture these organisms. This will allow us to characterise ultrastructural
and biochemical characteristics, and visualise interactions with the host cells, and confirm
metabolic needs predicted by the genome. The genomic data generated for uncultivable
chlamydiae can hence be used to inform culture attempts. Thus far for chlamydial epitheliocystis
agents, all attempts to cultivate the bacteria 7z vitro have failed, mostly due to the use of incorrect
(host-free) media (40, 167-169). Otherwise, fish cell lines have been shown to be susceptible to
other CRBs (123) and a zebrafish model for W. chondrophila infection has been developed (170).
Other reasons for culture fail may be due to improper sample storage or inhibition by other

bacteria.

8.6 Conclusions

My work has made a significant contribution to broadening our understanding of chlamydial
biological diversity by utilising powerful culture-independent techniques to characterise genomes
of diverse, novel chlamydial species. The potential for these techniques is almost limitless given
the growing number of studies providing additional evidence for uncultured chlamydial diversity,
and the vast number and diversity of hosts and environments yet to be explored. The last 20 years
of CRB research have totally transformed our understanding chlamydial biology. With this

information and techniques in hand, the next 20 years will no doubt be a ‘super-revolution’.
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Table 8.2: Advantages and disadvantages of aspects of DINA preparation methods for culture-independent metagenomic sequencing

Method/combination Advantages and disadvantages
DNA only Overabundance of unwanted host DNA/reads — would need far deeper sequencing;
No amplification bias.
DNA + MDA only Bias for most abundant DNA species ie. host = overabundance as above for raw DNA, but more

DNA + MDA + Depletion

pronounced.

Has been used successtully for C. #rachomatis from swabs (156), but yielded very low coverage with
very deep sequencing.
Same issue as above — if amplification is biased toward most abundant, the depletion may be less

effective.

Has been used successfully on LCM samples (143), where most of the host DNA has already been

removed

DNA + Depletion only

DNA + Depletion + MDA*

Ideal, as no amplification bias. ..

BUT total amount not enough for library prep & sequencing — would need to repeat, hence

increasing cost

MDA for purpose of reaching target DNA amount for library prep, with bonus of amplifying most
abundant DNA remaining in supernatant (unmethylated DNA = bacterial DNA)

DNA + Depletion + MDA + Depletion +
MDA

DNA + MDA + Depletion + MDA +
Depletion

Might mitigate the issues accompanying each option (rel. abundance, amount) ...
BUT becomes more costly.

As above
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DNA + carrier DNA
DNA + MDA + carrier DNA
DNA + Depletion + carrier DNA

DNA + Depletion + MDA + carrier DNA

Not necessary!
Same issues as for raw DNA

Plausible? Would mitigate amplification bias issues from DNA + Depletion + MDA, BUT

sequencing depth may still be compromised due to the overabundance of host material.
Plausible...

BUT unnecessary as the role of the carrier DNA is to reach a target DNA amount which is achieved

by MDA — so they cancel each other out.

* Method used in this project
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