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Abstract

Characterisation of Host- Parasite- Microbiota Interactions that Drive Hatching
in Trichuris Species

Tapoka Thulisile Mkandawire

Trichuris trichiura infections account for 400 million individuals infected across the tropics
and subtropics, making it a key neglected tropical disease (NTD). Infection occurs upon
ingestion of whipworm eggs that hatch in the caecum and proximal colon, liberating larvae
that establish in the intestinal epithelia. Trichuriasis has been studied in murine and porcine
models of infection, with Trichuris muris and Trichuris suis respectively; revealing the role of
the host intestinal microbiota in inducing hatching of whipworm eggs. However, the
mechanisms behind the interactions between Trichuris species and the host microbiota that
result in hatching, particularly in T. trichiura, remain unexplained. Understanding hatching
could lead to greater control in the lab in maintaining T. trichiura life cycles, allowing us to
use alternate more accessible hosts to study the human whipworm. | hypothesised that
hatching in Trichuris spp, which is centered around the polar plugs of the egg, occurs as a
result of physical interaction between the bacteria of the host microbiota and the parasite
egg, and enzymatic activity that results in the degradation of the polar plugs and the
liberation of the larvae. | isolated intrinsic and extrinsic factors that govern hatching in
Trichuris species. In studying intrinsic factors in T. muris | discovered alterations in gene
expression during embryonation that facilitate hatching, in particular serine proteases. | also
examined the composition of the polar plugs to understand how they might be degraded in
eclosion. In studying extrinsic factors in T. muris, T. suis, and T. trichiura | discovered that
trichuris species preferentially respond to the microbiota from the parasite niche— the caecal
mucosa, and that bacterial induced hatching of Trichuris species can be mediated by
protease inhibitors. Furthermore, this study presents the first time a humanised microbiota
model has been used to study in vitro hatching and in vivo infections of T. trichiura. In this
study | isolated gastrointestinal samples that induce parasite hatching, and utilised
metagenomic analyses to identify members of porcine, human, and humanised murine,
microbiomes that could be responsible for inducing hatching of T. suis and T. trichiura,

respectively.
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“Hatching of Parasitic Nematode Eggs: A Crucial Step Determining Infection.”

Tapoka T Mkandawire; Richard K Grencis, Professor; Matthew Berriman, PhD; Maria A.
Duque-Correa, PhD

(Mkandawire et al. 2021)

The gastrointestinal tract is home to millions of organisms including parasites, bacteria,
viruses, and fungi, each playing different roles. Members of the gut microbiota can have
effects on diet and metabolism, immune signalling, as well as disease susceptibility and
progression (Rinninella et al. 2019; Smallwood et al. 2017; Duque-Correa et al. 2019;
Nayfach et al. 2019). Studies have shown that complex relationships exist between hosts,
parasites, and the microbiota, with nematodes, like the whipworm, requiring interactions with
the host microbiota to complete key transitions in the life cycle (Hayes et al. 2010; White et
al. 2018; Vejzagi¢, Thamsborg, et al. 2015). While we know that whipworms interact with
the host microbiota, we have not yet fully characterised the interactions between the human
whipworm, and the human intestinal microbiota. Understanding the molecular mechanisms
parasites can use to invade and exploit the host, not only increases our fundamental
understanding of their biology. It also allows us to understand and develop strategies against
infections, and may one day lead to novel immunotherapeutics (Smits et al. 2010). Current
advances in molecular biology and in microbiome analysis are perfectly positioned to

facilitate investigations into host- parasite- microbiota interactions.
1.1 Introduction to Phylum Nematoda
Nematoda is a speciose phylum occupying most environmental habitats, from alpine

grasslands to marine sediment, as well as colonising plants and animals, including 43,945

known vertebrate hosts (Dobson et al. 2008; Kergunteuil et al. 2016; Blaxter and Koutsovoulos
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2015). 23,000 nematode species have been described but it is estimated that the phylum
comprises up to 1 million species (Blaxter and Koutsovoulos 2015; Lambshead 1993). With
their relatively simple body plans and life cycles, they are a highly successful group of animals.
Nematodes are a major component of soil, indeed the best known species Caenorhabditis
elegans, resides in the soil. C. elegans was the first animal to have its whole genome
sequenced, and is an extensively used model organism (Blaxter and Koutsovoulos 2015).
Nematoda can also exist in extreme environments; for example, Rhabditida and Plectida have
been isolated from permafrost and were still viable after an estimated 30,000-40,000 years
(Shatilovich et al. 2018). Additionally, the Auanema spp. have extreme arsenic resistance and
were isolated from Mono Lake CA, US (Sapir 2021; Shih et al. 2019). Another notable feature
of the phylum is parasitism, and nematodes are responsible for over 1 billion human infections
(Jourdan et al. 2018).

1.2 The Importance of Parasitic Nematodes

Parasitism has arisen independently across Nematoda and has resulted in the average
mammalian or avian host harbouring at least three parasitic nematode species (Dobson et al.
2008; Blaxter and Koutsovoulos 2015). Infections cause an enormous impact on human,
animal, and plant health and have gross medical, social and economic repercussions. In terms
of human health, it has been estimated that approximately 1.45 billion people are infected with
at least one soil transmitted helminth (STH), accounting for an average of 4.98 million years
lived with disability (YLDs) (Nicol et al. 2011; Jourdan et al. 2018; Pullan et al. 2014). STHs
are gastrointestinal parasitic nematodes that infect humans. This group includes giant
roundworms (Ascaris lumbricoides), whipworms (Trichuris trichiura), hookworms (Necator
americanus and Ancylostoma duodenale), and threadworms (Strongyloides stercoralis)
(Jourdan et al. 2018; Pullan et al. 2014). In regards to animal health, all livestock farmed with
pasture-grazing are exposed to gastrointestinal nematodes and the resistance of these
parasites to certain classes of anthelmintics costs the European livestock industry €38 million
annually (Charlier et al. 2020). Agriculturally, annual crop production losses to nematodes are
estimated to be between 8.8-14.6% (Nicol et al. 2011).

1.3 Canonical Nematode Life Cycle

Unlike Platyhelminthes, the other phylum containing human-parasitic worms, Nematoda is
unusual because the majority of members undergo life cycles that have several key transitions
in common (Figure 1.1) (Lee 2002b). The canonical nematode life cycle starts with

embryonation inside an egg, giving rise to a first-stage (L1) larva. The larva grows and moults
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through three subsequent larval stages (L2-L4), each time increasing in size and shedding its
cuticle, with a final moult resulting in a sexually reproductive adult (Figure 1.1). Variations to
this canonical scheme are seen across several species, for instance certain Xiphinema spp.
only have three juvenile stages (Robbins et al. 1996; Halbrendt and Brown 1992). Additionally,
the first moult for several plant nematodes, such as Meloidogyne spp. and Globodera spp.,
occurs inside the egg, as does the first two moults for Ascaris species. (Lee 2002a; Maung
1978; Bird 1977; Chitwood and Perry 2009; Baldwin and Handoo 2018). Free-living species
hatch seemingly spontaneously in the environment; however, hatching is likely still governed
by a specific internal switch or external cue that is more challenging to isolate (Van Gundy
1965). Conversely, for parasitic nematodes, there is often a clear stimulus for their “non-
spontaneous” hatching. Hatching of embryonated eggs can occur either inside a host, as
happens in Ascaris spp. or in the environment, as occurs with the hookworms and
threadworms that hatch and develop through to the L3 stage before infecting a new host
(Panesar and Croll 1980; Geenen et al. 1999; Croll 1974; Viney 1994). Finally, to create new
eggs and complete the life cycle, fully developed adults typically reproduce sexually (Lee
2002b), but notable exceptions include parthenogenetic reproduction from adult female root-
knot nematodes (Meloidogyne spp.) and threadworms (Strongyloides spp.) (Castagnone-
Sereno 2006; Chitwood and Perry 2009; Viney 1994).
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1.4 The Structure and Function of the Nematode Egg

The role of the egg in the nematode life cycle is multifaceted (Stein and Golden 2018; D.
Wharton 1980). Firstly, the egg provides a contained environment in which embryonation, and
occasionally moulting, can occur. Secondly, the nematode eggshell acts as a protective shield
and both its structure and composition contribute to this function. Specifically, the components
of the eggshell form a multi-layered and resilient barrier composed of lipid, chitin, vitelline
(mainly glycoproteins) and, in some species, uterine layers (Figure 1.1 , Table 1.1) (D.
Wharton 1980). The arrangement of these layers makes the eggshell resistant to stress but
also selectively permeable (D. Wharton 1980; Quilés, Balandier, and Capizzi-Banas 2006).
Thus, eggs persist in the environment for long periods of time; for example, Ascaris suum
eggs remain viable in the environment for up to 10 years (Lindgren et al. 2020; Muller 1953).
On the other hand, the selective permeability of nematode eggs allows them to receive cues
from and respond to the outside environment thereby preventing premature hatching, but
triggering it under favourable conditions (Johnston and Dennis 2012). Finally, the eggshell

serves as a vehicle for the larva to reach the site of hatching and infection (Wharton 1980).

Table 1.1 Summary of nematode egg composition across representative species from

major nematode clades

Clade'|Order Species Uterine |Vitelline|Chitinous |Lipid | Reference

layer [layer [layer layer

Present (+) or Absent (-)

I Trichurida |Trichuris suis - + + + |Wharton and  Jenkins
1978; Beer 1973b)
1" Oxyurida Enterobius + + + + [(Inatomi 1957; Jacobs,
B ) Jones, and Others 1939)
vermicularis
Ascaridida |Ascaris + + + + |(Mengetal. 1981)
lumbricoides
\Y Tylenchida |Globodera - + + + [(Clarke, ~ Cox,  and
tochi , Shepherd 1967; Bird and
rostochiensis MoClure 1676)
\% Strongylida [Haemonchus - + + +  |(Waller 1971)
contortus

" Phylogenetic clades as defined by Blaxter et al (Blaxter et al. 1998)
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1.5 Nematode Hatching Cascade

In addition to the commonalities found in the life cycle, the process of hatching is broadly
conserved across nematode species, and progresses through the following cascade: (1)
induction via intrinsic and extrinsic factors that promote changes in the eggshell and volume
of the eggs, (2) changes in larval behaviour and activity, and (3) larval eclosion (Figure 1.2)
(Perry 2002). The current wealth of knowledge in hatching in nematodes is summarised using
key representatives from the phylum, for which specific hatching factors and the effect they

have on hatching have been described (Table 1.2).

Much work has gone into describing hatching in nematodes particularly those with large health
and economic repercussions, however there are still some key gaps in the knowledge.
Induction of hatching has been investigated primarily in parasitic nematodes, in which host
cues lead to an ion-mediated exchange of water and sugars across the eggshell, altering
osmotic pressure, the flexibility of the eggshell, and the size of the egg (Figure 1.2) (Perry
2002). For instance, in the potato-cyst nematode Globodera rostochiensis calcium mediates
trehalose exchange across the eggshell during hatching induction (Perry 2002; Duceppe et
al. 2017); and Tylenchorhynchus maximus eggs swell in the early stages of hatching (Figure
1.2) (Panesar and Croll 1981; Bridge 1974). Surprisingly, the factors that induce hatching in
C. elegans are not known; however, the eggs of C. elegans exhibit weakening and digestion
of the eggshell during hatching (Perry 2002; Hall, Herndon, and Altun 2017a).

Larval movement and metabolic activity increase as hatching progresses, following distinct
patterns of widespread or local exploration (Figure 1.2)(Perry 2002). Widespread exploration,
or unfocussed movement that includes head waving and whole body rolling, occurs well before
eclosion. For example, in T. maximus continuous movement is observed for up to three days
before hatching (Bridge 1974). Local exploration immediately precedes eclosion, and consists
of targeted and localised thrusting of the larval head or tail, secretions from the pharyngeal
glands, and propulsion of the larval worm’s stylet (oral spear) to cut through the shell,
strategies employed by Aphelenchus avenae, and Meloidgyne spp (Perry 2002; Taylor 1962;
Curtis, Robinson, and Perry 2009). In G. rostochiensis, local exploration is used to both propel
and guide the stylet to create a perforated slit in one region of the eggshell (Perry 2002; Bridge
1974). In some nematode species, the larva also produces enzymes to weaken the integrity
of the eggshell. These enzymes are released through activation of the pharyngeal glands
(Perry 2002). Pharyngeal pumping has been observed in A. avenae, G. rostochiensis, and C.
elegans, and enzymes including chitinases, lipases and proteases have been found in the

perivitelline fluid (extracellular fluid in the nematode egg that surrounds the embryo) or
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hatching fluid (secretions released into the hatching media) of Ascaris lumbricoides,
Haemonchus contortus, and Ancylostoma ceylanicum (Perry 2002; Taylor 1962; Rogers 1958;
Rogers and Brooks 1977; Doncaster and Shepherd 1967; Abriola et al. 2019; Chen et al.
2021).

The last step of the hatching process is eclosion, where occasionally, the whole egg shell
degrades as has been observed in A. lumbricoides (Rogers 1958). More commonly, nematode
species exit the egg head first, some simply by pushing their head against the eggshell like C.
elegans where distortion of the eggshell is observed around the head prior to eclosion (Hall,
Herndon, and Altun 2017a). Some species identify specific eclosion sites: Capillaria species,
in addition to utilising a stylet, exit the egg through the polar plugs, and Enterobius vermicularis
egresses through a thinned region of the eggshell (Perry 2002; Wehr 1939; Inatomi 1957).
Finally, an alternative method, only observed to date in a few species, is posterior-driven
eclosion. A. ceylanicum and Ancylostoma tubaeforme occasionally perforate the shell with
their tail, before reversing to emerge head first (Matthews 1985); and Haemonchus contortus
and Heterodera iri utilise their sharp tail to perforate the shell and emerge tail first (Silverman
and Campbell 1959; Laughlin, Lugthart, and Vargas 1974; Rogers and Brooks 1977).
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Figure 1.2. Nematode Egg Hatching
Cascade. Hatching is the mechanism
by which larvae are released from the
eggs. The hatching cascade begins
with induction via intrinsic or extrinsic
factors that promote changes in the
eggshell including increased flexibility
and permeability and alterations on
the egg osmotic pressure and volume.
These include host or environmental
molecules; the ion mediated exchange
of sugars such as trehalose; and
uptake of water and rehydration.
These changes activate the larva to
increase its movement in both a
random and targeted manner, through
induction of head waving, stylet
propulsion and enzyme secretion. The
final step is eclosion, the exit of the
larvae from the eggshell that happens
through an orifice in the egg generated
by the larvae, via the polar plug, or
through the complete degradation of
the eggshell. (Image created with
BioRender.com)



Table 1.2. Hatching-inducing factors and larval responses of C. elegans and key parasitic species from major nematode clades

Clade
1

Species

Host

Intrinsic Factors and
Larval Responses

Host Factors

Physicochemical/
Environmental Factors

Trichuris
muris

Mus
musculus

Larval movement aids
hatching. Larvae use
stylet to perforate polar
plug (Panesar and Croll
1981)

Eggs hatch in the host caecum and
proximal colon where host gut microbiota
is required to induce hatching (Panesar
and Croll 1980; White et al. 2018)

Incubation of eggs with Escherichia coli,
Salmonella typhimurium, Pseudomonas
aeruginosa, and Staphylococcus aureus
induces hatching in vitro via accumulation

around polar plugs (Hayes et al. 2010)

Hatching occurs at 37°C
(Panesar and Croll 1981)

Incubation with sodium
hypochlorite for 2 hours at 37°C
with 5% carbon dioxide, followed
by incubation in RPMI media at
37°C with 5% carbon dioxide
results in hatching after 4-5 days
(White et al. 2018)

Trichuris
suis

Sus
domesticus

Eggs hatch in response to mucosal
scrapings from the host gastrointestinal
tract (Vejzagi¢, Thamsborg, et al. 2015)

Embryonation is impaired below
5°C and above 40°C.

Hatching induced by stirring
eggs with glass beads and HCI.
Hatching occurs at 37°C
(Vejzagic et al. 2016; Vejzagic,
Thamsborg, et al. 2015)

Trichuris
trichiura

Homo
sapiens

Oxygen is continually up taken
during embryonation, and rapid
changes in its availability or low
starting concentrations impede
development (Nolf 1932)

Capillaria
obsignata*

Gallus gallus
domesticus

L1 have a distinct stylet
used during hatching
(Wehr 1939; Wakelin

1965)

Eggs hatch in the host small intestine
(Tiersch et al. 2013; Wehr 1939)

Chemical solutions influence
rate of embryonation and affect
larval fitness/infectivity. For
example, incubation in sulphuric
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Columba

acid results in more

livia embryonated eggs than
domestica incubation in water (Tiersch et
al. 2013). In addition, potassium
dichromate increases
embryonation, but the infectivity
of eggs embryonated in this way
is low (Tiersch et al. 2013)
Ascaris H. sapiens | “Hatching fluid” collected Carbon dioxide, sodium
lumbricoides from eggs contains bicarbonate, and a reducing
enzymes (Rogers 1958) agent such as sodium dithionite
are the minimum requirement for
hatching (Rogers 1958)
[}
Ascaris S. Larvae need to be Bile has a positive effect on hatching at 5% High carbon dioxide
suum domesticus | sufficiently embryonated concentration, at concentrations above concentration and mechanical
to survive hatching 20% it is detrimental (Han et al. 2000) stimulation induces hatching
(Geenen et al. 1999) (Han et al. 2000)
Globodera Solanum Larvae can diapause or Natural hatching stimulant is potato root Calcium ions mediate the
rostochiensis | tuberosum quiescence to pause diffusate (Duceppe et al. 2017) change in osmotic stress
development and prevent allowing movement of the sugar
hatching in unfavourable trehalose (Duceppe et al. 2017)
v Globodera Solanum environmental conditions
pallida lycopersicum | (Masler and Perry 2018)

Change in osmotic stress
ends larval dormancy,

29




concomitantly large
changes in larval
metabolism are observed
(Duceppe et al. 2017)

Heterodera | Glycine max | Larvae use directed stylet | Natural hatching stimulant is soybean root Hatching can be stimulated
glycines thrusts to create a series exudate (Thapa et al. 2017) artificially using sodium
of perforations and metavanadate or zinc chloride
eventually a slit in (Doncaster and Shepherd 1967;
eggshell (Doncaster and Thapa et al. 2017)
Shepherd 1967)
Tylenchorhyn Hordeum Larvae push head against
chus vulgare and use stylet to rupture
maximus the eggshell (Bridge
1974)
Meloidogyne ~3000 Root diffusates from susceptible and
incognita species of resistant plants suppress hatching to
plants different levels, due to varied phenol and
ester content (Yang et al. 2016)
Merlinius Lolium Larvae push their heads
icarus perenne against the eggshell and
use their stylet to rupture
the egg wall (Bridge 1974)
Aphelenchus | ~54 species | Larvae puncture the shell Eggs require temperature in an
avenae of fungi using their stylet (Taylor optimal range 10°C - 38°C for
1962) successful hatching (Taylor
1962)
Caenorhabditi | Free-living Larval movement inside Changes in egg shell flexibility
S the egg is observed are observed, in particular
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elegans before eclosion (Hall, deformation at the anterior end
Herndon, and Altun (Hall, Herndon, and Altun 2017b)
2017Db)
Enzymes such as hch-1
are required for hatching
(Hishida et al. 1996)
Pristionchus Free-living In certain strains (PS312, RLH163,
pacificus PS1843, RS5194, RS5186), exposure to
beetle pheromone ZDTO delays
embryonation indirectly preventing
hatching (Renahan and Hong 2017)
Haemonchus Ovis aries Larvae use their sharp Hatching begins at temperatures
contortus tails to rupture the above 9°C and occurs in the
eggshell before eclosion presence of water (Silverman
(Silverman and Campbell and Campbell 1959)
1959)
“Hatching fluid” collected
from eggs contains a
lipase that induces
hatching (Rogers and
Brooks 1977)
Ancylostoma Canis Chitinases are released Host faecal material or live bacteria
ceylanicum familiaris by larvae during the required to induce hatching and
hatching process (Abriola | development from L1 to L3 stage (Reiss et
H. sapiens et al. 2019) al. 2007)
Mesocricetus
auratus
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Necator
americanus

H. sapiens

Larval movement begins

as a response to changes

in osmotic pressure (Croll
1974)

Optimal temperature, humidity
and oxygen are required to
induce hatching (Croll 1974)

"Phylogenetic clades as defined by Blaxter et al (Blaxter et al. 1998)
* Capillaria obsignata also referred to as Capillaria columbae .

32




1.6 Intrinsic and extrinsic hatching-inducing factors

Hatching in nematodes is traditionally considered to be “spontaneous” or “non-spontaneous”
(Van Gundy 1965), and while the process of hatching is broadly conserved, there are a wide
variety of factors that induce hatching and each species responds to specific ones (Table 1.2).
These factors can be split into two large categories: intrinsic and extrinsic factors. Intrinsic
larval factors are harder to identify as we lack an understanding of the genes governing
embryonation and hatching in many nematode species. Pausing or arresting development is
the primary intrinsic or larva-directed strategy for preventing untimely hatching, but this is often
in response to an unsuitable external environment for hatching (Perry 2002). In cyst
nematodes, entering diapause during the egg stage in response to unfavourable conditions
has been well documented (Masler and Perry 2018). Temperature is the primary cue that
initiates or relieves this state, allowing nematodes to hatch during favourable seasons (Masler
and Perry 2018). In addition to a dependence on temperature to progress development, in A.
suum, eggs that have not reached the stage of full embryonation cannot be induced to hatch
successfully (Geenen et al. 1999); however, a genetic explanation for this observation remains
outstanding. Host cues or food availability can also trigger developmental arrest. This is the
case of Pristionchus pacificus, a free-living nematode that is, however, necromenically
associated with several beetle species (Renahan and Hong 2017). Pheromones from living
beetles halt P. pacificus embryonation, preventing untimely hatching in the absence of food
(Renahan and Hong 2017).

In addition to disruptions in development preventing hatching, there are intrinsic factors that
affect the progression of hatching. As larvae develop there are stage-specific changes in gene
expression (Cotton et al. 2014; J. Wang, Garrey, and Davis 2014); some of the genes may be
temporally expressed by the larvae to facilitate the progression of hatching. For example, in
C. elegans, mutants for the hch-1, vab-19, snx-3, and ddo-3 genes all exhibit delayed hatching
as a phenotype (Brundage et al. 1996; Hishida et al. 1996; Ding et al. 2003; Saitoh et al. 2019).
The most interesting of these is perhaps hch-1 where the mutation gives a clear insight into
the internal mechanism behind hatching in C. elegans. Specifically, the hatching cascade is
induced and progresses but hch-1 mutants are unable to complete eclosion as they do not
express this gene, which encodes a putative hatching enzyme needed to degrade the eggshell
(Hishida et al. 1996).
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Extrinsic factors are particularly important for traditionally 'nonspontaneous' hatchers and can
be host-derived, environmental, and physicochemical. Host cues are important for species
that hatch inside their host, a strategy employed by animal-parasitic nematodes such as those
of the Ascaris genera (Table 1.2). In the case of A. suum, hatching is induced by bile, a process
that is replicated in the laboratory by exposing eggs to a bile concentration of 5%; however,
higher bile concentrations have a detrimental effect on hatching (Table 1.2) (Han et al. 2000).
The hookworm species A. ceylanicum can be hatched in vitro in either faecal charcoal culture
or faeces coated filter paper strips, suggesting that the microbiota play role in hatching
(Chiejina 1982; Navitsky et al. 1998). An agar plate method for in vitro culturing has been
developed and confirmed the role of bacteria in hatching by demonstrating that eggs incubated
with live E. coli culture produced viable infective larvae. This study revealed some insights into
the molecular mechanisms of hatching of hookworms. Successful induction of hatching
requires a live bacterial culture; growth media alone and growth media with heat killed E. coli

do not produce viable larvae (Reiss et al. 2007).

Studies of plant-parasitic nematodes have shown that host cues can have positive, neutral, or
negative hatching effects. Specifically, for members of the Globodera genus, hatching can be
induced by plant diffusates, thus enabling the parasites to minimise time and resources spent
on migration to reach their host (Ochola et al. 2020; Duceppe et al. 2017). Conversely, the
majority of Meloidogyne species do not require host stimuli for hatching (Wesemael, Perry,
and Moens 2006); hatching in Meloidogyne chitwoodi is neither positively or negatively
affected by the presence of root diffusates (Wesemael, Perry, and Moens 2006). In
Meloidogyne incognita, extracts from tomato roots have been shown to suppress hatching (G.
Yang et al. 2016). The level of hatching suppression is dependent on the tomato plant’s level
of nematode resistance, and is reflected in the different proportions of phenols and esters
contained in their diffusates, suggesting that these chemicals interfere with hatching pathways
(G. Yang et al. 2016).

Environmental factors also influence hatching. Optimal pH, temperature, oxygen availability,
and carbon dioxide levels all play a role, along with the texture, moisture, and microbial activity
of the soil in the case of soil nematodes such as plant-parasitic nematodes and STHs (Perry
2002; Curtis, Robinson, and Perry 2009; Topalovi¢ and Vestergard 2021). Attempts to
replicate these environmental factors in the laboratory have revealed the minimal
physicochemical stimuli that induce hatching for some nematode species, including various

chemicals and artificial mechanical action (Table 1.2).
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Temperature plays a crucial role in embryonation and hatching; at nonoptimal temperatures,
eggs fail to thrive from the outset. A. avenae, Capillaria obsignata, and Trichuris and Ascaris
species exhibit poor embryonation and hatching if subjected to extreme cold or heat (Taylor
1962; Nolf 1932; Wakelin 1965; Curtis, Robinson, and Perry 2009). The composition of the air
surrounding the eggs is another key hatching determinant. Specifically, the availability of
moisture and gases such as carbon dioxide and oxygen are critical, with desiccation posing
the greatest threat to Ascaris eggs (Nolf 1932; Caldwell and Caldwell 1928), and moisture
being required by several species (Table 1.2) (Caldwell and Caldwell 1928). The gaseous
requirements vary between nematodes. T. trichiura eggs continually take up oxygen during
embryonation, and a drastic change in oxygen availability arrests development (Table 1.2)
(Nolf 1932). In our own experience, we observe decreased hatching of T. trichiura, T. suis and
T. muris in an anaerobic environment. In Ascaris, carbon dioxide is crucial to hatching, but N.
americanus prefers oxygen in the environment (Table 1.2) (Nolf 1932; Croll 1974; Rogers
1958).

Investigations into the chemical stimuli that could serve as hatching factors have found that
some biologically less obvious and unlikely compounds can serve as stimuli. Clarke and
Shepherd tested over 400 chemicals while investigating the response of plant-parasitic
Heterodera species to iron commonly present in soil, and discovered that zinc and vanadium
are also able to induce hatching in these species (Clarke, Cox, and Shepherd 1967; Doncaster
and Shepherd 1967; Thapa et al. 2017). Laboratory studies on the responses of nematodes
to soil microbial products that aimed to identify nematicidal molecules revealed that some of
these molecules induce increased rates of hatching in addition to larval mortality (Kerry and
Hominick 2002). Specifically, 2,4-diacetylphloroglucinol produced by Pseudomonas
fluorescens, and chitinases produced by Streptomyces griseus, augment hatching and larval
mortality in G. rostochiensis and Meloidogyne hapla, respectively (Cronin et al. 1997; Mercer,
Greenwood, and Grant 1992).

Physical perturbation designed to mimic the actions of peristalsis in the gastrointestinal tract
can artificially induce hatching, as evidenced by hatching of A. suum ova by stirring with glass
beads (Han et al. 2000). A. suum eggs can also be hatched using pressure between two
coverslips (Geenen et al. 1999). The survival of larvae released by this procedure depends on
their stage of development inside the egg, which correlates with their infectivity to mice
(Geenen et al. 1999). Ultimately, the intrinsic and extrinsic factors are inextricably linked; and
whether 'spontaneous' or 'nonspontaneous', hatching commencement and progression in

nematodes is the result of active participation by larvae in response to stimuli.
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1.7 Trichuris Life Cycle

T. trichiura infections cause Trichuriasis and account for 400 million individuals infected across
the globe. Despite this large burden on global health, treatment and research has remained
relatively underfunded and the WHO have defined it as a priority neglected tropical disease
(NTD) (Else et al. 2020). Trichuris infections in animals are found across the globe and human
infections were once ubiquitous but are now segregated to countries in the tropics and sub-
tropics (Sge et al. 2015; Gildner and Casana 2021; Else et al. 2020). This is due to the nature
of transmission in humans which occurs in regions with poor water sanitation and hygiene
(WASH), and is particularly high where human waste is used as fertiliser or where untreated
waste is released into the environment (“CDC, Parasites - Trichuriasis” 2019). Human
infections can result in heavy or light worm burden and individuals in endemic regions often
suffer from chronic infections due to frequent reinfections or incomplete clearance of the
parasite (O'Dempsey 2010). Cases with light worm burdens are often asymptomatic, but
heavy worm burden results in: Trichuris dysentery syndrome, diarrhoea, anaemia, fatigue, and

in extreme cases, rectal prolapse (Shears et al. 2018; Jourdan et al. 2018).

Including the human infective species, there are over 70 members of the Trichuris genus,
infecting a variety of domestic and wild hosts (Else et al. 2020). The murine and porcine
whipworms, T. muris and T. suis, have provided key model systems to study (“CDC, Parasites
- Trichuriasis” 2019) (Burden and Hammet 1976; Panesar 1981). In Trichuris species,
transmission occurs through the oral-faecal route, and the life cycle begins with embryonation
(“CDC, Parasites - Trichuriasis” 2019; Else et al. 2020). Trichuris eggs contaminate soil and
water sources, where embryonation occurs in the absence of light and in response to
temperature and moisture (Figure 1.3). Transmission to humans then occurs upon the
ingestion of contaminated food and water. In pigs T. suis infections are of veterinary
importance as transmission occurs during grazing and animals continually face exposure
(Lindgren et al. 2020); and in mice, T. muris is transmitted in part because mice are
coprophagic animals that re-ingest stool (Ebino 1993; Sakaguchi 2003). The majority of the
life cycle— hatching, growth and moulting, and reproduction— occurs inside the host in the
caecum and proximal colon. After hatching in response to the host microbiota, Trichuris first
stage (L1) larvae invade the intestinal epithelial cells of the caecum forming synctitial tunnels
where they grow and mature through a series of moults (Panesar 1981). Adult worms then
reproduce, and females release eggs into the gastrointestinal tract to be passed in faeces
(Panesar 1981; Else et al. 2020).
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1.8 Trichuris Egg Structure and Composition

Figure 1.3. The life cycle of T.
trichiura. During stage 1 eggs are
ingested orally through contaminated
food and water. At stage 2 eggs hatch
releasing larvae into the caecum and
proximal colon where they burrow into
the intestinal epithelium. During stage
3 larvae grow and moulting takes
place generating adult worms. Adult
worms reproduce and the females lay
eggs that are released into the
environment through faeces in stage
4. The eggs then undergo
embryonation in the soil developing
into infective larvae in stage 5. Once
embryonation is complete the eggs
can be ingested completing the cycle.
Image made with Biorender.com

Trichuris eggshells comprise three layers: a vitelline, a chitin, and a lipid layer (Wharton and

Jenkins 1978) (Figure 1.4). The eggs are oval shaped with a defined point at each pole known

as the polar or opercular plug (Nolf 1932). The composition of the polar plugs is not yet known

conclusively; however, imaging studies suggest they are composed of an extension of the

chitin in the eggshell that is less densely packed (Wharton and Jenkins 1978; Appleton and

White 1989). The extended chitin forms a matrix of chitin fibres that suspends material with a

reduced protein density (Wharton and Jenkins 1978). The molecules suspended in the chitin

matrix are likely hydrophilic molecules, given the observation that the polar plugs swell during

hatching (Panesar and Croll 1981). The eggs are incredibly resistant and thus persist in the

environment for long periods of time; T. suis has been reported to maintain viability over 10

years (Lindgren et al. 2020; Burden, Hammet, and Brookes 1987).
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Figure 1.4. Embryonated
Trichuris muris eggs. The key
features of the egg structure have
been labelled. There are two
opercular plugs. The outer shell is
formed of chitin and covered in a
vitelline layer not visible at this
magnification. The larvae are

enclosed in an inner
membrane
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1.9 Hatching in Trichuris Species

Studies on hatching of Trichuris species have focussed on T. muris strains that readily infect
laboratory mice and can be reliably induced to hatch using bacteria: The Edinburgh, Japan,
and Sobreda strains (Panesar and Croll 1981; Hayes et al. 2010; Koyama 2013; Bancroft,
Else, and Grencis 1994; Wakelin 1969; Johnston et al. 2005; Bellaby et al. 1995). Studies in
T. muris demonstrated that embryonation is temperature dependent, and development is
arrested in eggs exposed to extreme temperatures (Nolf 1932; Vejzagi¢ et al. 2016; Forman
et al. 2021). As seen in other nematodes, induction of the hatching cascade begins with
alterations in osmotic pressure in T. muris, eggs swell in the early stages of hatching
(Panesar and Croll 1981). As hatching progresses, eclosion is facilitated by larval
movement, in particular the action of the stylet against the polar plugs (Panesar and Croll
1981). Studies on the specific activation of hatching in response to the correct niche (the
caecum and proximal colon) revealed that T. muris hatches in response to mouse caecal but
not ileal contents (Panesar and Croll 1980). The specific involvement of the gastrointestinal
microbiota in T. muris hatching was later confirmed by studies using antibiotics and germ
free mice. The addition of antibiotics to gastrointestinal tract contents or bacterial cultures
prevented the in vitro hatching of T. muris (Hayes et al. 2010; Koyama 2013); and antibiotic
dosed or germ free mice are incapable of sustaining an infection (White et al. 2018). Germ-
free mice are only able to sustain an infection once colonised with Bacteroides

thetaiotaomicron, or E. coli strains (White et al. 2018; Venzon et al. 2021).
In vitro T. muris responds to monocultures of E. coli, Pseudomonas aeruginosa,

Staphylococcus aureus, and Salmonella typhimurium, which facilitates the study of the egg

and bacteria interactions and the molecular mechanisms involved in whipworm egg hatching
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(Hayes et al. 2010). Specifically, Hayes, et al showed that direct contact between intact
bacteria and whipworm eggs is required for hatching based on the observation that lysed
bacteria, bacterial supernatants or transwell culture systems result in no hatching (Hayes et
al. 2010). However, cultures containing live bacteria or bacteria killed by a bacteriostatic
antibiotic are able to induce hatching (Hayes et al. 2010). Hayes et al showed the bacteria
localising at the polar plug, and this contact or adhesion of the bacteria to the poles of the
egg is facilitated by type 1 fimbriae expressed on the surface of E. coli strain Nissle.
Perturbing fimbriae was shown to affect hatching, knocking out the fimbrial gene fimA
significantly reduced hatching, and knocking it back in recovered hatching (Hayes et al.
2010). Using scanning and transmission electron microscopy (SEM, TEM) Duque- Correa
and Goulding visualised the interaction between E. coli K12 MG1655 and T. muris eggs
(Figure 1.5) (Duque- Correa and Goulding 2017). The bacteria bind to the polar plug using
fimbrial projections. As hatching progresses and the poles are degraded and the bacterial
projections maintain contact with the polar plugs (Figure 1.5). Through the studies by Hayes,
and (Duque- Correa and Goulding 2017)we know that bacterial surface projections facilitate
adhesion to the T. muris egg at the start of hatching. However, the molecular mechanisms
that facilitate induction and progression of hatching leading to the degradation of the polar

plugs and eclosion remain unknown.
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Figure 1.5. Hatching progression in T. muris. a) SEM micrograph displaying the aggregation of E.
coli K12 MG1655 around the polar plug. b) & c¢) TEM micrographs displaying the interactions and
between E. coli K12 MG1655 fimbriae and the polar plug, and the degradation and invagination of
the plug (Duque- Correa and Goulding 2017)
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Trichuris species have specific hatching requirements, for instance while T. muris eggs can
be hatched in caecal contents, or co-cultures with different strains of E. coli and gram
positive bacterial species (Enterococcus caccae, Streptococcus hyointestinalis, Lactobacillus
amylovorus, Lactobacillus murinus, and Lactobacillus reuteri), T. suis eggs can not
(Vejzagic, Adelfio, et al. 2015). Instead in vitro hatching of T. suis eggs is only observed with
mucosal contents from the porcine caecum (Vejzagic¢, Thamsborg, et al. 2015). Microbiota
from the parasite niche is the primary driver of hatching in T. suis, other attempts to recreate
the gastrointestinal environment and simulate the parasite niche yielded mixed results.
Mechanical stimulation with glass beads to mimic peristalsis complemented the levels of
hatching induced by caecal scrapings, whereas the use of acids or anaerobic gas to mimic
the chemical composition of the gut did not (Vejzagi¢, Thamsborg, et al. 2015). Knowledge
of the specific members of the porcine microbiota that induce hatching of T. suis, and the

mechanisms by which they induce hatching remains outstanding.

The factors that induce hatching of human-infective T. trichiura are currently unknown, and
research progress has been hampered by the lack of a laboratory model. We are currently
unable to hatch and propagate T. trichiura in the lab making it difficult to obtain purified egg
cultures; eggs have to be isolated from infected non-human primates or individuals in
endemic regions, who are often infected with several gastrointestinal parasites (Dige et al.
2017; Nolf 1932; Rivero et al. 2021; Rivero, Cutillas, and Callejon 2020). At present the only
strategy for hatching T. trichiura eggs in vitro is by incubation with sodium hypochlorite
(White et al. 2018). However, this method does not inform us of the intrinsic and extrinsic
factors that lead to hatching, and is very much a “brute force” approach. The studies in T.
suis and T. muris provide essential clues to the potential requirements for hatching of T.
trichiura. Firstly, hatching is likely induced by commensal bacterial species found in the
human gut microbiota of people globally. Secondly, the bacteria are likely to be associated
with the mucosa of the caecum. Finally, these bacteria will need to be intact and likely
expressing surface adhesion protein complexes such as type 1 fimbriae in order to establish

contact with the eggs around the polar plugs to induce hatching.
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1.10 Aims Of The Thesis And Contribution To The Field

To summarise key gaps in our knowledge: the factors required for inducing hatching of T.
trichiura are unknown; we do not know the molecular basis for the bacterial or gastrointestinal
tract contents mediated hatching of T. muris, T. suis, or T. trichiura; nor do we know the
microbial composition of the parasite niche (caecal mucosa) and how the composition relates

to hatching of T. muris, T. suis, or T. trichiura.

First, | hypothesise that hatching in Trichuris, which is centered around the polar plugs of the
eggshell, occurs as a result of physical interaction between the bacteria of the parasite niche
and the egg. Second, in addition to physical interaction, | hypothesise that hatching also
requires enzymatic activity. Enzyme secretion in hatching in nematodes has previously been
documented (Perry 2002; Rogers 1958; Abriola et al. 2019), and as hatching progresses in T.
muris the polar plugs are visibly degraded and the larva ecloses (Figure 1.5). Last, |
hypothesise that the parasite niche is defined by the respective host microbiota, in particular
the bacterial species residing in the caecal mucosa, and whipworm species preferentially
respond to bacteria from their host that express the necessary adhesins and enzymes. My
goal is to address some of the knowledge gaps mentioned to understand the molecular basis
of the parasite— microbiota interactions and determine the bacterial and larval molecules
essential for the hatching of Trichuris species. Detailed in this thesis is the work undertaken
to investigate my hypotheses. | used the T. muris and E. coli hatching system as a starting
point to drill down into specific bacterial- egg interactions. Building on and extrapolating from
these findings, | investigated which members of the murine, porcine and human microbiota
are responsible for hatching of Trichuris species. This process is best described using the

specific aims that make up the framework of my PhD and form the chapters of my thesis.
Aim 1. To identify the extrinsic factors— bacterial molecule(s) responsible for the E. coli
— T. muris interaction that drives hatching; and identify intrinsic factors responsible for

hatching of T. muris.

Aim 2. To identify extrinsic host factors in the gastrointestinal tract responsible for

hatching of T. muris, T. suis, and T. trichiura.

Aim 3. To identify members of the gastrointestinal tract microbiota responsible for

hatching of T. trichiura.
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Through this sequence of work | aim to understand the molecular basis of hatching in Trichuris

species, as well as making the following key contributions to the field.

This study presents the first in vitro and in vivo models and protocols for hatching T.
trichiura in a laboratory setting using biologically relevant samples and a laboratory

model of the human gastrointestinal tract.

This study presents a list of bacterial species from the porcine, human, and humanised
murine microbiota that are implicated in the hatching of T. suis and T. trichiura. Draft

genomes of these species have been generated for qualitative analysis.

This study presents the first transcriptomic study of T. muris during embryonation. |
identified 40 genes with increased expression in immature or mature eggs, this list

includes genes of proteases potentially involved in hatching.

This study builds on and extends on the research conducted by Hayes in T. muris, and
Vejzagic in T. suis (Hayes et al. 2010; Vejzagi¢, Thamsborg, et al. 2015). In this study,
| re-examined the effects of fimbriae and fimbrial proteins on hatching and discovered
that serine proteases are a key inducer of hatching in T. muris. In this study | re-
examined the effects of porcine gastrointestinal tract mucosal samples on the hatching
of T. suis, with the additional examination of the role of proteases during hatching and

the identification of bacterial taxa.

In the long term, understanding hatching of whipworm eggs could lead to the refinement of

current T. muris and T. suis laboratory life cycles, and the development of a laboratory model

to sustain T. trichiura. Such a model would allow us to use laboratory animals to study the

human whipworm. Access to material from all the lifecycle stages in the lab will greatly

accelerate research into the basic and infection biology of T. trichiura. In turn this knowledge

would drive forward translational research, for example: by providing novel therapeutic targets

for drug development, facilitating improved parasite surveillance, or the development of new

techniques to decontaminate the environment (Mkandawire et al. 2021). Eventually, model

systems could be used for larger scale operations, such as the production of eggs for

controlled infections (Dige et al. 2017), or the production of adult worms for future therapeutics
(Eichenberger et al. 2018).
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1.11 Chapter Summaries

Chapter 3: Mechanistic study of bacterial-parasite interactions responsible for the

induction of egg hatching in T. muris by E. coli

The work presented in this chapter examines the role of specific E. coli classes of proteases
and fimbriae and in the hatching of T. muris eggs. The role of proteases was characterised
through screening the Keio collection of E. coli knockouts and hatching bacteria in the
presence of protease inhibitors; and the role of fimbriae was characterised through imaging
bacteria and egg co-cultures. Proteases were identified as crucial for hatching in T. muris.
Trnascriptomics was utilised to study gene expression in T. muris eggs during embryonation
to identify intrinsic hatching factors, and putative protease genes were identified. Proteomics
was used to characterise the composition of the T. muris polar plug and identify components
that bacteria may bind to and may be enzymatically degraded during hatching. The polar plug

was found to contain glycoproteins and lipopolysaccharides.

Chapter 4: Identification of extrinsic factors for hatching Trichuris spp

In this chapter to study extrinsic host factors samples were isolated from the host
gastrointestinal tract and the effects on hatching of T. muris, T. suis, and T. trichiura observed.
Trichuris species preferentially responded to samples collected from the caecal mucosa. The
feasibility of using a humanised microbiota mouse model to recreate the T. trichiura life cycle
in the lab was examined, revealing that humanised microbiota models can be used to induce

hatching of T. trichiura in vitro and establish infections in vivo.

Chapter 5: Metagenomic analysis to identify bacterial species involved in hatching

across Trichuris species.

The work presented in this chapter examines the abundance of E. coli genes identified in
chapter 3 in a human gut microbiota reference database revealing that these genes are
present in human gastrointestinal tract commensal species. The microbial composition of
samples collected from the parasite niche in pigs, humans, mice, and humanised microbiota
mice was analysed utilising the metadata from chapter 4 regarding the induction of hatching
of the three Trichuris species. Candidate bacteria that can be studied for their ability to induce
hatching of T. trichiura as monocultures were identified. The suitability of the bacterial
candidates identified was discussed, and this list of candidates can be used for follow up in

vitro studies and eventually generating in vivo models.
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Chapter 2- Materials and Methods

2.1 Bacterial culture

Bacterial culture for aero-tolerant isolates (E. coli, P. aeruginosa, S. aureus, S. typhimurium,
and gastrointestinal microbiota samples collected from mice, pigs, and humans) was carried
out under standard aerobic conditions (37°C, 5% CO) in Luria Bertani (LB) medium broth
and agar plates, liquid cultures were shaken at 180 rpm. Bacterial culture of Keio Collection
knockouts (Yamamoto et al. 2009) was carried out under standard aerobic conditions in LB
medium broth and agar plates supplemented with 25 pg/ml of kanamycin (Yamamoto et al.
2009), liquid cultures were shaken at 180 rpm. Aero-sensitive species (gastrointestinal
microbiota samples collected from mice, pigs, and humans) were cultured under anaerobic
conditions (37°C, Anaerobic gas =10% H2, 10% CO3, 80% N) in anaerobic gas jars (Thermo
Scientific) or in a Whitley DG250 workstation at 37°C in Yeast extract-Casein hydrolysate-
Fatty Acids (YCFA) medium broth and agar plates (Browne et al. 2016; Duncan et al. 2002).

2.2 Parasite egg sources

T. muris eggs of the Edinburgh strain were maintained as described in section 2.5.2 .

Embryonated T. suis eggs were kindly provided by P. Nejsum. Eggs were isolated from
faeces of experimentally infected female Gottingen minipigs (Ellegaard Goéttingen Minipigs
A/S, Dalmose, DK). T. suis eggs were embryonated in 0.1 M sulphuric acid (to prevent any
bacterial and fungal growth during storage) (Merck) for 100 days (10 days) at 25 °C and
then stored at 5 °C (2-8 °C).

T. trichiura eggs were isolated from the faeces of an infected individual (Dige et al. 2017) as
described below and embryonated at 28°C for 3 weeks then stored at room temperature.
Faeces were collected using the Fe-Col Basic Faecal collection kit (Alpha Laboratories), and
10 ml of 0.1 M sulphuric acid (Merck) was added to the collection tube to prevent bacterial
and fungal growth during storage. Faecal acid slurry was diluted in 200 ml of distilled water
and passed through a series of 100 ym, 70 um and 40 pum pluriStrainers (pluriSelect) to
remove faecal debris, before being collected on a 20 um pluriStrainer. Next, eggs were
cleaned of small faecal debris using a modified “ethyl acetate floatation” protocol (Choi et al.
2019). The modified flotation protocol is as follows: one volume of ethyl acetate (Sigma) was

added to 3 volumes of egg suspension and thoroughly mixed. Debris was separated out by
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centrifugation at 3220 g for 5 min at room temperature (room temperature). The aqueous
phase containing debris was discarded and the egg pellet washed 3 times by centrifugation

at 720 g for 10 min at room temperature with no brake.

2.3 In vitro T. muris egg hatching assays with E. coli MG1655, Keio Knockout Strains,

P. aeruginosa, S. aureus, and S. typhimurium.

T. muris eggs were seeded in 96-well plates (Costar) at a density of 3000 eggs per ml (150
eggs in 50 pl) and co-cultured with 150 pl of an overnight bacterial culture. Each condition
was run in triplicate. Plates were incubated for 2, 5 or 24 h under standard aerobic
conditions (37°C, 5% CO.). To investigate the effects of proteases, protease inhibitors
(Roche) were prepared according to manufacturer’s instructions and added to the eggs
and bacteria co-cultures at the concentrations detailed in Table 2. To evaluate dose
dependency, the protease inhibitor cocktail was added in a serial dilution (1x, 0.5x, 0.25x,

0.125x, 0.0625x working concentration).

To investigate if eggs could still be induced to hatch after exposure to the inhibitor cocktail,
eggs were then washed twice in 25 ml of sterile water by centrifugation at 720 g for 10 min at
room temperature. Eggs were re-seeded in a 96-well plate (Costar) at a density of 3000
eggs per ml and incubated with 150 pl of the same overnight bacterial culture that was
previously used 24 h earlier (cultures were refrigerated overnight between experiments and
then reactivated by shaking at 37°C 180 rpm for 20 min before incubating with eggs). Plates
were incubated for further 24 h under standard aerobic conditions (37°C, 5% CO2).

For all hatching experiments, results were reported as percentage hatching where:

Percentage Hatching = (hatched larvae/starting egg count) x 100

Table 2.1 Protease inhibitors and their working concentrations

Protease Inhibitor Working Concentration
cOmplete™, Mini, EDTA-free Protease Inhibitor Cocktail [1x/2x

Antipain 50 pg/mi

Chymostatin 60 pg/mi

E-64 10 pg/mi

Leupeptin 0.5 pg/ml

Pefabloc SC 1 mg/ml

Aprotinin 2 ug/ml
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2.4 In vitro hatching assays with gastrointestinal tract samples

Gastrointestinal mucosal scrapings were prepared from porcine and murine caeca as
described in previous studies (Vejzagi¢, Thamsborg, et al. 2015). The gastrointestinal tract
was opened with curved surgical scissors, gastrointestinal lumenal contents were scooped
out and thoroughly mixed in 5 ml Roswell Park Memorial Institute Medium (RPMI-1640)
containing 1% L- glutamine (Gibco). Empty tissue was washed with 10 ml warm phosphate
buffered saline (PBS) (Gibco), and mucus was gently scraped from the tissue with a cell
scraper (Costar) and thoroughly mixed in 5 ml of RPMI containing 1% L- glutamine (Gibco).
Bacterial metascrapes from gastrointestinal tract samples were generated by plating
thoroughly mixed gastrointestinal tract lumenal contents or mucosal scrapings directly onto
YCFA agar, and culturing under standard aerobic and anaerobic conditions. The growth was
then mixed with 1 ml sterile PBS (Gibco), scraped off, and immediately frozen at -80°C until

sequencing (Pike 2020).

Twelve subjects (completely randomised and anonymised) who were scheduled to undergo
colonoscopy were recruited at Aarhus Universitet Hospitalet, Aarhus, Denmark. Inflamation
state of the subjects’ gastrointestinal tract was assessed at the time of collection by the
attending gastroenterologist. Six 3 x 3 mm tissue sections were collected from each
gastrointestinal tract site, placed in 1 ml of PBS, and processed immediately. Samples were
homogenised by repeated pipetting (>200 times with a p1000 pipette) in RPMI containing
1% L- glutamine (Gibco). In order to use the minimum amount of media required for plating
and sequencing samples, and avoid over diluting the samples, all homogenised samples
were prepared in a volume of RMPI calculated as follows: Amount of RPMI= ((number of
conditions in triplicate*150 pl)+ 600 pl). The study was implemented in accordance with the
Danish Act on Research Ethics Review of Health Research Projects and the Data Protection

Act. Informed consent was obtained from all participants involved in this study.

Eggs were seeded in 96-well plates at a density of 3000 eggs per ml (150 eggs in 50 pl) for
T. muris and T. suis and 600 eggs per ml (30 eggs in 50 yl) for T. trichiura. Homogenised
gastrointestinal tract scrapings or contents were added in a volume of 150 ul to each well.
Plates were incubated for 24 h under either standard aerobic or anaerobic conditions in
anaerobic gas jars or in a Whitley DG250 workstation. To investigate the effect of proteases
on hatching, cOmplete™, Mini, EDTA-free Protease Inhibitor Cocktail (Roche) was
prepared according to manufacturer’s instructions and added to the appropriate wells at 2x

working concentration (Table 2.1).
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For all hatching experiments, results were reported as percentage hatching where:

Percentage Hatching = (hatched larvae/starting egg count) x 100

2.5 Mouse models and infections

2.5.1 Mice

Wild type (WT) C57BL/6N mice were maintained under specific pathogen-free (murine
microbiota) conditions and contained a murine microbiota. Humanised microbiota mouse
lines donor A and donor B were generated by oral gavage of germ free C57BL/6N mice with
stool from healthy donors that had not been exposed to antibiotics for at least 6 months.
Humanised microbiota mice were maintained behind containment (Forster et al. 2021).
Severe combined immune deficiency (SCID) mice were maintained under murine microbiota
conditions. All animals were maintained at a Home Office-approved facility (Sanger Institute
Research Support Facility) within individually ventilated cages at 22° + 1°C and 65%
humidity with a 12-hour light-dark cycle and had free access to food and water. All
procedures carried out in accordance with the United Kingdom Animals (Scientific
Procedures) Act of 1986 under the project license P77ES8A062.

2.5.2 Infection of SCID mice for T. muris maintenance

Infections of T. muris were maintained in SCID mice which were infected with a high dose
(400 eggs) by oral gavage under anesthesia. Adult worms were harvested at 35 days post
infection (p.i) and adult worms placed in culture under standard aerobic conditions in RPMI
containing 5% Penicillin and Streptomycin (pen/strep) (Gibco) and 10% fetal calf serum
(FCS) (Gibco) for 4 or 24 h. Eggs were collected, washed and left to embryonate in distilled
water for 8 weeks in the dark at room temperature (White et al. 2018; M. A. Duque-Correa et
al. 2019).

2.5.3 T. muris study of embryonation

T. muris eggs were produced as described in section 2.5.2 and aliquots of ~500 eggs were
collected weekly during embryonation to examine morphology by light microscopy using a
Zeiss Axio Observer 5, to study in vitro response to bacteria during embryonation, and to

examine gene expression utilising RNA sequencing (RNAseq) (Section 2.9).
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2.5.4 Infection of humanised microbiota mice and WT C57BL/6 murine microbiota

mice

Mice from two humanised microbiota mouse lines and WT C57BL/6 murine microbiota mice
between 6 and 20 weeks old were infected with a low dose (20 eggs) of either T. muris and
T. trichiura by oral gavage. At days 35 and 90 p.i., blood was obtained by cardiac puncture
under terminal anesthesia, mice were cervically dislocated, and the mesenteric lymph nodes
and caecum were collected. Serum was separated from the blood by centrifugation at
14,0009 for 10 min at room temperature and tested for parasite specific antibodies by ELISA
(section 2.5.5) (Houlden et al. 2015; White et al. 2018). Caecal contents were collected and
immediately stored at -80°C until DNA extraction for metagenomic sequencing (Section
2.8.2). The caecum was slit longitudinally and adult worms were individually removed from

the tissue and counted.

2.6 Detection of parasite specific antibodies

Analysis of the presence of parasite-specific IgG2a and IgG1 in mice serum was detected
using biotinylated rat anti-mouse antibodies (BD Pharmingen) and conducted using ELISA.
Briefly, immulon IV plates (Dynatech) were coated with 5 ug/ml T. muris excretory/secretory
(E/S) antigen (kindly provided by Prof Richard Grencis at the University of Manchester) in
carbonate/bicarbonate buffer (pH 9.6) (Sigma) overnight at 4°C. Plates were blocked with
3% bovine serum albumin (Sigma) in PBS and 0.05% Tween (Sigma). Serum was diluted
20-fold and then added in eight serial 2-fold dilutions to the plates and the optical density

recorded.

2.7 Confocal and electron microscopy

2.7.1 Scanning electron microscopy

SEM was performed by D. Goulding as follows. T. muris eggs and bacterial strains were
incubated in 0.5ml Eppendorf tubes at 37°C for 90 min. The eggs were washed in PBS 2
times by centrifugation at 280 g for 30 s at room temperature, fixed with 2% PFA (Thermo)
and 2.5% glutaraldehyde (Sigma) in 0.1 M sodium cacodylate buffer (SCB) (Sigma) at pH
7.42 and immediately spun at 280 g for 2 min at room temperature. Tubes were left to stand
for 2 h to fasten the eggs vertically in the bottom of the Eppendorf tubes. The eggs were
carefully rinsed in SCB three times by centrifugation at 280 g for 5 min at room temperature,
before fixing again in 1% osmium tetroxide in SCB for 2 h followed by layering of

thiocarbohydrazide and osmium according to (Malick and Wilson 1975). The eggs were then
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dehydrated through an ethanol series from 30,50,70,90 to 3 times in 100% for an hour each.
The tip of each Eppendorf was cut off and dried with the eggs inside in a Leica CPD300
before coating with 20nm of platinum in a Leica ACE600 evaporation unit. Finally, the cut
tips were mounted eggs-up onto Hitachi SEM stubs with silver DAG and viewed in an Hitachi

SUB030 scanning electron microscope.

2.7.2 Confocal microscopy

Confocal microscopy was performed by D. Goulding as follows. T. muris eggs and bacterial
strains were incubated in 0.5ml Eppendorf tubes at 37°C for 90 min and then fixed in 3%
PFA in PBS for 30 min. The eggs were then rinsed in PBS three times by centrifugation at
280 g for 5 min at room temperature and incubated in 5% foetal calf serum (Gibco) and 1%
BSA (Sigma) in PBS (blocking medium) for 1 h at room temperature. Blocking medium was
replaced with rabbit anti FimH (Cusabio), diluted 1:50 with blocking medium for 30 min at
room temperature (all incubations at room temperature). The eggs were then rinsed in PBS
three times by centrifugation at 280 g for 5 min at room temperature incubated in goat anti-
rabbit conjugated to FITC (Abcam) diluted 1:50 with blocking medium for 1 h and rinsed in
PBS three times by centrifugation at 280 g for 5 min at room temperature. The eggs were
then incubated in ConA directly conjugated to Rhodamin (Vector Labs) diluted 1:50 with
blocking medium for 1 h and rinsed in PBS three times by centrifugation at 280 g for 5 min at
room temperature. The eggs were then gently mounted on a slide with coverslip in Prolong-
gold antifade with DAPI (Thermo). The slide was imaged on a Leica SP8 confocal

microscope.

2.8 Nucleic acid and protein extractions

2.8.1 RNA extraction

T. muris eggs were collected (Section 2.5.3) and stored at -80°C until RNA extraction. Eggs
were washed 3 times in PBS containing SUPERase*In RNase Inhibitor (Thermo Fisher) at 1
U/uL and pelleted by centrifugation at 20,000g for 2 min at 4°C. Washed eggs were
resuspended in 500 pl of Trizol LS (Thermo Fisher), placed in a tube containing acid washed
1.4mm ceramic beads (Roche), and homogenised in an MP Bio fast prep machine (MP Bio)
at 6.0 m/s for 20 s. Samples were incubated at room temperature for 5 min with two
inversions. Chloroform (267 pl) was then added, tubes were shaken, and samples incubated
at room temperature for 3 min with 2 inversions. The aqueous phase containing the RNA

was separated by centrifugation at 15,0009 for 15 min at room temperature. Aqueous phase
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was placed on a Zymo-Spin IC column (Zymo) to collect the RNA, and RNA was then eluted

in 15 yl of RNAse-free water (Ambion) and stored at -80°C until sequencing.

2.7.2 DNA extractions from gastrointestinal tract samples for metagenomic

sequencing

Gastrointestinal tract scrapings and contents were collected as described in section 2.4 and
immediately stored at -80°C until DNA extraction. DNA was extracted from the samples
using FastDNA Spin Kit for Soil (MPBio) according to manufacturer's instructions and DNA

stored at -20 °C until metagenomic sequencing.

2.8.3 Protein extraction

Whole T. muris eggs were obtained as described in Section 2.5.2. Bacterial hatching was
performed as described in Section 2.3 to generate T. muris eggshells and larvae, eggshells
and larvae were separated by 50%, 60% percoll gradient centrifugation at 300 g for 15 min
at room temperature with no brake. Bleach hatched T. muris larvae were produced as
previously described (White et al. 2018). Eggs were incubated with sodium hypochlorite for 2
h at 37°C with 5% carbon dioxide, dissolving the eggshell and leaving only the lipid
membrane, followed by culture in RPMI media at 37°C with 5% carbon dioxide, for 4-5 days
until eclosion. 500 eggs, eggshells, or larvae were placed in PBS (Gibco) with 1% Triton X
100. Samples were incubated at 37 °C for 30 min and then placed in a tube containing acid
washed 1.4 mm ceramic beads (Roche). Samples were homogenised in an MP Bio fast prep
machine (MP Bio) at 6.0 m/s for 60 s. Beads were allowed to settle before the supernatant
was collected and placed in a fresh tube. For acetone precipitation 5 volumes of -20 °C
acetone were added to the sample and samples were vortexed well. Following overnight
storage of the samples at -20 °C, samples were vortexed again and then pelleted by
centrifugation at 10, 000g for 10 min at 10 °C. Pellets were air dried for 5 min and stored at -
20 °C.
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2.9 Library preparation and sequencing

2.9.1 RNAseq Library preparation and sequencing

RNA mass was measured using the Bioanalyzer RNA 6000 Nano (Agilent) and 1-8 ng was
present in each sample. RNAseq libraries were prepared using the NEBNext® Ultra™ ||
Directional RNA Library preparation kit (NEB) according to manufacturer's instructions with
the TruSeq TSQ adapter (Integrated DNA technologies) and UDI tags (WSI). RNA libraries
were sequenced using paired-end (2 x 75 bp) sequencing on the HiSeq 4000 platform

(Nlumina).

2.9.2 Metagenomic and whole genome library preparation and sequencing

DNA for metagenomics was prepared using the Ultra || DNA Library preparation kit (NEB)
according to manufacturer's instructions with the TruSeq TSQ adapter (Integrated DNA
technologies) and UDI tags (WSI). DNA concentrations were measured using the Agilent
D5000 ScreenTape System (Agilent) and 40-100 ng was present in each sample .DNA
samples were sequenced using paired-end (2 x 150 bp) metagenomics sequencing on the
HiSeq 4000 platform (lllumina).

2.9.3 Peptide preparation and mass spectrometry

Peptide processing kindly provided by Prof Jyoti Choudhary, and Dr Lu Yu at the Institute for
Cancer Research. Protein pellets were resuspended in triethylammonium bicarbonate
(TEAB) and protein concentrations were measured by Pierce 660 nm Protein Assay
(Thermo Fisher), 30-45 ug was present in each sample. Samples underwent tryptic
digestion, alkylation, deglycosylation, and desalination; and peptides were analysed using

liquid chromatography-tandem mass spectrometry LC-MS/MS.

2.10 RNAseq analysis

Reads were trimmed and mapped to the T. muris genome and annotations (WormBase
ParaSite 11-Apr-2019) using tophat v2.1.1 (Trapnell, Pachter, and Salzberg 2009). Read
counts were generated using htseq v0.13.5 (Anders, Pyl, and Huber 2014), differential
analysis was performed using deseq 2 v1.34.0 (Love, Anders, and Huber 2014), and results
were visualised in R v4.0.4 (Team 2020; Blighe, Rana, and Lewis 2019).
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2.11 Proteomic analysis

Peptide identities were assigned using the Sequest HT search engine in Proteome
Discoverer ™ (PD) 2.4 (analysis kindly provided by Prof Jyoti Choudhary, and Dr James
Wright at the Institute for Cancer Research). Protein databases included the Institute for
Cancer Research contaminant database, as well as protein databases for T. muris
(WormBase ParaSite 2019), T. suis (WormBase ParaSite 2014b) and T. trichiura
(WormBase ParaSite 2014a).

2.12 Metagenomic analysis

2.12.1 Identification and visualisation of genes in the Human Gastrointestinal Bacteria
(HBC) Culture Collection
The HBC contains 737 whole-genome sequenced bacterial isolates from the faecal samples
of healthy adults (Forster et al. 2019). These genomes were annotated using the Sanger
Pathogen Informatics Pipeline annotation tool which searches the following databases to
annotate sequences (Page et al. 2016; Seemann 2014).
I. RefSeq databases(NCBI)
[I.  UniprotKB (bacteria/virus databases)
lll.  Protein Clusters (NCBI)
IV.  Conserved domain database (NCBI)
V.  Tigrfams (J. Craig Venter Institute)
VI.  pfam (part A) (EMBL-EBI)
VIl.  rfam (EMBL-EBI)

The annotated genomes were searched for gene sequences comprising fimbriae and E. coli
serine protease operons. De novo functional annotation of fimbriae and serine protease
genes was performed using prodigal and eggNOG (Hyatt et al. 2010; Huerta-Cepas et al.
2019). Phylogenetic analysis was completed by extracting the amino acid sequence of 40
universal core marker genes from each genome in the collection using fetchMG (Ciccarelli et
al. 2006; Kultima et al. 2012; Sorek et al. 2007). The protein sequences were concatenated
and aligned with MAFFT v7.20 (Katoh and Standley 2013), and maximum-likelihood trees
were constructed using RAXML v8.2.8 (Stamatakis 2014) with the standard LG model and
100 rapid bootstrap replicates. Trees were visualized using FastTree followed by iTOL
(Price, Dehal, and Arkin 2009; Letunic and Bork 2021).
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2.12.2 Taxonomic classification and differential analysis of metagenomic reads from

gastrointestinal tract samples

Metagenomic reads were trimmed and then aligned to the host genome using BWA- MEM
v0.7.17 (H. Li and Durbin 2009) to remove host reads. The host genomes used were: human
(Genome Reference Consortium Human Build 38), porcine (The Swine Genome Sequencing
Consortium; Sscrofa 11), or murine (Genome Reference Consortium Mouse Build 38).
Reference based strategies utilise a curated set of genomes to identify members of the
microbiota in a given sample. Un-assembled reads were classified using Kraken2 (Wood,
Lu, and Langmead 2019) with a curated human gut metagenome database: the Unified
Human Gastrointestinal Genome (UHGG) (Almeida et al. 2021). Kraken 2 utilises databases
to provide classification of organisms in a sample at each taxonomic level from kingdom
through to species. In addition to classification, a matrix of the relative abundances of each
taxon is generated. The relative abundances reported by Kraken 2 were utilised for
differential analysis of the presence of different taxa, and data analysis was performed in R
v4.0.4 (Team 2020). In order to visualise the beta diversity (differences in taxonomic
composition between the different samples), Bray—Curtis similarities were plotted on
Principal Coordinates Analysis (PCoA) graphs annotated with hatching metadata. Bray—
Curtis distance matrices were generated using taxonomic relative abundances and vegan
(Oksanen et al. 2007). In order to examine the abundance of the various phyla in the
samples, abundance charts were plotted. Multivariate Association with Linear Models 2
(MaAsLin2) v1.80 (Mallick et al. 2021) was used to evaluate if the differences in composition
at phylum and species levels were statistically significant in each of the various categories of
metadata. MaAsLin2 is a modified general linear regression model for feature-wise
multivariate modeling of associations between microbial meta’omic features and fixed or
random effects. Using MaAsLin2 differentially abundant taxa were identified using the default
parameters, aside from the g-value threshold, which was set at 0.05 (Mallick et al. 2021).
According to default parameters, taxa were considered prevalent in a sample with an
abundance >0 at least 10% of the time (Minimum prevalence= 0.1). Data were Log
transformed (LOG) and normalised using Total Sum Scaling (TSS), and p values were

corrected using Benjamini-Hochberg Procedure (BH)

2.12.3 Assembly of metagenomic genomes from metagenomic reads

Metagenome-assembled genomes (MAGs) were generated through a binning process,
whereby reads or contigs are sorted into taxonomically similar pools, or bins, in order to

reconstitute individual genomes. There are two thresholds to consider when creating MAGs:
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completeness and contamination, which refer to how much of the complete genome is
acceptable and how many misassigned reads are acceptable respectively. Acceptable
thresholds for completeness begin at 50% for undefined samples generating low quality
MAGs, and can be set as high as 95% for well characterised samples generating high
quality MAGs (Uritskiy, DiRuggiero, and Taylor 2018; Saheb Kashaf et al. 2021). The
MetaWRAP v1.3 (Uritskiy, DiRuggiero, and Taylor 2018) wrapper was used to generate
MAGs using two assembly tools MEGAHIT v1.2.9 (D. Li et al. 2015) and metaSPAdes v.
(Bankevich et al. 2012). Once MAGs were assembled, bin consolidation was used to sort
MAGs and recover the best quality bins by combining the output of three binning tools:
CONCOCT v1.1.0, MetaBat 2 v2.12.1 and MaxBin 2 v2.2.7 (Uritskiy, DiRuggiero, and Taylor
2018; D. Li et al. 2015; Alneberg et al. 2013; Kang et al. 2019; Wu, Simmons, and Singer
2016). Bins were refined using the MetaWRAP bin refinement module, with the CheckM
v1.1.3 (Parks et al. 2015) bin quality thresholds set at 65% completeness and 5%
contamination (Uritskiy, DiRuggiero, and Taylor 2018) to balance these stringencies and aim
for shorter but less-contaminated genomes as the gastrointestinal samples were
uncharacterised. Taxonomic identities were assigned using Kraken 2 and the MetaWRAP

bin classification module and the MAG sequences banked for future qualitative analysis.
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Chapter 3- Mechanistic study of bacterial-parasite
interactions responsible for the induction of egg
hatching in T. muris by E. coli

Declaration of contributions

M. Duque Correa and M. Berriman supervised this work. M. Duque Correa and D. Goulding
provided images from the SEM and TEM of T. muris eggs hatching with E. coli. D. Goulding
performed SEM and confocal imaging and analyses on T. muris egg hatching with E. coli, P.
aeruginosa, S. aureus and S. typhimurium. Sanger Sequencing Pipelines performed
RNAseq library prep and sequencing. Sanger Pathogen Informatics Pipelines provided
informatics support. L. Yu, J. Wright and J. Choudhary performed protein digests, and
peptide sequencing, and peptide analysis. | performed all inoculum preparations, hatching

experiments, RNA extractions, protein extractions, and analyses.
Publication
3.1 Introduction

Hatching is a fundamental process in the life cycle of Trichuris species marking the start of
an infection; it is governed by internal and external factors, however we do not know what
extrinsic and intrinsic factors govern hatching in T. trichiura (Mkandawire et al. 2021).
Understanding hatching will not only shed light on the basic biology of this parasite, it will
facilitate infection biology and translational research. In vitro and in vivo maintenance of T.
trichiura in the laboratory is not currently possible and presents a significant challenge in the
study of these parasites. Unlike T. suis, which can infect pigs and humans, T. trichiura
exhibits strong host specificity only infecting primates (Ghai et al. 2014). T. trichiura cannot
be passaged in a tractable laboratory host. As a result, T. trichiura has only been studied
when specimens could be isolated from naturally infected individuals or apes (Dige et al.
2017; Nolf 1932; Rivero et al. 2021; Rivero, Cutillas, and Callejon 2020). The majority of
studies on whipworm infection have primarily used T. muris and T. suis infections of mice
and pigs respectively, as model systems (Wakelin 1969; Houlden et al. 2015; Hayes et al.
2010; Burden and Hammet 1976; Beer 1973b; Vejzagi¢, Adelfio, et al. 2015). Key similarities
between these three species of whipworm include: hatching in response gastrointestinal

contents, and progression through the canonical nematode hatching cascade (Figure 1.2).
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However, there are key differences that have made reproducing the conditions required to
initiate hatching a challenge (Vejzagi¢, Adelfio, et al. 2015). T. muris hatching can be
induced in vitro with a single bacterial strain (Hayes et al. 2010; Vejzagi¢, Adelfio, et al.
2015), and in the T. suis model, hatching can be induced using mucosal gastrointestinal tract
samples (Vejzagi¢, Thamsborg, et al. 2015). In both T. suis (Vejzagi¢, Adelfio, et al. 2015)

and T. trichiura bacteria that are capable of inducing hatching have not yet been identified.

T. muris was first shown to selectively hatch in the presence of caecal and colon contents,
but not ileal contents suggesting that the microbiota is a key extrinsic factor for hatching
(Panesar and Croll 1980). Studies using germ-free mice demonstrated that T. muris is
dependent on bacteria to establish infections (White et al. 2018). T. muris hatching is
routinely induced by E. coli (Hayes et al. 2010), and infections can be established in mono
colonised mice (White et al. 2018). In addition to identifying E.coli as capable of inducing
hatching Hayes et al also showed that type 1 bacterial fimbriae are required in hatching
(Hayes et al. 2010). Fimbriae are filamentous adhesins utilised by bacteria to adhere to
surfaces and are composed of fimbrial subunit proteins (attachment, length, tip, and
localisation) encoded by several genes comprising the fim operon (Table 3.1) (Y.-W. Chen
et al. 2014; Schwan 2011).

Table 3.1 Genes of the fim operon

Gene Function

fimA Pilin structural gene

fimB fimS DNA positioning
fimC Periplasmic chaperone protein
fimD Surface localisation usher
fimE fimS DNA positioning
fimF Adhesin anchor

fimG Adhesin anchor

fimH Adhesin

fiml Unknown

fimS Invertible element

Despite Type 1 fimbriae being implicated in hatching, co-culturing T. muris eggs with a
purified recombinant fimbrial subunit protein- fimA, did not induce hatching (Hayes et al.
2010). These results suggested that fimbrial proteins alone are not sufficient to induce
hatching; hatching is only seen when the projections are fully assembled on the whole

bacterium. Additionally, co-culturing T. muris eggs with S. aureus and P. aeruginosa,
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bacterial strains that do not express fimbriae, still results in successful hatching, indicating

that there are type 1 fimbriae independent routes to inducing hatching (Hayes et al. 2010).

In preliminary studies Duque- Correa and Goulding (Duque- Correa and Goulding 2017)
observed that E. coli K12 MG1655 presents two colony morphologies- rough and smooth
(Figure 3.1.a), that induce hatching to opposite levels. While co-cultures of T. muris eggs
with smooth E. coli cultures resulted in high levels of hatching of T. muris, rough colonies
induced no hatching (Duque- Correa and Goulding 2017). Variations in colony morphologies
of E. coli have been previously attributed to type 1 fimbriae, with smooth colonies expressing
fimbriae and rough colonies being afimbriate (Hasman, Schembri, and Klemm 2000; Y.-W.
Chen et al. 2014). Fimbrial projections were observed on the bacteria in the smooth cultures,
but not in the rough cultures using SEM and TEM to explore the interactions of bacteria with
T. muris eggs (Figure 3.1b). These projections facilitated interactions with the eggs, leading
to bacterial aggregates on the surface of the egg, particularly around the polar plugs with
smooth cultures (Figure 3.1b). With rough cultures however, fewer bacteria are localised at
the polar plug (Figure 3.1b). Eclosion was visualised by TEM and the bacterial projections
maintain contact with the polar plugs as hatching progresses and eventually, the polar plug
degrades and disappears resulting in larval exit (Figure 3.1c) (Duque- Correa and Goulding
2017).
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c) Hatching
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Figure 3.1- Rough and smooth E. coli K12 MG1655 display differing colony
morphologies and interactions with T. muris eggs. a) Rough and smooth colony
morphology. Rough colonies have distinctly jagged edges and a matt finish. Smooth
colonies are rounded and have a glossy finish. b) SEM micrographs displaying the
aggregation of bacteria around the polar plug of T. muris eggs ¢) TEM micrographs
displaying the interactions and between smooth bacteria and the plug, and the

degradation and invagination of the plug (Duque- Correa and Goulding 2017)

In addition to extrinsic factors such as the microbiota, hatching is also driven by intrinsic
factors such as embryonation and diapause; however, for many of these factors, a genetic
explanation remains outstanding, due to difficulties in developing transgenic systems to
study parasitic nematodes (Section 1.6). While it is not yet possible to generate Trichuris
knockout worms, it is possible to sequence larvae and analyse temporal changes in gene
expression. For instance, RNAseq has been used to evaluate the changes in gene
expression during dormancy, embryonation and hatching of the cyst nematodes, providing
invaluable insight into these processes (Duceppe et al. 2017; Cotton et al. 2014; Eves-van
den Akker and Jones 2018). For example, revealing the genes responsible for calcium and
water uptake at the initiation of hatching, genes related to pharyngeal pumping and
peptidase genes (Duceppe et al. 2017; Eves-van den Akker and Jones 2018). Further
evidence for the role of embryonation in hatching comes from studies in Ascaris. Immature
Ascatris larvae cannot be induced to hatch using natural cues (Geenen et al. 1999), and
when immature larvae were forced to hatch using physical methods that break the eggshell,
the larvae were smaller, non motile, and considered non viable (Vejzagi¢, Thamsborg, et al.
2015; Geenen et al. 1999). The level of embryonation and the conditions under which it
takes place not only affect the ability to hatch but also the subsequent infectivity of the

larvae. In Ascaris, immature eggs are unable to establish an infection in mice (Geenen et al.
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1999). In contrast in T. muris once immature larvae are motile in the egg an infection can be
established in mice (Forman et al. 2021). In Capillaria, altering the culture medium in which
eggs are embryonated changes both the proportion of eggs that embryonate and their
infectivity (Tiersch et al. 2013). These studies indicate that the ability to hatch does change
during embryonation and a differential analysis of gene expression may provide a genetic
explanation. | hypothesised that there is a minimum amount of embryonation that must occur
in order for the eggs to hatch in response to natural cues. Thus, to analyse these changes in
T. muris, in the present chapter | evaluated gene expression during embryonation of T.

muris.

Hatching is facilitated by the selective permeability (section 1.5) of nematode eggs which
allows larvae to receive and respond to environmental cues (Johnston and Dennis 2012). In
the case of Trichuris, while the microbiota may signal the arrival of the eggs in the ceacum
and induce hatching, hatching only progresses with larval involvement. Specifically, previous
studies showed that movement of the larvae, in particular movement of the oral spear (stylet)
facilitates eclosion (Panesar and Croll 1981). Larval involvement can also come in the form
of enzyme secretions released during pharyngeal pumping (Perry 2002). Enzymes have
been isolated from the perivitelline fluid of several nematodes including Ascaris, A.
ceylanicum, H. contortus, and G. rostochiensis (Perry 2002; Rogers 1958; Rogers and
Brooks 1977; Doncaster and Shepherd 1967; Abriola et al. 2019; Q. Chen et al. 2021).
Therefore, | hypothesised that larval enzymes are involved in chemically progressing
hatching in addition to the physical aids i.e. bacterial fimbriae, and stylet propulsion. In this
chapter | aimed to identify the larval enzymes using RNAseq across different developmental
stages; to determine which transcripts are expressed in preparation for hatching. These
enzymes may degrade the polar plugs in order to facilitate larval exit. As mentioned in
Chapter 1 (section 1.8), the composition of the polar plugs of Trichuris eggs is poorly
characterised. However, they are known to contain chitin fibres that form a diffuse matrix that
suspends various molecules (Appleton and White 1989; Wharton and Jenkins 1978). In the
present chapter, | used proteomics to better understand the composition of the polar plugs
and identify molecules that may bind to bacteria and may be targeted by the proteases

involved in hatching.

| hypothesised that induction of T. muris hatching is in part facilitated by a combination of
physical interactions between bacteria and eggs and enzymatic activity concentrated around
the polar plugs; as hatching progresses polar plugs are degraded and larvae eclose (Figure
3.2).
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Figure 3.2- Cartoon depicting the hypothesis of the minimum requirements for
hatching. Bacteria aggregate around the polar plugs, using physical interactions to
adhere to one another and the eggs. As hatching progresses the polar plugs are
degraded through enzymatic activity and disappear facilitating larval eclosion. (Image

created using BioRender)

In this chapter, | aimed to further characterise the role of type 1 fimbriae from E. coliin T.
muris hatching and further understand how fimbriae mediate the physical interaction
between E.coli and the eggs using a whole fim operon knockout kindly supplied by Paul
Orndorff (Hamrick et al. 2000), as well as knockout lines from the Keio Collection
(Yamamoto et al. 2009). The Keio collection was generated to create a knockout library of all
non-essential E. coli genes; all genes for which a clone was not recovered are considered
essential to the survival of E. coli (Yamamoto et al. 2009). | then investigated the role of
proteases in degradation of the polar plugs and hatching. | evaluated the effects of inhibiting
proteases in the hatching reaction using commercially available inhibitors and Keio
Collection knockouts for genes encoding both cysteine and serine proteases (Yamamoto et
al. 2009). Finally, | used proteomics to better understand the composition of the polar plugs
and identify molecules that may be targeted by the proteases involved in hatching and used
RNAseq across different developmental stages, to determine which transcripts are

expressed in preparation for hatching.
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3.2 The role of fimbriae in hatching of T. muris in the presence of E. coli

To evaluate differences in hatching induction related to fimbriae expression, | first isolated
rough and smooth colonies from the in-house lab strain E. coli K12 MG1655, as well as the
Keio Collection parent strain E. coli K12 BW25113 and co-cultured them with T. muris eggs.
| observed the following variable hatching phenotype: with smooth colonies of E. coli K12
MG1655, hatching ranged from 20 to 100% with a median of 50.7%; and with rough colonies
of E. coli K12 MG1655, hatching ranged from 20% to 80% with a median 18.9% (Figure 3.3).
This variation may be as a result of batch variation in the eggs used; previous in-house
batch testing of eggs produced during routine parasite maintenance (data not shown) have
revealed that different batches of eggs can be more or less effectively stimulated to hatch
using E. coli. Additionally, bacteria are able to switch between rough and smooth colony
types during the experiment, likely affecting the levels of hatching induced. Despite this, on
average rough cultures induced less hatching compared to smooth cultures, indicating that
variations in colony morphology, and by extension surface projections, have an effect on the

ability of E. coli K12 to induce hatching.
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Figure 3.3. Bacterial colony morphology impacts levels of T. muris egg
hatching induced by E. coli K12. Hatching of T. muris eggs was induced using
rough and smooth colonies of the E. coli strains K12 MG1655 and BW25113.
Percentage hatching was recorded after 24 h of co-culture. Hatching was completed
in triplicate across 10 independent experiments (n=30). Median and interquartile
range are shown, statistical differences were evaluated using the paired samples

Wilcoxon test on comparisons (*** p < 0.001).

To better understand the role of type 1 fimbriae from E. coli K12 on the induction of T. muris
hatching, | used single fim gene knockouts, the fim operon knockout, and rough and smooth
bacteria (Figure 3.4). With the knockout strains, | observed a slight but non significant
reduction in hatching, suggesting there are alternative mechanisms. In previous studies
Hayes et al observed that hatching can be induced by both fimbriate and afimbriate bacteria.
They observed a ~93% reduction in hatching of T. muris with a fim A knockout and a two-
thirds reduction in hatching by inhibiting mannose dependent fimbriae (Hayes et al. 2010). In
addition to demonstrating the role of fimbriae they showed that afimbriate strains S. aureus
and P. aeruginosa induced hatching (Hayes et al. 2010). Together these results suggest that
type 1 fimbriae alone are not responsible for hatching and there are alternative surface

proteins that can provide the physical interaction between Trichuris eggs and bacteria.
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Figure 3.4. fim gene knockouts display reduced capability to induce hatching
of T. muris eggs. Hatching of T. muris eggs was induced using E. coli K12 fim
single-gene knockouts from the Keio collection (AfimA, AfimC, AfimD); as well as a
whole fim operon knockout (Afim). Rough and smooth colonies of the parent strain of
the Keio collection E. coli K12 BW25113 were used as a control for hatching.
Percentage hatching was recorded after 24 h of co-culture. Hatching was completed
in quadruplicate across 2 independent experiments (n=8), median and interquartile

range are shown.

3.3 SEM on T. muris and E. coli, S. typhimurium, and P. aeruginosa co cultures.

In order to identify alternative surface proteins involved in hatching we investigated whether
fimbriate (E. coli, S. typhimurium) and afimbriate (P. aeruginosa) bacteria formed fimbriae-
like physical interactions around the surface of the eggs and the polar plug during hatching,
similar to those of E. coli. SEM was conducted on T. muris co-cultures with each species
and a pool of samples generated by imaging at three time points: 90, 120, and 150 min
(Goulding 2021). As previously observed, smooth E. coli K12 MG1655 localised around the
polar plug of the eggs (Figure 3.5). Bacterial localisation around the plug may be supported
by the expression of fimbrial projections, which were more commonly observed on bacterial

cells closer to the polar plug (Figure 3.5 b). This suggests that these fimbriae play a role in
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hatching and the expression of fimbriae can be driven by proximity to the polar plugs, indeed
no fimbriae were observed on the bacteria distal to the polar plug (Figure 3.5 c). Hatching
specific expression of fimbriae may be driven by chemotaxis to the components of the plug
that the fimbriae bind to. The type 1 fimbriae operon can be flexibly switched on and off to
facilitate E.coli attachment; this phenomena has primarily been observed during urogenital
epithelial attachment in infections (Y.-W. Chen et al. 2014; Lim et al. 1998). Together these
results suggest that egg—bacteria interactions can result in expression of the molecules
necessary to facilitate hatching. Similar to E. coli, co—culturing T. muris eggs with S.
typhimurium, another type 1 fimbriae expressing strain, resulted in fimbriae—expressing
bacteria being localised around the polar plug during hatching with very few bacteria found
distal to the plug (Figure 3.6)(Goulding 2021).
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a) 90 min b) Polar Plug Proximal

Figure 3.5. Smooth E. coli K12 MG1655 display fimbriae when proximal to the
T. muris polar plug. a) Representative image of bacterial and egg co cultures
collected at 90 min. b) SEM micrograph showing fimbriae expressing bacteria
localised at the polar plug. ¢) SEM micrograph showing the lack of fimbriae on
bacteria in areas further away from the plug (Goulding 2021).

a) 90 min b) Polar Plug Proximal

P o 2um

Figure 3.6. S. typhimurium display fimbriae when proximal to the T. muris polar
plug and do not attach to distal regions of the egg. a) Representative images of
bacterial and egg co cultures collected at 90 min. b) SEM micrograph showing
fimbriae (arrow) of bacteria in areas proximal to the polar plug (Goulding 2021).
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In the co-cultures of T. muris and P. aeruginosa, bacteria also localised around the polar
plugs. Discernible projections could be seen on the surface of the bacteria; P. aeruginosa is
an afimbriate strain, these images indicate that it expresses a different surface molecule to
facilitate adherence to the polar plug (Figure 3.7). P. aeruginosa typically uses type IV pili to
attach to surfaces (Crouzet et al. 2017).

a) 90 min b) Polar Plug Proximal

Figure 3.7. P. aeruginosa displays attachment pili when proximal to the T.

muris polar plug. Representative images of bacterial and egg co-cultures collected
at 90 min (a) SEM micrograph displaying bacteria with surface projections
aggregated around the polar plugs prior to eclosion. (b) SEM micrograph showing
fimbriae (arrow) of bacteria in areas proximal to the polar plug. (c) SEM micrograph
showing the lack of fimbriae on bacteria in areas further away from the plug. P.
aeruginosa is an afimbriate gram positive strain utilising an alternative attachment

pilus (arrow) (Goulding 2021).

3.4 Characterising the role of proteases in bacteria mediated hatching of T. muris
eggs

Considering that first, there is variation in the ways bacteria physically associate with the egg
and, second, the presence or absence of individual physical—interaction proteins cannot
alone explain the induction of hatching. | investigated the mechanism behind the degradation
observed at the polar plugs and the potential role that proteases play. Hatching of T. muris
was switched off by the addition of a protease inhibitor (Figure 3.8). | examined whether the
effects of a cysteine and serine protease inhibitor cocktail could be reversed by washing the
eggs and re-exposing them to the bacterial cultures, ensuring that the protease had no effect
on larval viability. As shown in Figure 3.8 once the eggs were washed and re-incubated with
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both rough and smooth E. coli K12 cultures of BW25113 and MG1655, hatching was

observed at levels comparable to the control. This data demonstrated that the inhibitor did

not irreversibly prevent hatching, perhaps by acting only on secreted proteases. In addition

to demonstrating reversible inhibition, inhibition was shown to be dose- dependent with all

four strains of E. coli K12 (Figure 3.9). Dilution of the protease inhibitor decreased its effects

and this suggests that enzyme kinetics can be optimised to maximise inhibition of hatching.
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Figure 3.8. Protease inhibitors mediate a reversible interruption of E. coli
induced hatching of T. muris eggs. Hatching of T. muris eggs was induced using
rough and smooth colonies of E. coli BW25113 and K12 MG1655S. Percentage
hatching was recorded after 24 h of co-culture with bacteria () or with bacteria in the
presence of the protease inhibitor (+) (1x cOmplete™, Mini, EDTA-free Protease
Inhibitor Cocktail- Roche). After co-culture in the presence of the inhibitor the T.
muris eggs were washed to remove the inhibitor, and re-exposed to bacterial
cultures; percentage hatching was recorded 24 h later (- Washed). Hatching was
completed in triplicate, across 4 independent experiments (n=12), median and

interquartile range are shown, and statistical analysis was performed using the paired

samples Wilcoxon test (*** p < 0.001).
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Figure 3.9. Protease inhibitors mediate a titratable interruption of E. coli
induced hatching of T. muris eggs. Hatching of T. muris eggs was induced using
rough and smooth colonies of E. coli K12 MG1655S (a) and BW25113 (b).
Percentage hatching was recorded after 24 h of co-culture with bacteria or with
bacteria in the presence of the dilution series of the protease inhibitor (1x, 0.5x,
0.25x, 0.125x, 0.0625x cOmplete™, Mini, EDTA-free Protease Inhibitor Cocktail-
Roche). Hatching was completed in quadruplicate, across 2 independent

experiments (n=8), median and interquartile range are shown, and statistical analysis

was performed using the paired samples Wilcoxon test (*** p < 0.001,** p<0.01, *p

< 0.05).

The progression of the hatching cascade and degradation of the polar plugs is likely driven
by both bacterial and larval proteases. It is not currently possible to generate mutant worms
to investigate larval proteases, so to further characterise the class of proteases responsible
for hatching | used a panel of serine and cysteine inhibitors, and single gene knockouts for
E. coli K12 serine and cysteine proteases. The protease inhibitor cocktail contains a
proprietary mix of enzymes with broad activity across the majority of serine and cysteine
proteases. Therefore, to determine the relative importance of serine or cysteine proteases
for hatching, | tested dual inhibitors with a narrower activity spectrum (antipain and
leupeptin), and single inhibitors for both cysteine (E64) and serine (aprotinin, chymostatin,
Pefabloc) proteases. | did not see a reduction with antipain or leupeptin, however this proved
to still be informative. Antipain is an inhibitor specific to trypsin and papain; leupeptin targets
trypsin, plasmin, porcine kallikrein, papain, cathepsin B, and endoproteinase Lys-C (ChEBI
2021) which suggests that these proteases are not implicated in hatching. | observed
significant (p < 0.05) reduction with the cysteine inhibitor E64, and complete ablation with the
protease inhibitor cocktail and the serine protease inhibitor Pefabloc (Figure 3.10). Pefabloc
is the commercial name of 4-(2-Aminoethyl) benzenesulfonyl fluoride hydrochloride
(AEBSF), a widely used broad spectrum serine protease inhibitor (Powers et al. 2002). It is
challenging to confirm the substrate specificity of proteases but it is known that Pefabloc
interacts at the active site of S1 family serine proteases (Powers et al. 2002). There are 704
S1 family serine proteases and Pefabloc has action against: trypsin, chymotrypsin, plasmin,
thrombin, and kallikreins (Kim et al. 2014; Neil D. Rawlings 2010). The results show that
hatching was not ablated by the inhibitors of chymotrypsin (Chymostatin), trypsin

(Aprotonin), plasmin (Leupeptin), and porcine kallikrein (Leupeptin), suggesting that hatching
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is likely not driven by any of those proteases but may be driven by proteases similar to

thrombin or other types of kallikrein proteases.
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Figure 3.10. E. coli induced hatching of T. muris eggs is ablated by the addition
of a protease inhibitor cocktail, or serine protease inhibitor Pefabloc ™.
Hatching of T. muris eggs was induced using smooth colonies of E. coli K12
MG1655S. Percentage hatching was recorded after 24 h of co-culture with bacteria
or with bacteria in the presence of a panel of serine and cysteine protease inhibitors
(1x cOmplete™, Mini, EDTA-free Protease Inhibitor Cocktail, Roche). Hatching was
completed in triplicate, across 3 independent experiments (n=9), median and
interquartile range are shown, and statistical analysis was performed using the paired
samples Wilcoxon test (*** p < 0.001, * p < 0.05).

The E.coli genome encodes at least 21 serine proteases. The genes comprising serine
protease operons available as knockout clones in the Keio collection are cipA, clpP, cipX,
degP, degQ, and glpG, and the other serine proteases are likely essential genes (“E. Coli
Proteases” 2021; Yamamoto et al. 2009). | co-cultured T. muris eggs with these knockouts
alongside BW25113, and observed a significant reduction in hatching (50%) with the clpP
knockout (Figure 3.11), which suggests that this protease is important to the induction and
progression of hatching. This gene encodes the proteolytic subunit of the clpX-clpP and

clpA-clpP ATP-dependent serine proteases. (“E. Coli Proteases - Serine Proteases” 2021).
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ClpP proteases are well characterised in several species including E. coli, they facilitate the
proteolysis of damaged, misfolded, ribosome-stalled, and regulatory proteins, and there are
50 known substrates of E. coli CIpP protease (Bhandari et al. 2018; Flynn et al. 2003).

The E.coli genome encodes at least 6 cysteine proteases. The cysteine protease gene
knockouts available in the Keio collection are elaD, hchA, nipC, yafL, ydhO, and yhbO (‘“E.
Coli Proteases” 2021; Yamamoto et al. 2009). | co-cultured T. muris with these knockouts
alongside BW25113 smooth cultures, and observed a modest but significant reduction in
hatching with the hchA and ydhO knockouts (Figure 3.12). The hchA gene encodes a
molecular chaperone and aminopeptidase and removing this gene likely results in decreased
fitness of these bacterial cells (Mujacic and Baneyx 2006). The ydhO gene encodes a
member of the peptidoglycan hydrolysing C40 family of peptidases (Singh et al. 2012). The
slight reduction in hatching suggests that these proteases are involved but necessary for

hatching.
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Figure 3.11. E. coli K12 serine protease gene knockout clpP displays reduced
capability to induce hatching of T. muris eggs. Hatching of T. muris eggs was
induced using E. coli K12 single gene knockouts of genes comprising serine
protease operons from the Keio collection (clpA, clpP, clpX, degP, degQ, gipG).
Smooth colonies of the parent strain of the Keio collection E. coli K12 BW25113 were
used as a control for hatching. Percentage hatching was recorded after 24 h of co
culture. Hatching was completed in triplicate across 2 independent experiments

(n=6), median and interquartile range are shown, and statistical analysis was

performed using paired samples Wilcoxon test (** p < 0.01).
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Figure 3.12. E. coli K12 cysteine protease gene knockouts hchA and ydhO
display reduced capability to induce hatching of T. muris eggs. Hatching of T.
muris eggs was induced using E. coli K12 cysteine protease single gene knockouts
from the Keio collection (elaD, hchA, nipC, yafL, ydhO, yhbO). Smooth colonies of
the parent strain of the Keio collection E. coli K12 BW25113 were used as a control
for hatching. Percentage hatching was recorded after 24 h of co culture. Hatching
was completed in triplicate across 2 independent experiments (n=6), median and
interquartile range are shown, and statistical analysis was performed using the paired
samples Wilcoxon test (** p <0.01, * p < 0.05).

75



In order to examine the role of proteases during T. muris hatching with bacterial species
other than E. coli | evaluated the effects of a protease inhibitor cocktail targeting both serine
and cysteine proteases on hatching induced by P. aeruginosa, S. aureus, and S.
typhimurium over a 24 h period. As shown in Figure 3.13, | observed that irrespective of their

expression of type 1 fimbriae, hatching is interrupted by inhibition of proteases.
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Figure 3.13. Protease inhibitors interrupt bacterial mediated hatching of T.
muris eggs. Hatching of T. muris eggs was induced using E. coli K12 MG1655S, P.
aeruginosa, S. aureus, and S. typhimurium in the presence or absence of the
protease inhibitor (2x cOmplete™, Mini, EDTA-free Protease Inhibitor Cocktail-
Roche). Hatching was completed in triplicate (n=3), and percentage hatching was
recorded after 2, 5, and 24 h.

Overall the data shows that the serine proteases are more important to hatching than the
cysteine proteases. | observed a greater reduction in hatching with bacterial serine protease
knockouts and complete ablation of hatching in the presence of Pefabloc™. Additionally, the
proteases are likely secreted by both bacteria and the worm larvae, as the bacterial serine
protease knockouts tested did not result in complete ablation of hatching. Furthermore,
ablation is seen across bacterial species regardless of attachment style. Proteases are

therefore crucial to the induction and progression of T. muris hatching.
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3.5 The composition of the polar plug

As shown in previous studies (Hayes et al. 2010) and above the polar plug is the site of
bacterial binding and subsequent eclosion, therefore understanding the composition of the
polar plug would enable us to identify bacterial or larval enzymes capable of degrading these
components. Proteomics was used to examine the components of the polar plugs, and to
evaluate the different components of the egg a subtractive approach was used. The polar
plugs are tough to isolate and represent a very small region of the egg that is susceptible to
degradation. | hypothesised that characterising large quantities of egg and larval proteins
would allow me to perform a differential analysis. Peptides were characterised from: whole
eggs, hatched larvae (bleach and bacteria), and empty egg shells, and analysed by LC-
MS/MS (kindly provided by J Choudhary, L Yu, and J Wright, ICR). In comparing the peptide
compositions of whole eggs, eggshells, and larvae, | aimed to identify peptides that were
present in the whole egg, and not present in any of the other samples. | considered these
peptides to be unique to the polar plug. Peptides identities were assigned using the Sequest
HT search engine in Proteome Discoverer ™ (PD) 2.4 to search translated T. muris
transcriptomic data, and protein databases for T. muris, T. suis, and T. trichiura for hits.
Once identified, WormBase ParaSite (Howe et al. 2017) and BLAST (Johnson et al. 2008)
were used to annotate sequences, and iTasser (J. Yang et al. 2015) was used to predict
structure and find structural homologues. Eleven of the high-quality peptides identified were
unique to the polar plug, and most of these proteins contain chitin-binding molecules. The
presence of the chitin-binding function supports previous observations that the polar plug is
formed of a chitin matrix supporting other molecules (D. A. Wharton and Jenkins 1978). In
addition, the structure of three of the chitin binding peptides resembled factor H, a
glycoprotein present in human plasma (Table 3.2) (J6zsi 2017). Interestingly, a protein
containing a bactericidal permeability-increasing protein (BPIl) domain was observed in the
polar plug, proteins containing this domain can neutralise bacteria (Table 3.2) (Canny and
Levy 2008; Balakrishnan et al. 2013). Further proteomic and RNAseq studies on eggs and
larvae will be crucial to clarify the role these proteins play as intrinsic hatching factors of T.

muris.
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Figure 3.14. Unique peptides of the polar plug inferred by subtractive

proteomic analysis. Proteins were extracted from mature T. muris eggs, bleach-
hatched larvae, E. coli-hatched larvae, and empty eggshells. Proteins underwent
tryptic digestion, alkylation, deglycosylation, and desalination; and peptides were
analysed using LC-MS/MS. Peptide identities were assigned using the Sequest HT
search engine in Proteome Discoverer ™ (PD) 2.4 (L Yu, and J Wright, ICR). High

quality peptide hits unique to each sample are shown.
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Table 3.2 Putative components of the polar plugs of T. muris eggs

Gene/Transcript

WormBase/ BLAST Annotated Domains

iTasser Prediction (TM Score >0.90)

TMUE_3000011828

Uncharacterized protein
Chitin-Binding type 2
Carbohydrate-Binding Module Family 14

Human Complement Factor H

HS30_20402:8:2212:8792:65867_9

TMUE_3000012569

Uncharacterized protein
Chitin-Binding type 2
Carbohydrate-Binding Module Family 14

TMUE_1000003367

Uncharacterized protein
Bactericidal permeability-increasing protein,
alpha/beta domain superfamily

HS30_20402:8:2115:18868:66551_5

TMUE_3000014619

Uncharacterized protein
Carbohydrate-Binding Module Family 14
Thrombospondin type 1 repeats
Chitin-Binding type 2

Human Complement Factor H

HS30_20402:8:1304:13832:66582_7

PREDICTED: Orbicella faveolata ubiquitin-60S
ribosomal protein L40 (LOC110050203), mRNA

TTRE_0000054801 mRNA_1

Uncharacterized protein

Variant Surface Glycoprotein VSG**"

D918_04857

HS30_20402:8:1216:19006:67976_6

PREDICTED: Drosophila ficusphila transcription
factor grauzone (LOC108091102), mRNA

TTRE_0000321001_mRNA_1

Carbohydrate-Binding Module Family 14
chitin-binding lectins

Human Complement Factor H

Trichuris gene annotations from WormBase ParaSite (Howe et al. 2017)
Transcript identity assigned in BLAST (Johnson et al. 2008)
Structural and functional predictions made using iTasser (J. Yang et al. 2015)
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3.6 Bacteria induced hatching of T. muris occurs after a minimum amount of

embryonation

The progression of hatching relies on interactions between bacteria and the eggs as well as
the active participation of larvae. | hypothesise that a minimum amount of embryonation is
required for larvae to respond to natural cues and initiate the hatching cascade. Through
monitoring changes in gene expression during embryonation | investigated genes that may
be essential for hatching. Embryonation in Trichuris eggs occurs in the absence of light and
is driven by temperature; embryonation progresses at room temperature although this
process can be sped up by incubating at 28°C (Nolf 1932; Forman et al. 2021; Vejzagi¢ et al.
2016). To study embryonation | collected eggs laid over a 4 or 24 h period by adult worms
isolated from six infected SCID mice and embryonated them for eight weeks in the dark and
at room temperature. Aliquots of ~500 eggs were taken every 7 days for microscopy,
hatching, and RNAseq. The microscopy images allowed me to track morphological
development over the duration of embryonation. One day after being laid, eggs are
unembryonated and internal contents unsegmented (Figure 3.15a). After 1 week of
embryonation, cleavage has progressed to the four-cell stage (Figure 3.15b) At week 5, the
larva visually appears morphologically mature, and at 8 weeks of embryonation the larva is
considered mature (Figure 3.15c and d). The eggs collected to test hatching were co-
cultured with E. coli for 24 h and for the stages prior to larval development | looked for
degradation of the polar plugs as a read-out for hatching. After larvae had formed, eclosed
larvae were counted and the percentage of hatched larvae calculated. | did not observe any
hatching before six weeks, and observed the highest levels of hatching at seven weeks. At
eight weeks the levels of hatching reduced slightly but remained constant when these
mature eggs were tested again a month later (Figure 4.2 e). At each time point one aliquot of

~500 eggs were flash frozen at -80°C for RNA extraction and subsequent sequencing.
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Figure 3.15. A minimum of 7 weeks of embryonation is required to observe E. coli induction of T. muris egg hatching. Six SCID
mice were infected with a high dose of T. muris eggs and adult worms collected at 35 days post infection. Worms were cultured in
medium and their eggs collected at 4 h (dotted lines) and 24 h (solid lines). The eggs were embryonated and samples collected weekly.
a)—d) Light microscopy images taken at one day, one week, five weeks, and eight weeks. e) Percentage hatching was recorded weekly
after 24 h of incubation with E. coli (n=6).
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3.7 Changes in gene expression of T. muris occurring during embryonation

In this chapter | considered hatching primarily looking at bacterial components and the role
they play in hatching. However, as shown above, intrinsic factors such as embryonation
impact hatching (Figure 3.15) | used RNAseq to evaluate changes in gene expression during
embryonation that explained the development of hatching in response to bacterial induction
at seven weeks (Figure 3.15). Differential gene expression analysis between eggs after 8
and 6 weeks of embryonation showed many transcriptional differences between eggs
collected at each time point and yielded 6,408 significantly differentially expressed genes.
Genes were filtered by adjusted p value (Benjamini and Hochberg method, p value < 0.05)
and then sorted by effect size (fold change >2), and this analysis inspects 40 of these highly
significant genes in mature or immature eggs (Table 4.1). The genes that appear on the left
hand side of the plot are more abundant in mature eggs, and genes that appear on the right
hand side are more abundant in immature eggs (Figure 3.16). Interestingly, the expression
of several major classes of enzymes, including serine, cysteine, and metalloproteases, are
differentially expressed before and after eggs are able to hatch. Of particular interest are the
S1 family serine proteases that are highly expressed in mature eggs (TMUE_2000008704,
TMUE_3000011680, TMUE_2000006651) (Table 4.1). These proteases may be the target
of the inhibitor Pefabloc which causes the complete ablation of hatching (Figure 3.12).
Mature eggs are also expressing an inhibitor (TMUE_2000008020) with action against S1
proteases (Table 4.1). Further work would be needed to determine how this inhibitor is

activated and regulated, especially in the context of hatching progression.

Genes of interest expressed in the immature eggs include two genes encoding proteins with
patched and sterol sensing domains (SSD), and one gene encoding a putative bactericidal
permeability-increasing protein (BPI). In C. elegans patched proteins contain the
transmembrane SSD and are signal transducers during life cycle transitions, like moulting,
and population expansion (Entchev and Kurzchalia 2005; N. C. Lu, Newton, and Stokstad
1977; Soloviev et al. 2011). BPI is a multifaceted signalling protein with several roles,
including the neutralisation of predominantly gram-negative bacteria, but also gram positive

bacteria and apicomplexans (Canny and Levy 2008; Balakrishnan et al. 2013).
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Figure 3.16. Immature and fully mature T. muris eggs have distinct RNA
expression profiles. T. muris eggs were collected after 6 (n=5) and 8 weeks (n=6)
of embryonation for RNA extraction and sequencing. Read counts were collected
after mapping to the T. muris genome (WormBase ParaSite 11-Apr-2019).
Differential expression analysis was conducted using Deseq2 (Anders and Huber
2012). Log transformed P values (y axis) and log transformed fold change (x axis)
were plotted to identify genes with significant fold changes (Log. fold change >|1]| or
Log10 P >1.3) at each time point yielding 6,408 significantly differentially expressed
genes out of a total 13,848. Genes more abundant in mature eggs appear on the left,

and genes more abundant in immature eggs appear on the right.
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Table 3.3 Top 20 genes expressed in immature and fully mature eggs

- s E Associated . . .
Gene Identifier |Description 99 Predicted Domains, Structures, or Function Fold Change
Age [ GO terms
Anhvdride Folate-sensitive fragile site protein Fra10Ac1
TMUE_3000014195  NuLL Mature | 0o
Y Enzyme catalysing the hydrolysis of any acid anhydride -7.88
Apple Domain Plasma kallikrein and coagulation factor XI like serine protease
TMUE_2000008704 Protein Mature (McMullen, Fujikawa, and Davie 1991; Ho et al. 1998) 768
Ester Hvdrolase Deoxyribonuclease Il; YacP-like NYN domain.
TMUE_1000005399|  NULL Mature | =D e
Y JAn enzyme catalysing the hydrolysis of phosphodiester linkages of deoxyribonucleotides in DNA| -5.35
Inhibitor-129 Cysteine Salarin like cysteine peptidase inhibitors
TMUE_3000011512| 45main protein | Mature peptidase (Olonen, Kalkkinen, and Paulin 2003) 6.94
TMUE_1000003203 NULL Mature none EB module; Dickkopf N-terminal cysteine-rich region; Carboxypeptidase A inhibitor -7.19
TMUE_3000013381 NULL Mature none Repeat protein with two Protein A-DHR14 repeat modules 4.62
Peptidase S1 MEROPS peptidase family S1 (PA clan) cysteine or serine proteases
TMUE_3000011680 Domain Mature (Bazan and Fletterick 1988) -4.78
TMUE 3000011251 NULL Mature none lon binding protein; interacting selectively and non-covalently with ions, charged atoms or groups|
— of atoms. -5.94
TMUE 3000011159 NULL Mature none lon binding protein; interacting selectively and non-covalently with ions, charged atoms or groups|
— of atoms. -5.82
TIL domain Cysteine rich trypsin inhibitors.
— protein rasberger, Clore, and Gronenborn -5.
TMUE_2000009348 : Mature Grasbaman G S o 1004 86
Ester Hvdrolase Deoxyribonuclease I
TMUE_2000010508|  NULL Mature | =D e
Y JAn enzyme catalysing the hydrolysis of phosphodiester linkages of deoxyribonucleotides in DNA| -5.94
Purine Nucleoside Enzyme catalyzing the chemical reaction
TMUE_3000011401 Phosphorylase Mature of purine nucleoside and phosphate, to purine and alpha-D-ribose 1-phosphate. -3.59
UDP-glucoronosyl and UDP-glucosyl transferase; ComR tetratricopeptide
Glycolsyl
TMUE_2000007058 NULL Mature Transferase Enzyme catalyzing the addition of the glycosyl group from a UTP-sugar to a small hydrophobic
molecule -4.11
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Kunitz/Bovine pancreatic trypsin inhibitor domain; SAD/SRA domain, Unkempt Zinc finger
domain 1 (Znf1)

TMUE_2000008020 NULL Mature | Enzyme Inhibitor
MEROPS inhibitor family 12, clan IB; inhibiting proteases of the S1 family
(Neil D. Rawlings, Tolle, and Barrett 2004) -4.04
Reverse
TMUE_3000014577| Transcriptase Mature Transposable Element
domain protein -3.68
Glycosyl hydrolase family 1
TMUE_2000010053 NULL Mature none Enzymes that hydrolyse the glycosidic bond between two or more carbohydrates, or between a
carbohydrate and a non-carbohydrate moiety. -5.03
TMUE_3000012561 NULL Mature ﬁ;gﬁggg Enzyme catalysing the hydrolysis of any acid anhydride 3.06
Trypsin; Domain of unknown function (DUF5122) beta-propeller
TMUE_2000006651 NULL Mature | Serine Protease Serine peptidase
(N. D. Rawlings and Barrett 1994) -2.16
Homocysteine S-methyltransferase; Trypsin
Serine Hydrolase/
TMUE_2000008732 NULL 6 Wks Peptidase Enzyme catalyzing the chemical reaction of S-methylmethionine and L-homocysteine, to 2
molecules of L-methionine. 4.30
WAP-type (Whey Acidic Protein) 'four-disulfide core', Trypsin Inhibitor like cysteine rich domain
TMUE 3000012389 NULL 6 Wks _Peptidase The WAP domain comprises eight cysteine residues involved in disulfide bonds in a conserved
— Inhibitor/ Regulator] . . o : - :
arrangement. This domain has been shown to exhibit antiproteinase function
(Bingle, Singleton, and Bingle 2002) 4.97
Dickkopf N-terminal cysteine-rich region; EB Module; Carboxypeptidase A inhibitor; Magi 5 toxic
TMUE_3000013087 NULL 6 Wks none peptide family 4.52
Zinc - . . . -
TMUE_2000008408 metalloproteinase 6 Wks An enzyme requiring zinc for its catalytic activity 364
Carrier domain- The Carrier Protein domain comprises a 3- or 4-helix bundle; CP domains are involved in the
TMUE_2000008856 containing protein 6 Wks transfer of thiol ester-bound intermediates during metabolite biosynthesis
3.83
™ Metalloendopeptid . . . -
UE_3000012555 ase 6 Wks An enzyme requiring a metal for its catalytic activity 465
BPTI/Kunitz N . L .
C . MEROPS inhibitor family 12, clan IB; inhibiting proteases of the S1 family
TMUE_3000011631 | inhibitor domain- | 6 Wks (Neil D. Rawlings, Tolle, and Barrett 2004)
containing protein 4.96
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The EB domain comprises eight cysteine residues that may be involved in disulfide bonds.This

TMUE_3000013206 NULL 6 Wks none domain has no known function 3.78
Reverse
transcriptase
TMUE_2000008478| Ty1/copia-type | 6 Wks Transposable element
domain-containing
protein 3.31
SSD domain- The sterol-sensing domain (SSD) comprises ~180 residues arranged in five membrane-
TMUE_0000001260 containing protein| & WKs spanning segments; and confers sensitivity to regulation by sterol
gp (Kuwabara and Labouesse 2002) 4.32
The MAM (meprin, A-5 protein, and receptor protein-tyrosine phosphatase mu) domain
MAM domain- comprises of approximately 170 amino acids and occurs in several cell surface proteins; it is
TMUE_2000007793 containing protein 6 Wks likely to have an adhesive function.
(Beckmann and Bork 1993) 4.16
Short chain dehydrogenase; Phthiocerol/phthiodiolone dimycocerosyl transferase C-terminus
TMUE_3000012260 NULL 6 Wks Q)iqm%f:ri Enzymes often comprising of 250 to 300 amino acid residues and at least 2 domains: coenzyme
P and substrate binding.
(Jornvall et al. 1995) 3.47
Peptidase_M14 . .
) e MEROPS metallopeptidase family M14
TMUE_1000004728 [domain-containing| 6 Wks (N. D. Rawlings and Barrett 1995)
protein 5.76
membrane AMP-binding enzyme, AMP-binding enzyme C-terminal domain
TMUE_3000013218 NULL 6 Wks cactglthi)c?ggi]\t/’it An enzyme utilising ATP-dependent covalent binding of AMP to their substrate
Y y (Schroder 1989) 2.57
ShKT domain- Proteins that contain domains resembling the toxins BgK and ShK, giving rise to potent ion
TMUE 1000003391 - .| 6Wks channel blockers and enzymes with potential channel-modulatory activity.
— containing protein
(Mohrlen, Hutter, and Zwilling 2003) 3.08
Bactericidal permeability-increasing protein (BPI) a potent antimicrobial protein of 456 residues
BPI2 domain- that binds to and neutralises lipopolysaccharides from the outer membrane of Gram-negative
TMUE_0000001749 containing protein 6 Wks bacteria
(Beamer, Carroll, and Eisenberg 1997) 5.62
SSD domain- The sterol-sensing domain (SSD) comprises ~180 residues arranged in five membrane-
TMUE_1000005295 containing protein 6 Wks spanning segments; and confers sensitivity to regulation by sterol
gp (Kuwabara and Labouesse 2002) 4.42
PNP_UDP_1 Purine nucleoside phosphorylase (PNP)/ Uridine phosphorylase (UdRPase) like phosphorylase
TMUE_2000008088 doma';r'gt‘;?:la'”'”g 6 Wks (Takehara et al. 1995) .
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3.8 Discussion and Conclusions

I hypothesised that hatching in Trichuris species is driven by bacteria aggregating around
the polar plugs, using physical interactions to adhere to one another and the eggs. As
hatching progresses, the polar plugs are degraded through enzymatic activity and disappear
facilitating larval eclosion. | investigated this hypothesis using the interactions between T.
muris and E. coli and other bacterial strains as an in vitro model to provide key insights into
the molecular determinants of the natural Trichuris egg hatching cascade. In doing so, this
chapter expanded on previous work that had identified two types of bacterial induced
hatching of T. muris: fimbriae independent and type 1 fimbriae dependent (Hayes et al.

2010) and provided visualisations of these interactions by SEM (Goulding 2021).

Physical interactions formed the basis for the first half of my hypothesis regarding the
minimum requirements for the hatching of Trichuris, and through the work in this chapter |
was able to examine this. My first observation was that the levels of hatching were highly
variable across experiments; as discussed earlier this variation may be experimental due to
batch effects in egg viability that occur during routine parasite maintenance. However,
despite this variability, there were consistent differences in the levels of hatching induced by
rough and smooth colony forms of E. coli (Figure 3.3). Colony morphology has previously
been linked to fimbriae expression, with smooth colonies expressing fimbriae and rough
colonies being afimbriate (Hasman, Schembri, and Klemm 2000). The fim operon uses an
invertible promoter to allow highly flexible regulation of expression of fimbriae proteins,
assembling fimbriae at the surface of the bacterium as required (Chen et al. 2014).
Differences in expression of fimbriae are often considered in the context of infectivity or
virulence as fimbriae are utilised to attach to epithelial cells (Lim et al. 1998). However,
independently of infection, culture conditions can cause the switching of the promoter either
triggering expression of fimbriae or silencing the operon (Chen et al. 2014). Indeed, culturing
on agar plates favours fimOFF (rough colonies), and culturing in static broth favours fimON

(smooth colonies) (Chen et al. 2014).

FimA was previously identified as a component of the fim operon in E. coli Nissle required to
mediate hatching of T. muris (Hayes et al. 2010). | used single gene knockouts from the Keio
collection, as well as a knockout of the whole fim operon (Yamamoto et al. 2009; Hamrick et
al. 2000) in order to investigate the role of fimbriae components in E. coli K12 mediated
hatching. Based on the observations in this chapter and previous studies (Hayes et al. 2010;
Duque- Correa and Goulding 2017), | propose that type 1 fimbriae expression drives the

difference in colony morphologies, and the levels of hatching induced rough and smooth E.
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coli K12 MG1655 colonies. Additionally, the mechanism of action of the fim operon, with its
flexible promoter, may also explain the variability observed in hatching levels. Even though a
single colony of one morphology was collected and used to inoculate the liquid cultures,
some colony switching may have occurred during overnight liquid culture generations. This
would in turn affect the ratio of rough to smooth bacteria in the cultures, an increase in the
amounts of fimbriae expressing bacteria will increase the ability of the cultures to induce
hatching. In previous observations (Hayes et al. 2010), the removal of fimA did cause the
greatest reduction in hatching; this gene encodes the pillin structures that comprise the main
body of the fimbrial projection and dictates fimbrial length (Schwan 2011). However, | also
discovered that type 1 fimbriae are not solely responsible for the induction of hatching,
removing components of the operon or indeed the whole operon does not result in ablation,
only a non-significant reduction in hatching (Figure 3.7). There are several possible
explanations for this discrepancy with previous observations (Hayes et al. 2010). First, the
effect of removing fimbriae on hatching may be temporal, causing a delayed hatching
phenotype. The experiments by Hayes et al were conducted over 2 h whereas | conducted
mine over 24 h. Second, while removing the fimA gene has the greatest effect on hatching,
this gene dictates fimbrial length but is not responsible for mediating adhesion of fimbriae—a
function of fimH. Shortened fimbriae may impede but not ablate bacterial attachment, and
perhaps delay the formation of aggregates around the polar plug and the induction of
hatching. Last, E. coli K12 expresses another kind of fimbriae, curli fimbriae, that facilitate
both adhesion and biofilm formation that may be involved in the induction T. muris egg
hatching (Ogasawara et al. 2020; Beloin, Roux, and Ghigo 2008). Expression of these curli
fimbriae in lab strains has typically been regarded as cryptic— silent under typical laboratory
conditions, but activated by mutations and alternative nutrients (Ochi, Tanaka, and Tojo
2014; Tamburini and Mastromei 2000). Recent studies in E. coli K12 BW25113 have
uncovered transcription factors that regulate curli expression through the stress mediated
control of the biofilm formation master regulator gene csgD (Ogasawara et al. 2020; Beloin,
Roux, and Ghigo 2008). Curli fimbriae may provide redundancy as an alternative mode of
physical attachment that is not routinely expressed, and is less efficient at inducing hatching,
resulting in delayed and reduced levels of hatching. T. muris can be induced to hatch by a
variety of bacterial surface proteins beyond type 1 fimbriae. | hypothesise that this allows
eggs to detect the intestinal niche and induce hatching even if a host contains bacteria with

mutated adhesin genes or is lacking a bacterial strain that expresses specific adhesins.

Hayes et al reported the range of bacteria that can induce hatching of T. muris and, in the
present chapter, the interactions between these bacteria and the eggs were visualised

(Hayes et al. 2010; Goulding 2021). SEM data on T. muris and E. coli or S. typhimurium co-
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cultures showed that proximity to the polar plug resulted in increased fimbrial expression on
the bacteria around the polar plug (Figure 3.5, 3.6). | propose that contact with the egg,
specifically the glycolipid components of the polar plug mediates fimbrial expression which
can be triggered to facilitate adhesion under specific conditions i.e. infection or invasion (Lim
et al. 1998). In the case of P. aeruginosa, some fimbriae/pili like physical projections were
observed on the surface of the cells (Figure 3.7), demonstrating that P. aeruginosa also
expresses a structural molecule to facilitate adherence to the polar plug (Goulding 2021).
Previous investigations in P. aeruginosa have demonstrated that the bacteria have a distinct
proteome upon attachment to a surface that is expressed as rapidly as 20 minutes post
attachment (Crouzet et al. 2017). While P. aeruginosa typically uses type IV pili to attach to
surfaces, the authors found it difficult to conclusively state the role of type IV pili within the
20-minute time frame. However, they did find an over-expression of outer membrane and
biofilm formation proteins during early attachment (Crouzet et al. 2017). It is possible that P.
aeruginosa experiences chemotaxis to the components of the polar plug and expresses a
specific repertoire of proteins in order to bind to them. While we have not yet visualised
physical interactions between S. aureus and T. muris, one feature of S. aureus pathogenicity
is the ability to form biofilms during adhesion to surfaces. Studies have identified many cell
wall anchored proteins in S. aureus that contribute to adhesion and biofilm formation (Foster
et al. 2014). For several of these proteins including those encoded by the genes sasG, sasX,
sasC, the ligands and binding mechanisms are yet to be fully characterised (Foster et al.
2014). In particular, sasC has been implicated in the primary attachment and accumulation
phases of biofilm formation (Schroeder et al. 2009) making it a particularly attractive starting
target for further study as hatching interactions primarily occur during the first few hours of
co-culture as shown in Figure 3.12. The expression of this biofilm generation gene could be

responsible for hatching induction.

Having visually examined the interactions between bacteria and eggs at the polar plug, |
characterised the composition of the plugs. The proteomics results supported the hypothesis
that the plugs are composed of a chitin fibre matrix supporting chitin bound molecules, and
provided some clues as to the identity of these components. 11 peptides were found to be
unique to the polar plug including: glycoproteins with chitin binding domains and structures
similar to human Factor H and a trypanosome VSG, and the BPI protein that had also been
detected by RNAseq (Table 3.2). Together these hits indicate that the polar plugs contain
chitin binding glycoproteins (Factor H and VSG), and lipopolysaccharide binding activity
(BPI) (InterPro 2021). To investigate the composition of the polar plugs and the role these
molecules play, further targeted analysis of the polar plugs is needed. One strategy that

could be particularly useful is laser microdissection that would allow the polar plugs to be
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directly isolated for analysis by mass spectrometry or chromatography. This would give a
more definitive answer as to their composition. The main consideration is the time cost of
this strategy, microdissecting enough polar plug material is labour intensive. In my attempts
to undertake laser microdissection, | found that the easiest way to isolate the plug was to
slice and collect one third of the egg; and that the dissection of an individual polar plug could
take several minutes to complete. MS requires at least 40 micrograms of protein which can
be isolated from ~ 500 whole eggs, therefore in order to isolate enough protein from the
polar plugs for one complete sample, at least 1500 eggs would need to be dissected.
Assuming a dissection rate of 2.5 minutes per plug working 8 hours a day it would take an
operator just over a week (7.8 days) to dissect 1500 eggs, and almost a month (23.4 days)

to create 3 replicate samples

The second half of my hypothesis concerns enzymatic activity, and its role in degradation of
the polar plugs that results in eclosion. In chapter one (section 1.6) the role of enzymes in
the hatching of various nematodes was discussed. Briefly, enzymes have been detected in
hatching fluid of many nematodes and contribute to the weakening of the eggshell to
facilitate eclosion (Perry 2002; Rogers 1958). Additionally, previous investigations in the lab
visualising T. muris eclosion showed degradation of the polar plugs (Figure 3.1c) (Duque-
Correa and Goulding 2017). As shown in Figure 3.13, | found that inhibition of protease
activity using a cocktail containing both serine and cysteine protease inhibitors ablated
hatching triggered by E. coli, P. aeruginosa, S. aureus, and S. typhimurium bacteria. These
results demonstrate that regardless of the type of physical interaction with the polar plug

hatching progresses using proteases.

To understand the effects of the protease inhibitor cocktail, | tested the dose dependency
and recoverability. | observed that as the dose of the inhibitor was decreased, more hatching
was observed; suggesting that the inhibition could be maximised by considering the enzyme
kinetics and stoichiometry. The variability hatching reduction due to enzyme dose will
become more evident in chapter 4 during in vitro hatching experiments with gastrointestinal
tract samples where the quantities of bacteria cannot be controlled using OD values as they
are in the above experiments. | also investigated the recoverability, and discovered that
removing the inhibitor and co-culturing parasite eggs with fresh bacteria recovered hatching
to levels comparable with those observed in the controls without protease inhibitors (Figure
3.8). These results indicate that while disturbing the proteases prevents hatching, it does not
affect viability of the larvae inside the eggs. It would be interesting to see if the protease
inhibitor can cross the eggshell and be internalised, or if it is merely acting on secreted

proteases external to the egg. Controlling the expression of proteases may be one strategy
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utilised by the parasite to prevent premature hatching, and this idea is explored further in

chapter 4.

Next, | aimed to identify the class of proteases that contributed to hatching, and determine if
the proteases were from bacterial or larval origin as in the co-cultures, the protease inhibitor
may be acting on both bacterial and larval proteases. The effect seen with the serine
protease inhibitor Pefabloc™ was greater than seen with the cysteine protease inhibitor E64.
Inhibiting using Pefabloc™ resulted in complete ablation, whereas inhibition with E64
resulted in a 10% decrease suggesting that serine proteases are more crucial to hatching
(Figure 3.10). As mentioned earlier, redundancy allows multiple proteins to contribute to a
biological phenomenon (Nowak et al. 1997). Perhaps cysteine proteases provide an
alternative mechanism of progressing hatching, however there is only a small effect on
hatching as a result of inhibiting them. Hatching largely progresses as normal, likely driven
by serine proteases. This highlights the unique hatching requirements in nematodes, as in in
vitro hatching of H. contortus using E64 resulted in an ~30% reduction in hatching (Ribeiro et

al. 2021) suggesting that cysteine proteases are more crucial for hatching in that species.

To further investigate the role of proteases | used the Keio Collection knockout bacteria to
obtain E. coli strains lacking individual serine and cysteine proteases. Co-cultures of T. muris
with these strains revealed a significant reduction in hatching for one serine protease
knockout c/pP and two cysteine protease knockouts hchA, and yhdO (Figure 3.11, 3.12).
However, the effect was greater with clpP, where | observed a two-fold reduction in hatching
compared to a 20% reduction seen with hchA, and yhdO, suggesting that the bacterial
serine protease clpP is therefore more crucial for hatching than the two bacterial cysteine
proteases. However, while the reduction was strong, hatching was not completely shut
down. Incomplete ablation with a single gene knockout further illustrates the redundancy in
the hatching system and the wide mix of both larval and bacterial proteases that can
facilitate hatching. As the addition of a protease inhibitor prevented hatching and caused
complete ablation it is likely that it is perturbing both larval and bacterial proteases; |
observed that knocking out bacteria proteases only accounted for a 50% reduction in
hatching. Testing multiple gene knockouts and silencing the bacterial serine proteases gene
that are lethal when knocked out would complete the investigation into bacterial serine

proteases.

In addition to characterising extrinsic bacterial factors it is important to characterise intrinsic
hatching factors to understand the molecular processes that govern hatching. Intrinsic

factors can govern the commencement of hatching, for example the level of embryonation
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has been shown to be important for nematode hatching; forced eclosion of larvae results in
non viable larvae (Geenen et al. 1999; Vejzagi¢, Adelfio, et al. 2015). Intrinsic factors also
govern the progression of hatching, upon induction of hatching, viable larvae have been
shown to release enzymes into the perivitelline or hatching fluid (Rogers 1958; Abriola et al.
2019; Perry 2002), and in C. elegans the absence of the protease encoded by hch-1
prevents eclosion (Hishida et al. 1996). | hypothesised that the level of embryonation affects
the response of T. muris to bacterial hatching cues, and | reasoned that tracking temporal
gene expression of larvae during embryonation would reveal a genetic explanation for the

change in response.

My results confirmed that a minimum level of embryonation is required to observe a
response to bacteria in T. muris. The larva appears morphologically developed at 5 weeks,
but hatching in response to E. coli does not commence until week 7 (Figure 3.15 ¢ and e).
These results suggest that additional maturation occurs between weeks 5 and 7 allowing the
egg to respond to bacterial stimulation. These results also confirm observations previously
made in T. muris, T. suis and A. suum, that showed the presence of a visually
morphologically complete larva does not indicate viability or the ability to hatch (Vejzagi¢,
Thamsborg, et al. 2015; Panesar and Croll 1981; Geenen et al. 1999). Furthermore, the
hatching results show the variation in batches of eggs and their ability to hatch; this may
arise from being cultivated in different hosts and individual variations in the microbiota.
Indeed similar observations have been reported in mice colonised with various E. coli
mutants; adult worms isolated from these mice displayed variations in egg laying and egg
viability (Venzon et al. 2021).

Bacterial stimulation of T. muris hatching did not commence before six weeks of
embryonation, despite the presence of a fully formed larva from week 5 (Figure 3.15c), and
many of the significantly differentially expressed genes encode enzymes (Table 3.3).

| utilised the transcriptome data to examine eggs on either side of this developmental
threshold, to explain the development of hatching in response to bacteria. First, | discovered
that at six weeks of embryonation there is expression of genes encoding proteins with
patched and sterol sensing domains (SSD) (TMUE_1000005295, TMUE_0000001260)
(Table 3.3). The expression of these genes typically relates to life cycle transitions in
particular growth and moulting (Entchev and Kurzchalia 2005; Zugasti, Rajan, and Kuwabara
2005; Shivakumara et al. 2019). Interestingly deletion of patched-3 in C. elegans causes
embryonic lethality during hatching, and embryos die with a fluid filled appearance
suggesting that this gene aids with osmoregulation (Soloviev et al. 2011). As discussed in

chapter 1, osmotic changes are key to initiating hatching, and identifying genes that regulate
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them will provide further insight into the molecular regulation of hatching. Second, at six
weeks of embryonation the eggs are also expressing a protein containing a BPI domain; an
antimicrobial that acts against bacteria, and apicomplexans (Canny and Levy 2008;
Balakrishnan et al. 2013). It will be interesting to study its role in parasite hatching and the
interactions between BPI and the microbiota in the niche, perhaps BPI plays a protective role

by neutralising bacteria that bind to the polar plug to prevent exogenous degradation of the

plugs.

In the mature eggs | found increased expression of genes encoding for enzymes that may
be involved in hatching, in particular an S1 family protease. The S1 family of proteases
includes: kallikrein, plasmin, thrombin, chymotrypsin and trypsin. The protease inhibitor
panel experiment highlighted which of the members of the S1 family of proteases may be
involved in hatching in T. muris (Chapter 3, Figure 3.10). | concluded that kallikrein, plasmin,
or thrombin like proteases are more likely to be crucial than chymotrypsin or trypsin like S1
proteases. Indeed, one of the proteases highly expressed in mature eggs was identified as a
kallikrein like serine protease. Changes in the expression of proteases implicated in hatching
during embryonation, have also been observed in Ascaris, and proteases detected in the
hatching fluid of A. ceylanicum (Justus and Ivey 1969; K. A. Ward and Fairbairn 1972;
Abriola et al. 2019). More investigations are needed to confirm that targeted expression of
proteases is a general mechanism of hatching for the STH. Altogether these three changes
in gene expression | identified provide candidates for future studies on genes implicated in
hatching. Patched and SSD proteins may be implicated in regulating the hatching transition,
BPI in binding to bacteria, and serine proteases in facilitating eclosion via degradation of the
polar plug. In the future silencing or knocking out larval protease genes will isolate the larval
hatching enzymes. Significant work has recently been done in sequencing and annotating
the Trichuris genomes (Foth et al. 2014; Jex et al. 2014). Developing knockdown RNAI or
knockout CRISPR techniques for use in Trichuris would allow these larval protease genes to
be studied and will greatly accelerate investigation into the specific genes that regulate

hatching.

In summary, in this chapter | can conclude that both physical projections and enzymatic
activity facilite bacterial mediated hatching of T. muris. | provided further evidence for the
role of type 1 fimbriae in T. muris egg hatching and visualised the alternative methods of
adhesion utilised by afimbriate gram positive strains. | also identified serine proteases as a
class of proteases that play a crucial role in hatching in the T. muris model. | examined the
changes in expression in the larvae as they became viable. The data from these studies

suggests that the level of embryonation affects T. muris hatching and changes in the
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expression of genes including S1 proteases may facilitate this. | also identified some
peptides in the polar plug confirming its composition as a chitin fibril matrix suspending other
molecules including glycoproteins. In chapter 4 | continue to use this knowledge of the role
of proteases in hatching to study in vitro hatching in T. suis and identify suitable in vitro and
in vivo hatching conditions for T. trichiura. Lastly in chapter 5, | will continue my study of the

microbiota, searching for relevant genes in the microbiota of humans, humanised mice, and

pigs.
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Chapter 4- Identification of extrinsic host

microbiota factors for hatching Trichuris spp

Declaration of contributions

M. Duque Correa and M. Berriman supervised this work. A. Kirch Dige performed the
colonoscopies, A. Fick Thomsen provided access to porcine gastrointestinal tract material.
A. Toftegaard Boysen, and P. Nejsum assisted in performing and troubleshooting the
hatching experiments with the human colonic biopsies and porcine gastrointestinal tract
samples. C. Brandt and S. Clare performed mouse infections, as well as tissue collection
and sectioning. S. Thompson and R. K. Grencis performed immunological analysis on
mouse sera samples. | performed all inoculum preparations, hatching experiments, and

analyses.
Publication.
4.1 Introduction

The in vitro model of T. muris—E. coli hatching provides a useful tool to study the molecular
details of the hatching process. However, the Edinburgh strain of T. muris that | used is
highly lab-adapted having been passaged in laboratory mice for many years (Wakelin 1967).
Findings in this strain do not always translate to other strains of T. muris (Koyama 2013,
2016) or other whipworm species (Vejzagic, Adelfio, et al. 2015). In chapter three | studied
the interactions between T. muris and bacteria. In the present chapter | investigated whether
my findings regarding proteases apply to T. suis and T. trichiura, identified extrinsic host
factors capable of inducing hatching of these species. Previous studies in T. suis have
shown that eggs do not hatch in response to bacterial mono cultures in the same way as T.
muris eggs, hatching of T. suis can be induced at high levels by gastrointestinal contents, or
at low levels by a combination of methods to simulate the gut environment (Vejzagi¢,
Thamsborg, et al. 2015; Vejzagi¢, Adelfio, et al. 2015). These include exposure to acids to
mimic gastric pH, and stirring with glass beads to mimic peristalsis (Vejzagi¢, Thamsborg, et
al. 2015; Vejzagi¢, Adelfio, et al. 2015). Interestingly, despite the gut being considered a
largely anaerobic environment, utilising anaerobic conditions has not increased the levels of

hatching (Vejzagi¢, Thamsborg, et al. 2015; Vejzagi¢, Adelfio, et al. 2015). The key finding
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from these investigations is that the defined populations of bacteria from along the
gastrointestinal tract induce different levels of hatching. Hatching in T. suis is primarily driven
by gastrointestinal contents isolated from the mucosa of the caecum (Vejzagi¢, Thamsborg,
et al. 2015).

The gastrointestinal tract can be sectioned longitudinally into regions i.e. the stomach,
duodenum, ileum, caecum, colon, and rectum. The conditions and availability of resources,
like nutrients and oxygen, varies in each region creating niches in which distinct microbial
communities reside (Figure 4.1) (Donaldson, Lee, and Mazmanian 2016). Given that the
species composition of the gastrointestinal tract is region-specific and this specificity can
have an effect on parasite hatching, it is important to understand how the composition
changes. Additionally, the gastrointestinal tract can be further stratified transversely from the
lumen to the epithelium, once again each layer exhibits distinct properties capable of
supporting specific organisms (Figure 4.1) (Albenberg et al. 2014; Zheng, Kelly, and Colgan
2015).

a) Longitudinal GIT Sections b) Transverse GIT Sections
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Intestine Intestine Lumen
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Figure 4.1. The distribution of bacteria and resources along the longitudinal
and transverse axes of the gastrointestinal tract. a) Longitudinally the
gastrointestinal tract is partitioned into regions by organ. The stomach has low pH
and a higher oxygen concentration; as a result, fewer but more-extremophile bacteria
reside there. At the end of the gastrointestinal tract, in the large intestine, the pH is
closer to neutral and the predominantly anaerobic environment is able to support a
more diverse collection of bacteria including anaerobes and facultative anaerobes. b)
Transversely the gastrointestinal tract can be sectioned from the lumen through to

the epithelium. The lumen is largely anaerobic and is densely packed with digestive
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contents and bacteria. Moving away from the lumen through the mucus to the highly

vascularised mucosa the concentration of oxygen increases.

Caecal mucosal scrapings are the fraction of the gastrointestinal tract that most accurately
represents the parasite niche (Vejzagi¢, Thamsborg, et al. 2015). As all Trichuris species
eventually make a home in the intestinal mucosa, T. trichiura may also respond preferentially
to the bacteria associated with the mucosa of the human ascending colon. Unlike in mice or
pigs the human caecum does not form a defined bag like structure, and T. trichiura infections
occur along the length of the ascending colon in addition to the caecum (Else et al. 2020).
Studying the human gastrointestinal tract mucosal microbiota is a challenge. The bulk of
studies investigating the composition of the microbiota in humans utilise stool samples, as
collecting mucosal samples from the length of the gastrointestinal tract from otherwise
healthy individuals by colonoscopy is invasive, and the other option is to collect samples
post mortem (James et al. 2020; Tang et al. 2020). However, sampling faeces alone does
not provide a complete picture of the gastrointestinal microbiota (Tang et al. 2020; Kastl et
al. 2020). In the present chapter | tested my hypothesis that Trichuris species preferentially
respond to microbiota from the host site of infection. | performed a range of in vitro hatching
experiments to determine the host gastrointestinal samples capable of inducing hatching of
T. muris, T. suis, and T. trichiura; and a range of in vivo experiments to examine the role of
the murine and humanised microbiota during T. muris and T. trichiura infections. In addition
to testing gastrointestinal tract samples from the various hosts | also investigated the role of
proteases and aerobic Vs anaerobic culturing conditions. One additional benefit of my study
is that all of the collected samples were sequenced and analysed in chapter 5 to understand

the bacterial composition of samples that induce hatching in Trichuris species.
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4.2 Inhibition of proteases impacts in vitro hatching of T. muris eggs with murine

microbiota and humanised microbiota mice gastrointestinal tract samples

Previous studies on extrinsic host factors utilised caecal contents to hatch T. muris (Panesar
and Croll 1980), however the mucosa is the parasite niche and | hypothesised that bacteria
from the mucosa preferentially induce hatching. In order to evaluate the ability of samples
isolated from different transverse fractions of the caecum to induce hatching of T. muris,
caecal mucosal scrapings and caecal contents were collected from murine microbiota mice.
In addition to investigating specificity for the region of the gastrointestinal tract, | investigated
host specificity of T. muris, performing hatching experiments with caecal mucosal scrapings
and caecal contents from two humanised microbiota mouse strains, and E. coli hatching was

utilised as a control (Figure 4.2).

Under aerobic conditions hatching was observed with both caecal scrapings and caecal
contents, and caecal scrapings induced higher levels of hatching. Across the mouse strains
the highest levels of T. muris hatching were observed when using caecal scrapings from the
donor A humanised mice (median 90.4% hatching) (Figure 4.2 c). Surprisingly this
surpassed hatching with murine microbiota control mice (median 59.3% hatching) or E. coli
(median 65.6%, 73.5%, 76.5% hatching) (Figure 4.2 a). The lowest levels of hatching were
induced with donor B samples (median 33.5% hatching). For all tested conditions, treatment
with a protease inhibitor reduced hatching. In donor A mice, the addition of a protease
inhibitor generally caused a small reduction in hatching, with complete ablation rarely
observed (median 82.4% hatching) (Figure 4.2 c), in donor B mice the addition of a protease
inhibitor resulted in a larger reduction in hatching (median 4% hatching) (Figure 4.2 e).
However, once again, unlike with E. coli the level of inhibition was not complete. | believe
this is due to the protease inhibition occurring in a dose-dependent manner (Chapter 3,
Figure 3.9). Unlike the experiments with bacterial monocultures, the bacterial load in the
gastrointestinal tract slurry could not be controlled by measuring optical density. Despite this,
these results suggest that the composition of the microbiota at various sampling sites affects
the levels of hatching. Cysteine and serine proteases in the caecal mucosal scrapings and

caecal contents from murine and humanised microbiota mice mediate T. muris egg hatching.

Under anaerobic conditions, there were lower levels of hatching with the gastrointestinal
tract samples compared to the aerobic conditions. Interestingly, | observed “spontaneous”
hatching of T. muris, in the wells containing only RPMI and there was no visible
contamination in these wells (Figure 4.5 b, d, f). This spontaneous hatching appeared in

some cases (Figure 4.2 d) to respond to the presence of a protease inhibitor, further
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suggesting that the proteases involved in hatching are not solely bacterial in origin and likely
larval in origin. Bacterial-independent hatching of T. muris has previously been reported, but

the mechanism is not fully characterised or understood (Koyama 2013, 2016).
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Figure 4.2. Hatching of T. muris with gastrointestinal tract samples from
murine microbiota mice or mice with humanised microbiota is mediated by
protease inhibitors. Hatching of T. muris eggs was induced using caecal contents
and caecal scrapings collected from adult uninfected C57BL/6 murine microbiota
(MM) (a and b) and humanised microbiota mice Donor A (c and d) and B (e and f).
Percentage hatching was recorded after 24 h of co-culture with gastrointestinal tract
samples alone or with gastrointestinal tract samples in the presence of a protease
inhibitor cocktail (P1), under aerobic and anaerobic conditions. Data was collected
from four independent experiments. Median and IQR are shown and statistical
analysis was performed using the paired samples Wilcoxon test (*** p <0.001, ** p <
0.01, * p = 0.05) test. Donor B, n = 12 males. Donor A, n = 3 females + 6 males. MM,

n =9 males.

4.3 Gastrointestinal tract samples from pigs display differing capabilities to induce

hatching of T. suis and T. muris in vitro.

In order to investigate if the microbiota isolated from the different transverse fractions of the

porcine gastrointestinal tract, have an effect on hatching of T. suis and T. muris. | collected

samples from the caecum, ileum, and duodenum of adult uninfected pigs and determined

whether they preferentially induced hatching. Hatching was only observed with caecal

samples but not ileal and duodenal samples and these results are not included. Interestingly,

during these in vitro hatching experiments T. muris displayed low host specificity responding

to porcine caecal contents and scrapings, albeit at lower levels than in hatchings with E. coli.

As seen in previous studies (Vejzagi¢, Thamsborg, et al. 2015), the highest levels of

hatching in T. suis were observed using caecal mucosal scrapings, and reduced hatching

was observed with the caecal contents (Figure 4.3). With the caecal scrapings and contents

there was high variability in the level of hatching; four pigs were sampled but hatching was

only observed with gastrointestinal tract samples from two pigs (Figure 4.3). Additionally, co-

culturing in the presence of a protease inhibitor caused a slight but non-significant decrease

in the levels of hatching observed with caecal mucosal scrapings (Figure 4.3), indicating that

proteases may play a role in the hatching of T. suis in the porcine gastrointestinal tract

context, however more sampling is required. Through this work | was able to confirm the

findings by Vejzagi¢ (Vejzagi¢, Thamsborg, et al. 2015); test my hypothesis regarding the

role of proteases in hatching; as well as collect samples for metagenomic analysis in
Chapter 5 (Section 5.4).
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Figure 4.3 Greater levels of T. muris and T. suis egg hatching observed with
porcine caecal mucosal scrapings. Hatching of T. muris eggs was induced using
caecal contents and caecal scrapings collected from adult uninfected pigs.
Percentage hatching was recorded after 24 h of co-culture with gastrointestinal tract
samples alone or with gastrointestinal tract samples in the presence of a protease
inhibitor cocktail (P1), under aerobic and anaerobic conditions. Data was collected
from 1 (T. muris) or 2 (T. suis) independent experiments, median and interquartile

range are shown.
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4.4 In vitro hatching of T. trichiura eggs with Human Colon Biopsies

T. muris and T. suis both displayed increased hatching in the presence of mucosal scrapings
compared to intestinal contents. | hypothesised that T. trichiura would hatch in response to
human gastrointestinal mucosa. To test this hypothesis, intestinal biopsies were collected
from a range of regions of the gastrointestinal tracts of patients undergoing a colonoscopy at
Aarhus University Hospital, Denmark to investigate hatching of T. trichiura using biologically
relevant samples. The majority of the patients (76.4%) did not have visible inflammation of
the gastrointestinal tract at the time of sampling and were considered healthy. Several
patients had slight inflammation of the gastrointestinal tract (19.7%), and one patient had
their whole gastrointestinal tract removed. T. trichiura exhibited specificity for the different
intestinal regions, and the highest levels of hatching were observed using samples from the
ascending colon (Figure 4.4). These results suggest that the composition of the ascending
colon is more suitable for inducing hatching of T. trichiura than the composition of the
descending colon. Samples from the transverse colon and the rectum did not induce
hatching suggesting that they too do not contain the appropriate microbiota composition.
Interestingly, there was no hatching observed with the stool samples collected from the
same individual that produced the T. trichiura eggs for this study (Figure 4.4) (Dige et al.
2017). The addition of a serine and cysteine protease inhibitor cocktail reduced the levels of
hatching observed in the samples capable of inducing hatching, demonstrating that
proteases are required for the hatching of T. trichiura (Figure 4.4). Therefore, T. trichiura
hatches in response to samples collected from the site of infection and cysteine or serine

proteases contribute to hatching in the human gastrointestinal tract context.
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Figure 4.4. Hatching of T. trichiura eggs induced by human mucosal
gastrointestinal tract contents is mediated by proteases. T. trichiura eggs were
co-cultured with punch biopsies from the length of the gastrointestinal tract of
uninfected colonoscopy patients in the presence or absence of a protease inhibitor
(PI). Percentage hatching was recorded after 24 h. Hatching rates are reported for
each gastrointestinal site. Data were collected in triplicate from five independent
experiments, median and interquartile range are shown, and statistical analysis was
performed using the paired samples Wilcoxon test (** p < 0.01, * p < 0.05). Asc-
Ascending, Tr- Transverse, Dsc- Descending. Colon Asc + Dsc n = 12. Colon Asc n
=15. Colon Asc + Pl n = 15. Colon Tr n = 3. Colon Dsc n = 9. Colon Dsc + PIn=9.

Rectum n = 3. Stool n = 3.
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4.5 Gastrointestinal tract samples from humanised microbiota mice induce in vitro

hatching of T. trichiura eggs.

After hatching T. trichiura with samples from the human large intestine, | utilised mouse
strains containing a humanised microbiota to investigate their suitability as a model for T.
trichiura hatching and infection. | previously unsuccessfully used various proxies for a
reduced human microbiota including stool samples from children under 5, as well as
monocultures and defined bacterial mixes of some of the most abundant strains in the
human gastrointestinal tract microbiota, to attempt to induce hatching. | evaluated the
hatching of T. trichiura in the presence of caecal scrapings and caecal contents from
humanised and murine microbiota mice in vitro, with a protease inhibitor, and under aerobic
and anaerobic conditions. These results represent the first report of in vitro hatching of T.
trichiura using a laboratory model of the human host microbiota (Figure 4.5). No hatching
was observed under any conditions with gastrointestinal samples from mice with a murine
microbiota. Under aerobic conditions samples from the donor B mouse line were much
better at inducing hatching than those of the donor A. Donor B caecal scrapings induced a
median of 53.3% hatching, while those of Donor A, a median of 37.2% (Figure 4.5 ¢ and e).
The protease inhibitor decreased the levels of hatching and | observed variability in the
levels of reduction of hatching, once again likely due to variations in bacterial load. Under
anaerobic conditions, | observed lower levels of hatching with the gastrointestinal tract
samples (Figure 4.5 b,d,f) and unlike with T. muris there was no spontaneous hatching
when using an anaerobic chamber (Figure 4.2 b,d,f). Whenever hatching was observed in
the blank RPMI wells (Figure 4.5f), there was visible contamination in the well and this media
was collected, the DNA extracted and sent for whole genome sequencing to identify the
contaminant. The sequences were taxonomically classified and the results indicated that the
most abundant species in the contaminant were Escherichia coli D with 55% of the reads

and Citrobacter freundii with 15% of the reads.

Altogether these results also show the increased host or niche specificity in T. trichiura, there
was no hatching with a murine microbiota and are clear differences in the levels of hatching
induced by the two humanised mouse models reflecting the in vivo results; additionally,

hatching was rarely observed with caecal contents.
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Figure 4.5. gastrointestinal tract samples collected from two humanised mice
models display differing capability to induce hatching of T. trichiura in vitro. Hatching
of T. trichiura eggs was induced using caecal contents and caecal scrapings collected from
adult uninfected C57BL/6 murine microbiota (a and b) and humanised microbiota mice
Donor A (c and d) and B (e and f). Percentage hatching was recorded after 24 h of co-
culture with gastrointestinal tract samples alone or with gastrointestinal tract samples in the
presence of a protease inhibitor cocktail (Pl), under aerobic and anaerobic conditions. Data
was collected from three independent experiments. Median and IQR are shown and
statistical analysis was performed using the paired samples Wilcoxon test (*** p < 0.001, *

p < 0.05) test. Donor B, n = 9 males. Donor A, n = 3 females + 6 males. WT, n = 9 males.

4.6 In vivo study of T. trichiura and T. muris infections in murine microbiota and humanised

microbiota mice

Humanised microbiota mouse models are an interesting prospect as a model to study T. trichiura.
In Trichuris species there is evidence of cross host infections, with T. suis able to hatch in humans
and cause an immune response before ultimately being expelled. Therefore, initiating hatching
rather than invasion of the tissue, is likely to be a barrier to studying T. trichiura in vivo in
laboratory animals as it does not respond to gastrointestinal tract samples from murine microbiota
mice. | hypothesise that populating the gastrointestinal tract of a mouse with the members of the
microbiota that induce T. trichiura hatching will lead to the establishment of a chronic infection. To
test the hypothesis that the humanised-microbiota mice contain the relevant gut flora to induce
hatching of T. trichiura, | performed low dose (20 eggs) infections over 35 and 90 days in control
murine microbiota mice and both humanised microbiota mouse strains. | evaluated the worm

burdens, antibody ODs, as well as changes to the composition of the microbiota.

T. trichiura was only able to infect donor B mice (6/6 mice infected), no adult worms were
recovered from donor A or murine microbiota mice at 35 days post infection (Figure 4.6). The
infections were allowed to persist for 90 days in murine microbiota and donor A mice to allow T.
trichiura to reach maturity; however, no T. frichiura were recovered and these data are not shown.
During infections with T. muris, worms were recovered from all strains at 35 days post infection,
12/12 murine microbiota infected, 2/6 donor A mice, and 1/6 donor B mice. In addition, few T.
muris were recovered from control mice at 90 days (2/6 murine microbiota mice infected), likely
because 90 days is much longer than the traditional infection duration for this species that reaches
maturity by 35 days (Else et al. 2020).

Parasite specific antibodies (IgG1 and IgG2a) were measured in the serum of infected mice as an

indicator of the development of type 2 or 1 immune responses leading to worm expulsion or
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chronicity, respectively (Bancroft, Else, and Grencis 1994). The antibody OD results largely reflect
the worm burden results. As expected, on day 35 p.i. chronically T. muris-infected WT mice
presented both IgG1 and IgG2a ODs, indicative of a mixed type 1 and 2 response. Similar results
were observed chronically T. muris-infected Donor A mice (Figure 4.7). A single adult T. muris was
recovered from a donor B mouse, which showed low ODs of IgG1 (Figure 4.7). In contrast, several
donor B mice were chronically infected with T. trichiura (Figure 4.6), and presented high ODs of
IgG1 in serum (Figure 4.9), indicating a type 2 immune response developed in these mice. This
result is unexpected because worm expulsion was incomplete (Figures 4.6). Adult T. trichiura
worms were not found in donor A or WT mice (Figure 4.6). However, some of these mice showed
low IgG1 (5/15 mice) and IgG2a (7/15 mice) ODs (Figure 4.7) suggesting that they had been

infected with T. trichiura but had expelled the worms by day 35 post infection.

Together these results indicate that the different humanised mice lines have differing ability to
sustain an infection of either T. trichiura or T. muris, and these differences likely arise from the
difference in microbiota composition. The data shown in this chapter supports the hypothesis that
the successful induction of hatching and not invasion of the host epithelium is the limiting factor to
chronically infecting mice with T. trichiura and humanised microbiota models can be used to study

T. trichiura infection.
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Figure 4.6. T. trichiura can establish an infection in humanised-microbiota mouse
models. C57BL/6 humanised-microbiota mice as well as C57BL/6 murine microbiota mice
were infected with a low dose (20 eggs) of T. trichiura or T. muris. Mice were culled at 35
days post infection, and caecal worm burdens were evaluated. Data was collected from
four independent experiments; median and interquartile range are shown. donor B, n = 6
males (M) + 6 males (T); donor A, n = 4 females (T) + 3 females (M) + 5 males (T) + 3

males (M) ; murine microbiota, 4 females (T) + 3 females (M) + 5 males (T) + 3 males (M).
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Figure 4.7. Two humanised microbiota mice models display differing antibody
responses to infections with T. muris and T. trichiura. Antibody (IgG1 and IgG2a) ODs
of T. muris or T. trichiura infected C57BL/6 humanised microbiota mice and C57BL/6
murine microbiota mice after 35 days of low dose infection (20 eggs). A 1 in 40 dilution of
serum was tested against T. muris excretory secretory antigen. Data was collected from 4
independent experiments, median and interquartile range are shown, donor B, n = 6 males
(M) + 6 males (T); donor A, n = 4 females (T) + 3 females (M) + 5 males (T) + 3 males (M);

murine microbiota, 4 females (T) + 3 females (M) + 5 males (T) + 3 males (M).
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4.7 Discussion and Conclusions

In the previous chapter my investigations into hatching focussed on T. muris and its
interactions with E. coli; however, different Trichuris species respond differently to bacterial
stimuli and findings in one species do not necessarily translate to the others (Vejzagic,
Adelfio, et al. 2015). Thus, in order to expand our understanding of egg hatching in T. suis
and T. trichiura, whipworms infecting pigs and humans respectively, | investigated the role of
the microbiota isolated from different gastrointestinal samples from along the gastrointestinal
tract in in vitro hatching experiments. | studied hatching of T. suis in response to porcine
gastrointestinal tract samples confirming the observations by Vejzagi¢ that demonstrated
caecal mucosal scrapings can induce hatching in T. suis (Vejzagi¢, Thamsborg, et al. 2015).
Additionally, the different levels of hatching induced by caecal scrapings and caecal contents
indicate the specificity with which T. suis responds to samples from the site of infection i.e.
the appropriate niche. However, hatching was very variable and only observed with two of
the four pigs sampled. One explanation is that the bacterial strains required for hatching are
sensitive to the collection process and the changes in temperature and oxygen after the
organs were collected meant they did not survive transport from the operating theatre or
processing in the lab. | expanded on this study by looking at the role of proteases in hatching
induced by gastrointestinal mucosa microbiota and slight but non-significant reduction
suggests that proteases are also important in T. suis hatching, however more sampling is
needed to confirm this (Figure 4.3). Additionally, the lack of complete ablation is likely due to
the high bacterial load of the samples that cannot be experimentally controlled. Once
specific strains of microbiota that induce hatching of T. suis have been isolated, it will be

easier to optimise the level of inhibition needed.

| then sought to conduct my investigations into the role of the microbiota in a biologically
relevant setting this time using T. trichiura to see if the human parasite hatches in response
to mucosal microbiota. | reported the in vitro hatching of T. trichiura using human microbiota
samples for the first time (Figure 4.4). It was the ascending colon that induced the most
hatching in T. trichiura; a reduced level of hatching was also seen with samples from the
descending colon. Interestingly stool samples from an infected individual did not induce
hatching; the eggs being unresponsive to the bacteria in their faeces may indicate that the
lumenal contents of the gastrointestinal tract do not contain the required members of the
microbiota for T. trichiura hatching. While samples from the ascending colon were regularly
able to induce hatching, the levels of hatching induced did not exceed 25% (Figure 4.4). This
was likely due to the small sample size; each sample tube contained six 3mm x 3mm tissue

sections representing a very low bacterial load. Indeed, sub-culturing one of these
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homogenised samples yielded only 10 bacterial colonies. Additionally, when the same batch
of T. trichiura eggs was co-cultured with samples from the humanised microbiota mice,
hatching routinely exceeded 25% (median 53.3%, 37.2% hatching) (Figure 4.5),
demonstrating that the problem did not lie with the viability of the eggs but likely with

bacterial load.

Understanding hatching will be key to inform the development of in vivo models of T.
trichiura infections, allowing researchers to study host parasite interactions as well as the
passage of human whipworms in the lab environment. Hatching of Trichuris species appears
to be host microbiota dependent, and | hypothesised that utilising humanised microbiota
models may provide an environment that recapitulates the host well enough to induce
hatching of T. trichiura. | was able to study the feasibility of this using two humanised
microbiota mice strains for in vitro and in vivo studies of hatching and infection with T. muris

and T. trichiura.

The in vivo infections revealed that the host origin of the microbiota is key in the
establishment of an infection of T. trichiura (Figure 4.6). This is the first time a mouse model
has been infected with T. trichiura. While encouraging, these results indicate that there are
several factors that need to be optimised when creating a mouse line that can sustain a
chronic T. trichiura infection. The observed worm burden was variable, murine microbiota
and Donor A mice did not sustain a chronic infection, adult worms were only found in Donor
B mice (Figure 4.6). As expected it is likely that the parasite eggs did not even hatch in the
gastrointestinal tract of the murine microbiota mice, the lack of an antibody response in 4/6
mice that indicates an infection was not established (Figure 4.7). In the case of the donor A
mice the composition of the microbiota may have prevented the establishment of a chronic
infection, no adult worms were recovered (Figure 4.6) and an antibody response was only
recorded in 4/9 mice (Figure 4.7). The donor A mice also induced less hatching in vitro
(Figure 4.5c and d), further suggesting the composition of their microbiota does not
adequately support T. trichiura hatching. In addition to the composition of the microbiota the
mixed antibody responses observed indicate that alterations to the immune system may
need to be tailored to the proposed application. To study host parasite interactions, we may
need to develop a mouse model with both the gastrointestinal tract microbiota and immune
system humanised. However for parasite production immunocompromised mice are typically
used (Duque-Correa et al. 2019; Duque-Correa, Schreiber, et al. 2020), as the laboratory
mice strains that are frequently used (C57BL/6, B10.BR, CBA and C57BL/10) display
differing susceptibility to high dose infections of T. muris (Bancroft, Else, and Grencis 1994,

Klementowicz, Travis, and Grencis 2012). Therefore, in the case of parasite maintenance
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and production it may be beneficial to create an immunocompromised mouse with a
humanised or defined microbiota of several bacterial strains capable of inducing hatching
and supporting parasite development. This mouse strain could then be infected with a high
dose of T. trichiura and the adult worms used to lay eggs, allowing us to have easy access
to all life cycle stages in the lab for the first time. The results of the in vitro hatching assays
partially explain the observations seen with the in vivo experiments. T. trichiura was only
able to infect the donor B mice and caecal mucosal scrapings from these mice induced the
highest levels of hatching in vitro (Figure 4.5 e and f). Donor B mice did not establish a
chronic infection with T. muris and mice did not exhibit an antibody response (Figure 4.6,
4.7); this correlates with the observation that the levels of in vitro hatching observed were
also lower with donor B mice than observed with murine microbiota control mice or E. coli
(Figure 4.2 a and e). This data suggests that the microbiota of donor B mice promotes

hatching of and colonisation with T. trichiura but not T. muris.

As mentioned earlier the humanised microbiota mice model allowed me to address some the
challenges of studying the microbiota during parasite infections experiments, in particular,
providing greater control over variability. Mice were from the same genetic background, age
and sex matched, handled identically, additionally all caecal collections were conducted in
the same time window to account for the circadian rhythmicity of the gastrointestinal
microbiota. Considering these controls, the differences observed when utilising multiple
humanised microbiota models highlight the role of the microbiota in infections and
demonstrate that there is some degree of host specificity during a sustained or chronic
infection. Interestingly T. muris hatches in vitro pretty indiscriminately, responding to porcine
samples, and during in vitro hatching experiments, greater hatching was observed with
donor A mice compared to murine microbiota mice. Together these results demonstrate that
the composition of the microbiota affects the ability of mice to sustain an infection of either T.
trichiura or T. muris. Understanding the taxonomic composition of these samples, and in
particular identifying differences between the two strains of humanised microbiota mice, will
help to identify the bacterial species that contribute to hatching of each whipworm species.
However, as there are some differences between the response observed in vitro and in vivo
in T. muris, there are likely other factors involved in maintaining a chronic infection such as

the immune response.

The in vitro hatching experiments also allowed me to investigate the role of proteases in
hatching induced by these gastrointestinal tract samples. The hatching induced by the
ascending and descending colon biopsies was ablated by the addition of a protease inhibitor

demonstrating that proteases play a role in the hatching of T. trichiura mediated by samples
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from the human gastrointestinal tract. Additionally, the levels of T. trichiura hatching induced
by caecal scrapings or caecal contents from humanised microbiota mice were significantly
reduced by the addition of a protease inhibitor. The only exception to this was the hatching
of T. trichiura anaerobically with caecal scrapings from donor A, it is likely that the starting
levels of hatching were not high enough to observe a significant reduction in hatching
without complete ablation in this case (Figure 4.5 d). This means that the inhibition of serine
and cysteine proteases has consistently reduced the levels of hatching in all three whipworm
species using a variety of bacterial samples, and | can conclude that serine and cysteine

proteases are essential to hatching in Trichuris species.

One unexpected result was the spontaneous hatching of T. muris under anaerobic
conditions. Vejzagi¢ had previously reported that despite the bulk of the gastrointestinal tract
being anaerobic, the use of anaerobic conditions did not improve the levels of hatching
observed in T. suis in vitro (Vejzagi¢, Thamsborg, et al. 2015). In my results | largely
observed this to be true, the use of anaerobic conditions reduced the overall amount of
hatching seen when using humanised mice samples (Figure 4.2 & Figure 4.5). Spontaneous
hatching was only observed when using an anaerobic chamber not when utilising anaerobic
gas jars (Figure 4.2 e). The AnaeroGen anaerobic jar system is generally reported to
perform as well as anaerobic chambers, however it can be easier to cultivate more bacterial
strains using an anaerobic chamber (Miller, Wiggs, and Miller 1995; Bennett, Hickford, and
Zhou 2006; Don Whitely Scientific 2020). In T. muris spontaneous hatching was observed
with no visible contamination in the wells. To investigate if this hatching was truly
spontaneous | collected the media from the wells with spontaneous hatched larvae,
extracted the DNA and sequenced it. For this test, | placed T. muris eggs in RMPI, LB, and
water in the anaerobic chamber; spontaneous hatching was observed in RMPI and LB but
not in water. | extracted and sequenced DNA from the media from one of the wells where the
spontaneous hatching was observed. After classifying these sequences, the dominant
species observed in LB was Alistipes onderdonkii, the dominant species observed in RPMI
was Citrobacter freundii. The presence of bacteria in these samples suggests that the
hatching was not truly spontaneous but driven by contaminants not visible to the eye.
Therefore, more investigation and testing of this phenomenon is needed to elucidate if T.
muris truly hatches spontaneously in anaerobic conditions, however it is not entirely
unfeasible. Similar observations under anaerobic conditions have been observed by other
labs (Cadwell 2020), as well as bacterial independent hatching of certain strains of T. muris
(Koyama 2013, 2016).
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| was also able to get the first indication of specific species that induce hatching of T.
trichiura by sequencing contaminated media, and E. coli D was found to be the most
abundant bacterial species in these wells. Previous attempts to induce hatching of T.
trichiura using E. coli K12 have been unsuccessful; however, utilising a strain of E. coli D
may yield positive results. The second most abundant bacteria was C. freundii a facultative
anaerobe gram negative commensal and opportunistic pathogen that like E. coli utilises
various virulence genes to facilitate infection (J. T. Wang et al. 2000; Schloissnig et al. 2013;
Schierack et al. 2007; Jansson et al. 2010). C. freundii is a known member of human and
animal microbiomes, and has been isolated from the lumen and the mucosa of humans and
pigs (Schierack et al. 2007; Marsh et al. 2020); and the virulence genes it can express
facilitate adhesion to the gastrointestinal mucosa (Bai et al. 2012; Mirelman, Altmann, and
Eshdat 1980; Jansson et al. 2010). Interestingly, C. freundii expresses both type 1 fimbriae
and the CIpP serine protease complex (Jones et al. 1995; Uniprot 2021). It will be interesting
to test C. freundii alongside other strains of E. coli for the ability to induce hatching of T.

trichiura as monocultures.

In summary, in this chapter after conducting in vitro hatching experiments with T. muris, T.
suis, and T. trichiura experiments using gastrointestinal samples from pigs, humans, and a
humanised microbiota mouse model, | can conclude that the composition of the microbiota
affects both in vitro hatching and in vivo infections. Additionally, | was able to begin
identifying species of interest in T. trichiura hatching by examining an instance of
contamination. In chapter 5, | continue my study of the microbiota, searching for relevant

species in the microbiota of humans, humanised microbiota mice, and pigs.
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Chapter 5- Metagenomic analysis to identify
bacterial species involved in hatching across

Trichuris species.

Declaration of contributions

M. Duque Correa and M. Berriman supervised this work. K. Ambridge, performed DNA
extractions. K. Ambridge, and Sanger Sequencing Pipelines performed genomic library prep
and sequencing. Sanger Pathogen Informatics Pipelines and A. Aimeida provided

informatics support. | performed DNA extractions, and all analyses.
Publication
5.1 Introduction

The role of the microbiota in hatching has been studied in T. muris and T. suis (Panesar and
Croll 1980; Vejzagi¢, Thamsborg, et al. 2015; Koyama 2013). These studies observed
hatching in the presence of gastrointestinal samples, and showed that the addition of
antibiotics to these samples ablated hatching. Studies in vivo showed reduced infection
when utilising germ-free mice or mice with a depleted microbiota via antibiotic treatment, but
mono-colonising or re-colonising mice with bacteria restored infection (White et al. 2018).
These results indicate that the bacteria in these samples are responsible for hatching and

establishing an infection.

However, the relationship between host bacteria and parasite is more complex, in fact the
nematodes themselves have also been shown to acquire their microbiota from and adapt to
the microbiota of the host (White et al. 2018), additionally whipworm infection alters the
composition of the host microbiota. Studying the effects of nematode infection on the
microbiota has been difficult, often yielding conflicting results. Infection with nematodes can
show no effects but some studies have managed to observe changes in the abundance of
phyla, as well as bacterial diversity and species richness (Cooper et al. 2013; Cantacessi et
al. 2014; Rapin and Harris 2018). In C57BL/6 mice a chronic infection with T. muris causes

significant changes to the host microbiota (Houlden et al. 2015; Holm et al. 2015). Including
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an overall reduction in the diversity and abundance of the members of the Bacteroidetes
phylum and species from the Prevotella and Parabacteroides genera, as well as an increase
in the abundance of Lactobacillaceae (Houlden et al. 2015; Holm et al. 2015). These
changes to the microbiota result in reduced host susceptibility to the parasite, suggesting
that the presence of the parasite causes a decrease in the abundance of bacterial species

required for those initial stages of colonisation, which includes hatching (White et al. 2018).

In pigs, infection with T. suis results in generalised gastrointestinal tract dysbiosis; and the
disruption of the mucosa during parasite invasion may be the driving factor behind the
observed increase in the abundance of mucin-feeding and epithelium-invading bacterial
species (R. W. Li et al. 2012). The dysbiosis causes further disruption of the intestinal
epithelium and results in dysentry (Rutter and Beer 1975; Li et al. 2012). In humans the
effects of T. trichiura on the microbiota have been harder to study and often produce
conflicting results (Lawson, Roberts, and Grencis 2021). Some studies have shown
alterations in the abundance of several phyla including Bacteroidetes, Proteobacteria, and
Actinobacteria in infected people compared to healthy controls (H. Chen et al. 2021). While
others have not found any significant associations between infection and species-abundance
or richness (Cooper et al. 2013). The difficulty in studying the interactions of T. trichiura with
the human host microbiota likely arises from two factors. Firstly, in endemic regions
individuals are rarely infected with one gastrointestinal parasite let alone one nematode
species, making it a challenge to dissect specific effects. Secondly, individuals are rarely
observed before and after their primary parasite exposure, many patients have suffered
several recurring infections before they are sampled. Studies have tried to address this by
comparing the composition of the microbiota in individuals, pre and post anthelmintic
treatment, however this approach did not reveal any significant taxa (Cooper et al. 2013).
Studying infections in a humanised microbiota mouse model presents a unique opportunity
to address some of these challenges and study the effects of T. trichiura on the host

microbiome during a primary infection.

In chapter three | identified bacterial genes that are implicated in T. muris—E. coli hatching
interactions. Additionally, in chapter four, | demonstrated that hatching in Trichuris species
(T. muris, T. suis, and T. trichiura) is host microbiota dependent, with microbiota from the
site of infection, the caecal mucosa, inducing the highest levels of hatching. In similar
previous studies, the composition of the microbiota was not analysed creating a gap in the
knowledge of hatching factors (Panesar and Croll 1980; Vejzagi¢, Thamsborg, et al. 2015).
In the present chapter, | sought to address this, and | searched the human microbiota for

fimbrial and serine protease genes. Additionally, | collected and analysed crude caecal

119



contents and scrapings from naive humans, pigs and mice, leading to the identification of the
members of the microbiota responsible for inducing hatching in vitro. Furthermore, for the
porcine and humanised microbiota mouse samples, | used advancements in culturing to
capture the bacteria that are able to grow in 24 h alongside the in vitro hatching experiments
in the form of metascrapes. These samples were then sequenced and analysed in the same
way as the crude samples. | also examined the changes in host microbiota during infection
of humanised microbiota mice with T. muris or T. trichiura, by collecting and analysing
caecal contents from infected mice. In summary, | aimed to gain a detailed understanding of
hatching factors using metagenomics to investigate the composition of the microbiota. In
doing so | gained a greater understanding of the interactions between host, parasite, and
microbiota and shed more light on the interactions between eggs and bacteria that highlight

the mechanisms behind hatching in Trichuris.

Metagenomic approaches aim to isolate individual species from mixed samples to
understand their functional contributions. The tools available today were primarily developed
to study the composition of commensal organisms isolated from various body sites, in
particular the gastrointestinal tract. There have been many advances in the field of
metagenomics and analysis has expanded from 16S metagenomics to include whole
genome shotgun metagenomics. As well as the multi pronged approach termed
‘culturomics’- that utilises 16S sequencing, mass spectrometry, and advanced culturing to
study metagenomic samples. However, there are still challenges with metagenomic analysis;
the two primary strategies— reference based and de novo assemblies, each come with

caveats.

Reference based strategies utilise a curated set of genomes to identify members of the
microbiota in a given sample. Reference based approaches can also be used to
quantitatively analyse the composition of the microbiota and provide a differential analysis of
bacterial abundance. However, reference-based approaches are only as good as the
reference catalogue. While this catalogue has been dramatically expanded with recent
additions of the genomes of previously “unculturable” species and large-scale curation
efforts; many members of the human gastrointestinal tract remain uncharacterised and
unidentified (Zou et al. 2019; Forster et al. 2019; Almeida et al. 2021; Browne et al. 2016). |
classified the un-assembled reads using Kraken2 (Wood, Lu, and Langmead 2019) with a
curated human gut metagenome database: the Unified Human Gastrointestinal Genome
(UHGG) (Almeida et al. 2021). Kraken 2 utilises databases to provide classification of all the
organisms in a sample at each taxonomic level from kingdom through to species. The

UHGG also contains putative clade information from the Genome Taxonomy Database but
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as the collection contains many unculturable microbiota, these clades are often not validated
(Chaumeil et al. 2019). This approach with Kraken 2 (Wood, Lu, and Langmead 2019) and
the UHGG (Almeida et al. 2021) performed well on average, classifying nearly 70% of the
reads (mean percentage unclassified = 30.7%). The relative abundances reported by Kraken
2 were used to visualise the beta diversity (differences in taxonomic composition between
the different samples) and for differential analysis of the presence of different taxa. MaAsLin
2 (Mallick et al. 2021) was used to evaluate if the observed differences were statistically
significant in each of the various categories of metadata. A q value threshold of 0.05 was
used and effect size reported as beta coefficients, a general measure of magnitude of effect
(i.e. with a coeff of 0.75 a 1-unit increase in the predictor variable results in a 0.75 unit

increase in the outcome variable).

In contrast to reference-based approaches, de novo assembly pipelines seek to assemble
bacterial genomes from metagenomic reads. In practice, metagenome-assembled genomes
(MAGs) are generated through a binning process, whereby reads or contigs are sorted into
taxonomically similar pools in order to reconstitute individual genomes that can then be used
for qualitative analysis, including functional annotation and phylogenetics (Saheb Kashaf et
al. 2021). The primary caveat of the binning process is that it removes the ability to study the
composition of bacterial species quantitatively because the assembly and binning processes
preferentially assemble species with greater sequencing coverage i.e. more abundant
species. Despite this, assembly can capture species that have been previously unidentified
especially due to culturing difficulties, and allows for qualitative analysis of the genomes.
There are two thresholds to consider when creating MAGs: completeness and
contamination, which refer to how much of the complete genome is acceptable and how
many misassigned reads are acceptable, respectively. Altering both of these thresholds
alters what is detected in the samples. Acceptable thresholds for completeness begin at
50% for undefined samples, and can be set as high as 95% for well characterised samples
(Uritskiy, DiRuggiero, and Taylor 2018; Saheb Kashaf et al. 2021). As many of my samples
are low abundance samples in the form of the very small human biopsies, | used 65%
completeness, and 5% contamination to balance these stringencies and aim for shorter but
less-contaminated genomes. | completed these assemblies using the MetaWRAP pipeline
which offers two tools for assembly, metaSPAdes and MEGAHIT (Uritskiy, DiRuggiero, and
Taylor 2018; Bankevich et al. 2012; D. Li et al. 2015). | used both tools on all samples and
then re-classified the MAGs using Kraken 2 after assembly, to compare the assembler
performance. Overall MEGAHIT out-performed metaSPAdes. The majority of samples that
failed assembly, failed when using the metaSPAdes tool but were successfully assembled
by MEGAHIT; therefore, MEGAHIT assemblies were used going forwards. After MAGs were
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assembled | once again tried to classify the reads using Kraken 2. Generally, assembly did
improve the rates of classification and the new mean percentage of reads unclassified was
24.2%. Detailed in Figure 5.1 is the workflow undertaken and tools used in the present
chapter to compare the various analysis approaches on the gastrointestinal tract samples

collected in chapter four.

Metagenome Dataset

l

Trimmed and Filtered

Reads
Trim Galore + BWA MEM (w/ host genome)

Reference Based
Mapping

Krarn 2

Statistical Analysis

De novo Assembly
metaWRAP (w/ MEGAHIT or metaSPAdes)

Genome (MAG)
Classification

MaAsLin2
metaWRAP (w/ Taxator-tk)

Figure 5.1 Metagenomic analysis, workflow and tools. There are two approaches
to metagenomic analysis: reference-based analysis and de novo assembly. Reads
are first trimmed and filtered, and then for the reference based approach, reads were
mapped to the Unified Human Gastrointestinal Genome (UHGG) (Almeida et al.
2021) using Kraken 2 (Chaumeil et al. 2019), statistical analysis of differences in
abundance was performed using MaAsLin2. For the de novo approach MAGs were
assembled using the metaWRAP pipeline (Uritskiy, DiRuggiero, and Taylor 2018;
Bankevich et al. 2012; D. Li et al. 2015).
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5.2 Candidate genes important to hatching of whipworm eggs are found in human gut

bacteria

The HBC, is a collection of 737 whole-genome-sequenced bacterial isolates including 105
novel species, isolated from the faecal samples of healthy donors (Forster et al. 2019). |
used these genomes as a representation of the healthy human gut to predict the abundance
of genes integral to hatching in the primary intestinal bacterial phyla. | primarily focussed on
fimbrial and serine protease genes, given their likely involvement in hatching. Type 1
fimbriae are primarily expressed in gram negative species (Telford et al. 2006), however the
gastrointestinal microbiota is primarily composed of gram positive species like S. aureus and
P. aeruginosa which can induce hatching in T. muris independent of fimbriae (Hayes et al.
2010)(Chapter 3). Thus, | expanded my search to look for pili expressed in gram positive
bacteria (Telford et al. 2006).

The Sanger Pathogen Informatics Pipeline annotation tool searches several databases to
provide an initial annotation on the draft genomes of all the species in the HBC (Chapter 2)
(Page et al. 2016; Seemann 2014). Using custom search terms, | identified 152 fimbrial or
pili genes, the majority of these are uncharacterised (Table 5.1), the known genes most
frequently counted in these annotated genomes are the type 1 fimbrial proteins (fimA-G),
fimbrial chaperones (focC, htrE, matC) and the T6 pili antigen (tee6) (Table 5.1). E. coli
express type 1 fimbriae encoded by the fim operon containing the genes fimA- fiml, S.
typhimurium expresses type 1 fimbriae encoded by the genes fimW,Y,& Z , P. aeruginosa
expresses type IV pili, and the genes fimT—fimV encode minor pilins. Lastly S. aureus only
expresses short surface adhesins; however, the tee6 gene encodes T6 pilin one of the major
pilus subunits in other gram-positive cocci— the Streptococcus spp (Telford et al. 2006;
Schneewind, Jones, and Fischetti 1990) . The distribution of these abundant genes was
plotted against the HBC maximum likelihood phylogram to observe which phyla are enriched
for them, revealing that the majority of fim genes were annotated in Proteobacteria, and tee6
genes in Actinobacteria and Firmicutes (Figure 5.2). However, while many Actinobacteria
and Firmicutes isolates do not possess the full fim operon they do possess fimA genes. As
the most frequently annotated genes type 1 fimbriae genes and T6 pili genes likely mediate
adhesion in Proteobacteria, Actinobacteria, and Firmicutes; characterising the large quantity
of unknown genes will help to confirm this. In order to refine my observations and
characterise the unknown genes, | performed de novo functional annotation on the final
assembled versions of these genomes, using a higher quality assembly to improve the
annotation. Annotation was performed using prodigal and eggNOG (Hyatt et al. 2010;

Huerta-Cepas et al. 2019) and once the genomes were annotated | used custom search
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terms to pull out isolates with fim genes. Once again, this methodology easily confirmed the
presence of these genes in Proteobacteria; however, this search did reveal more Firmicute
isolates with several predicted fimbrial genes (Figure 5.3). This suggests that gram positive
species do express fim genes, but as many of these species have only recently been

isolated and sequenced the genes are under characterised.
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Figure 5.2. The diversity of fimbrial and pili genes annotated in the HBC
phylogram. Maximum-likelihood tree generated using 40 universal core marker
genes from each genome. Branch colours distinguish phyla, and outer tracks display
the presence or absence of genes encoding fimbriae and pili, each plotted as a
concentric track outside the tree. The majority of fim genes were annotated in phylum
proteobacteria, and tee6 genes were primarily annotated in gram positive phyla,
actinobacteria and firmicutes. Track labels, from inner to outer ring: (1) Orange- fimA, fimB, fimC,
fimD, fimE, fimF, fimG, fimH, fiml; (2) Brown- fimT, fimV; (3) Black- fimY, fimZ; and (4) Purple- tee6
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Table 5.1 Fimbrial and pili genes annotated in the HBC

Gene Number of Annotations [Gene Number of Annotations
ab initio prediction [1592 aufD 7
fimA 370 eafC 7
fimD 245 epsF 7
fimC 211 fms20 7
fimF 123 sfmD 7
tee6 118 stbB 7
htrE 99 StbE 7
matC 96 adM 7
focC 81 cO 7
fimG 79 cR 7
fimH 68 IpfD 6
apD 64 cV 6
apC 59 facE 5
SmfA 51 fimZ 5
imatB 46 focD 5
mrpA 40 sfaD 5
fim 39 SfmA 5
apH 37 sfmC 5
sfaG 35 sfmF 5
sfaA 28 sfmH 5
adK 25 cbQ 5
epsE 23 cbR 5
csgC 22 cbS 5
xerD 21 cbT 5
fiml 20 cbU 5
caf1A 19 hcD 5
elfA 18 ap! 4
cgG 18 adC 4
StbA 17 bgP 4
apB 16 bgQ 4
ehC 15 fimV 3
IpfB 14 fimY 3
sfaS 14 IpfE 3
stbC 13 apA1 3
stbD 13 apF 3
fimB 12 spaF 3
hifA 12 SrtA 3
imatA 12 adL 3
ilC 12 atfC 2
mfA 12 CSOA 2
ehD 12 fszA 2
cfaE 11 fszB1 2
fimE 11 hofM 2
rsF 11 lhofN 2
xerC 11 lhofO 2
IpfC 10 mrfB 2
adN 10 mrkA 2
cS 10 mrpD 2
cfaB 9 apE 2
apA 9 sdrD 2
apK 9 sfaC 2
caf1M 8 ehA 2
IpfA 8 ehB 2
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Figure 5.3. de novo annotation increases the prediction of fimbrial genes in
Firmicutes the HBC. Maximum-likelihood tree generated using 40 universal core
marker genes from each genome. Branch colours distinguish phyla, and outer tracks
display the number of predicted fim genes per isolate. Isolates were grouped
according to the number of predicted genes low (<10), medium (10-20), and high
(>20). This confirmed the presence of multiple fim genes in many Proteobacteria
isolates, and more Firmicute isolates.

In chapter 3 | also tested the effect of knocking out cipA, clpP, clpX, degP, degQ, and gipG
on hatching, and found the greatest reduction in hatching of T. muris with a clpP knockout
(Figure 3.11). | used the sequences of six genes to search for these serine proteases in the
genomes of HBC using Blastx (Figure 5.4). The genes clpA, and clpX (inner two tracks)

were most abundant across the gut phyla with an average of 10 and 11 genes identified per
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isolate. The gene with the greatest effect, clpP (middle track), was less abundant with an
average of 3 genes identified per isolate. However, clpP was still found in all phyla indicating
that serine protease activity relevant to the hatching of a Trichuris species is ubiquitous in
the human microbiota. In order to expand these observations and identify more serine
protease genes, | performed de novo functional annotation on the final assembled versions
of the HBC genomes. Once the genomes were annotated | used custom search terms to pull
out isolates with serine protease genes in the same gene ontology family as cipP (EMBL-EBI
2021). This confirmed the abundance of serine proteases in the HBC, multiple serine

protease genes were predicted in many isolates across all phyla (Figure 5.4).
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Figure 5.4. The distribution of serine protease genes involved in T. muris
hatching in the HBC. Maximum-likelihood tree generated using 40 universal core
marker genes from each genome. Branch colours distinguish phyla, and outer tracks
display the number of Blastx hits to clpA, clpP, clpX, degP, degQ), and glpG genes.
The genes degP, degQ, clpA, and clpX are found in abundance across all phyla;
fewer hits to clpP and glpG were observed however they were still identified in all

phyla. Track labels from inner to outer ring: 1) clpA- ATPase and specificity subunit of ClpA-ClpP ATP-
dependent serine protease, chaperone activity. 2) clpX- ATPase and specificity subunit of ClpX-ClpP
ATP-dependent serine protease. 3) clpP- proteolytic subunit of CIpA-ClpP and ClpX-ClpP ATP-
dependent serine proteases. 4) glpG- rhomboid intramembrane serine protease. 5) degP- serine
endoprotease (protease Do), membrane-associated. 6) degQ- serine endoprotease, periplasmic)

130



De Novo Fimbrial Gene Annotation ‘\ ‘ | Il ' "'Ill I
<3 annotations ‘ ‘ \\ / .

3-15 annotations
>15 annotations

o
e
Wea
2~
=
i =N
== =
< ==
- ":—';,: :
. Firmicutes
- Proteobactena 7/
Bacteriodetes /// i) 7
[] Actinobacteria // ! I

Figure 5.5. de novo annotation increases the prediction of serine protease
genes in the HBC. Maximume-likelihood tree generated using 40 universal core
marker genes from each genome. Branch colours distinguish phyla, and outer tracks
display the number of predicted fim genes per isolate. Isolates were grouped
according to the number of predicted genes low (<3), medium (3-15), and high (>15).

This confirmed the presence of multiple serine protease genes in many isolates

across all phyla.
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5.3 A differential analysis of relative taxonomic abundances in human biopsies

capable of inducing hatching in T. trichiura

Having confirmed the genes important for hatching are present in the human gut microbiota
generally | sought to characterise the taxonomic composition of samples with demonstrated
capability to induce hatching (Chapter 4). In the human biopsies | was interested in
identifying taxa relevant to hatching through looking for associations between taxonomic
groups and either the region of the gastrointestinal tract collected or the level of hatching
observed in vitro (Chapter 4). | began by classifying the samples using Kraken 2 and the
UHGG database before and after MAG assembly. For the unassembled reads, the rate of
classification was very variable, however many samples were well classified (median
percentage unclassified = 30.7%) and only one sample remained completely unclassified
(Figure 5.6). The unclassified reads in the unassembled samples can potentially be
attributed to the gastrointestinal tract virome and mycobiome. Classification did not improve
after MAG assembly and the new median percentage of reads unclassified was 52.1%,
additionally 16 samples were now reported as 100% unclassified (Figure 5.6). The shift in
the levels of classification further supports the idea that the human biopsy samples contain
large proportions of non-bacterial components that were preferentially assembled and could
not be identified by the UHGG database.
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Figure 5.6 Genome assembly using MEGAHIT does not improve classification
of gastrointestinal tract samples from humans. Metagenomic assembled
genomes (MAGs) were created using the metawrap pipeline and the assembly tools
MEGAHIT and metaSPAdes. MEGAHIT out performed metaSPAdes, successfully
assembling MAGs from more samples. Samples were classified with Kraken 2 before

and after assembly and fewer samples were successfully classified after assembly.
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| annotated the samples by gastrointestinal tract collection site and the hatching readouts

from chapter four to identify samples with similar taxonomic composition within the clusters

dictated by the metadata (Figure 5.7). The most diverse samples were the mixed colon

biopsies which is to be expected because these contained a combination of bacteria from

both ascending and descending colon. The majority of the samples from the ascending and

descending colon clustered together however there were several diverse samples (Figure

5.7). Hatching was observed with mixed, ascending, and descending colon samples (Figure

4.4), and the spread observed in the beta diversity of these biopsies suggests that the

factors that can induce hatching are present in a diverse range of samples (Figure 5.7)

MDS2

-0.44

A 4 Human GIT Location

" Ascending Colon
® Descending Colon
- o A ® Mixed Colon
Rectum

i ® Stool

Transverse Colon

T. trichiura Hatching

A ® No
A Yes

Figure 5.7 Beta diversity of gastrointestinal tract samples from human biopsies
reveals that a diverse collection of samples can induce hatching of T. trichiura.
Using a Bray—Curtis distance matrix generated from the relative taxa abundances
reported by Kraken 2, a Principal Coordinates Analysis (PCoA) revealed the human
biopsy samples do not cluster by gastrointestinal tract sampling site or hatching

readouts
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The human biopsy samples were primarily composed of the four phyla most commonly
reported in the gut: Firmicutes, Proteobacteria, Bacteroides, and Actinobacteria (Figure 5.8).
The abundances of eight phyla (~31% of all phyla in the database) were significantly
different (q < 0.05) when comparing gastrointestinal tract sites sampled (Table 5.2). The
significant differences identified were primarily increases in phyla abundance in the
transverse colon samples (Table 5.2), which suggests that bacteria from these phyla are
relatively more abundant in this fraction of the gastrointestinal tract. While interesting, it does
not explain hatching as the transverse colon is not the parasite niche, additionally the
transverse colon samples did not induce hatching (Figure 4.4). The site that is relevant to
hatching is the ascending colon where an infection establishes. In chapter four hatching of T.
trichiura was observed with both ascending and descending colon samples, however the
level of hatching was greater with ascending colon samples (Figure 4.4). To observe the
difference between these samples that demonstrated a clear impact on T. trichiura hatching,
| performed a pairwise comparison between ascending and descending colon biopsies.
There were some associations but with g-values between 0.25 and 0.05 they did not meet
my threshold for significance. The beta diversity plot indicated that the ascending and
descending colon samples did not form distinct clusters (Figure 5.7) so it was unsurprising
that isolating differences was a challenge; the difference in abundance of the species
relevant to hatching is likely very slight. Indeed, other studies have shown that there is little
variation along the colonic segments, and the biggest difference exists between the caecum
and rectum (Jiao et al. 2021).

Given the challenges in identifying significant differences in composition by comparing
gastrointestinal tract biopsy sites | compared the biopsies that were able to induce hatching
with those that were not. | identified three phyla that were significantly more abundant in
samples capable of inducing hatching; these were Desulfobacterota A, Firmicutes B, and
Verrucomicrobiota (Table 5.3). Desulfobacterota is a relatively new phylum redefined out of
the Deltaproteobacteria that primarily comprises sulfate reducing bacteria found in the
environment and gastrointestinal microbiota (Murphy et al. 2021; Jiao et al. 2021).
Firmicutes are the most abundant in the gastrointestinal tract, and are largely health
associated (Marchesi et al. 2016). The Verrucomicrobiota phylum comprises primarily
environmental species, as well as several gastrointestinal bacteria, including Akkermansia
muciniphila, a mucin degrading bacteria and well known component of the intestinal mucosa
(Wagner and Horn 2006; Derrien et al. 2008; Karlsson et al. 2012; Johansson and Larsson
2011).
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Looking below the phyla level | identified which species are contributing to T. trichiura
hatching by comparing biopsies that can and can’t induce hatching and looking for differently
abundant species. | found 144 species with a significant change in relative abundance; 98 of
these were more abundant in samples capable of inducing hatching (Table 5.3). The
strongest association was found with Bilophila wadsworthia, a gram negative, sulfite
reducing, anaerobe. B. wadsworthia has been found in low abundance the microbiota of
healthy people and in increased abundance in people with conditions pertaining to
gastrointestinal inflammation, like appendicitis (Baron et al. 1989; Feng et al. 2017; McOrist
et al. 2001). The next association is ER4 sp900317525 an uncultured member of the
Oscillospiraceae family. Completing the top three associations is Faecalibacterium
prausnitzii, and several strains of this species are reported throughout the list of significant
results (Table 5.3). F. prausnitzii is a gram positive, extremely oxygen sensitive (EOS)
species and a well-known member of the microbiota. It is found ubiquitously in healthy
individuals and changes in its abundance are a good biomarker for dysbiosis (Miquel et al.
2013; Fitzgerald et al. 2018; Lopez-Siles et al. 2017; Leylabadlo et al. 2020; Sun and Dudeja
2018; Zhang et al. 2021).
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Figure 5.8 The relative abundances of bacterial phyla in human gastrointestinal
tract biopsies. Human biopsy samples were primarily composed of the 4 phyla most
commonly reported in the gut: Firmicutes, Proteobacteria, Bacteroides, and

Actinobacteria.

Tr- Transverse, S- Stool, R- Rectum

Table 5.2 Differentially abundant phyla in human biopsies isolated from the length of

the lower gastrointestinal tract. (positive effect/negative effect)

Phylum Location coef stderr |pval qval
Euryarchaeota Colon Transverse 1.83 0.24 [7.80E-09 [7.80E-07
\\Verrucomicrobiota Colon Transverse 1.54 0.22 [5.53E-08 |2.76E-06
Actinobacteriota Colon Transverse 0.82 0.14 [7.50E-07 [2.50E-05
Synergistota Colon Transverse 1.07 0.19 |2.24E-06 [5.60E-05
Desulfobacterota A Colon Transverse 1.61 0.31 |1.04E-05 [2.07E-04
Actinobacteriota Rectum -0.64 [0.14 [4.70E-05 |7.84E-04
Proteobacteria Colon Transverse -0.91 0.20 [5.75E-05 |8.22E-04
unclassified Colon Transverse -0.60 [0.15 [4.63E-04 |0.01
Desulfobacterota A Stool 1.03 0.31 [2.23E-030.02
unclassified Rectum -0.47 0.15 [4.25E-03]0.03
Fusobacteriota Stool 0.82 0.27 [4.51E-03]0.03
Firmicutes B Colon Descending 0.28 0.10 10.01 0.05

Table 5.3 Differentially abundant phyla and species in human biopsies capable of

inducing T. trichiura hatching. (positive effect/negative effect)

T. trichiura
Phylum Hatching |coef |stderr [pval qval
Desulfobacterota A Yes 0.62 [0.16 [3.33E-04 4.17E-03
\\Verrucomicrobiota Yes 0.39 [0.11 [1.52E-03 ]0.02
Firmicutes B Yes 0.31 [0.10 [4.62E-03]0.03
T. trichiura

Species Hatching |coef |stderr [pval qval
Bilophila wadsworthia Yes 0.987/0.151 [1.80E-07 [9.90E-06
ER4 sp900317525 Yes 0.408]0.075 14.38E-06 |1.94E-04
Faecalibacterium prausnitzii D Yes 0.838]0.162 [1.02E-05 4.17E-04
Faecalibacterium prausnitzii H Yes 1.074[0.216 |1.83E-05 |0.001
Faecalibacterium prausnitzii | Yes 1.104(0.224 |2.08E-05 |0.001
Prevotella stercorea Yes 0.694(0.141 [2.12E-05 |0.001
Faecalibacterium prausnitzii G Yes 1.085[0.237 }5.90E-05 [0.002
MGYG HGUT 03166 Yes 0.783]0.171 [6.16E-05 |0.002
MGYG HGUT 00512 Yes 0.617]0.138 [8.40E-05 |0.003
MGYG HGUT 02712 Yes 0.331]0.075 [9.78E-05 |0.003
MGYG HGUT 00414 Yes 0.290/0.066 |[1.11E-04 |0.004
MGYG HGUT 01157 Yes 0.297]0.068 [1.13E-04 |0.004
MGYG HGUT 01927 Yes 0.369]0.085 [1.20E-04 |0.004
Zag111 sp002102825 Yes 0.658]0.153 [1.30E-04 |0.004
MGYG HGUT 03335 Yes 0.490/0.114 [1.33E-04 |0.004
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Prevotella copri Yes 1.148|0.267 [1.35E-04 |0.004
MGYG HGUT 01178 Yes 0.516/0.120 |1.39E-04 [0.004
Bacteroides A sp900066455 Yes 0.560(0.131 [1.48E-04 |0.004
Prevotella sp002265625 Yes 1.177(0.276 [1.52E-04 |0.004
ER4 sp000765235 Yes 0.384/0.091 |1.68E-04 [0.005
MGYG HGUT 01627 Yes 0.529|0.125 |1.70E-04 [0.005
MGYG HGUT 04456 Yes 0.656|0.156 |1.85E-04 [0.005
MGYG HGUT 03675 Yes 0.398|0.095 |1.97E-04 [0.006
Prevotella lascolaii Yes 0.565]0.138 [2.40E-04 |0.007
Prevotella timonensis Yes 0.221]0.054 [2.51E-04 |0.007
Bacillus A sp001884105 Yes 0.205]0.050 |2.56E-04 [0.007
MGYG HGUT 03480 Yes 0.406]0.100 |2.63E-04 [0.007
MGYG HGUT 00701 Yes 0.312]0.077 |2.63E-04 [0.007
MGYG HGUT 00534 Yes 0.410]0.101 |2.66E-04 [0.007
MGYG HGUT 02960 Yes 0.556|0.137 |2.81E-04 [0.007
Prevotella copri A Yes 0.630[0.156 [2.86E-04 |0.007
Prevotella sp000436035 Yes 0.370]0.091 |2.85E-04 [0.007
Gordonibacter pamelaeae Yes 0.327]0.082 [3.28E-04 |0.008
Butyricimonas virosa Yes 0.238]0.060 |3.41E-04 [0.009
Odoribacter laneus Yes 0.218]0.055 [3.43E-04 |0.009
MGYG HGUT 02704 Yes 0.426|0.107 |3.52E-04 [0.009
Prevotella sp002299635 Yes 0.274]0.069 |3.73E-04 [0.009
MGYG HGUT 00090 Yes 0.656|0.167 |3.95E-04 [0.010
Prevotella sp000436915 Yes 0.29710.076 |3.99E-04 [0.010
MGYG HGUT 02603 Yes 0.641|0.164 |4.08E-04 [0.010
MGYG HGUT 00553 Yes 0.324/0.083 }4.34E-04 [0.011
MGYG HGUT 03903 Yes 0.367]|0.094 }4.46E-04 [0.011
Prevotella sp000434515 Yes 0.850(0.219 4.61E-0410.011
MGYG HGUT 02080 Yes 0.426/0.110 }4.64E-04 [0.011
MGYG HGUT 00589 Yes 0.372|0.096 |4.76E-04 |0.012
MGYG HGUT 01921 Yes 0.212|0.055 |4.81E-04 [0.012
Acetatifactor sp003447295 Yes 0.715]0.186 0.001 0.012
MGYG HGUT 01056 Yes 0.598|0.156 0.001 0.012
MGYG HGUT 04571 Yes 0.268|0.070 |0.001 0.012
MGYG HGUT 00574 Yes 0.320]0.084 10.001 0.013
Akkermansia muciniphila Yes 0.519]0.136 (0.001 0.013
MGYG HGUT 03291 Yes 0.462|0.122 10.001 0.013
MGYG HGUT 03665 Yes 0.204/0.054 10.001 0.013
CAG 170 sp000432135 Yes 0.243|0.064 10.001 0.013
MGYG HGUT 00500 Yes 0.182|0.048 10.001 0.013
MGYG HGUT 01882 Yes 0.173|0.046 10.001 0.014
Erysipelatoclostridium saccharogumia Yes 0.559]0.149 (0.001 0.014
MGYG HGUT 00644 Yes 0.661/0.176 0.001 0.014
MGYG HGUT 01975 Yes 0.265|0.070 |0.001 0.014
CAG 279 sp000437795 Yes 0.579]0.154 10.001 0.014
Prevotella sp003447235 Yes 0.227|0.061 10.001 0.014
MGYG HGUT 04262 Yes 0.147|0.039 |0.001 0.015
MGYG HGUT 01051 Yes 0.384/0.103 |0.001 0.015
MGYG HGUT 02834 Yes 0.436/0.117 0.001 0.016
MGYG HGUT 01225 Yes 0.256/0.069 |0.001 0.016
Bacteroides A plebeius A Yes 1.220(0.330 ]0.001 0.016
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Faecalibacterium prausnitzii E Yes 0.730/0.198 [0.001 0.017
Prevotella sp900313215 Yes 0.497]0.135 (0.001 0.017
Prevotella disiens Yes 0.137|0.037 [0.001 0.017
MGYG HGUT 01171 Yes 0.236]0.064 (0.001 0.017
Ruminococcus E bromii Yes 0.137|0.038 [0.001 0.018
MGYG HGUT 01024 Yes 0.209]0.057 (0.001 0.019
Eubacterium R sp000436835 Yes 0.440(0.122 [0.001 0.019
MGYG HGUT 04336 Yes 0.567]0.157 (0.001 0.020
MGYG HGUT 03899 Yes 0.656]0.182 (0.001 0.020
Barnesiella intestinihominis Yes 0.663|0.186 [0.001 0.021
MGYG HGUT 03163 Yes 0.441]0.124 (0.001 0.022
CAG 56 sp900066615 Yes 0.808]0.227 (0.001 0.022
MGYG HGUT 00707 Yes 0.273]0.077 (0.001 0.022
MGYG HGUT 03543 Yes 0.444]0.125 (0.001 0.022
Prevotellamassilia timonensis Yes 0.403|0.114 [0.001 0.022
MGYG HGUT 00983 Yes 0.301]0.086 (0.001 0.024
MGYG HGUT 02075 Yes 0.360]0.105 [0.002 0.029
MGYG HGUT 00834 Yes 0.148]0.043 [0.002 0.030
Ruminococcus C sp000433635 Yes 0.145]0.043 [0.002 0.030
MGYG HGUT 01783 Yes 0.314]0.092 [0.002 0.030
MGYG HGUT 03460 Yes 0.137]0.040 [0.002 0.031
Sutterella wadsworthensis B Yes 1.012(0.302 10.002 0.034
MGYG HGUT 00559 Yes 0.234]0.070 [0.002 0.034
CAG 103 sp000432375 Yes 0.203]0.061 [0.002 0.037
Akkermansia muciniphila A Yes 0.253]0.077 [0.002 0.038
Prevotella sp000431975 Yes 0.204]0.062 [0.002 0.040
RC9 sp000432515 Yes 0.106]0.032 [0.002 0.041
Paraprevotella clara Yes 0.554/0.170 [0.003 0.041
Prevotella sp002299275 Yes 0.144]0.044 [0.003 0.042
Coprococcus sp000154245 Yes 0.240/0.074 [0.003 0.045
MGYG HGUT 01964 Yes 0.159]0.050 [0.003 0.047
MGYG HGUT 03921 Yes 0.460]0.145 [0.003 0.049
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5.4 A differential analysis of relative taxonomic abundances in porcine
gastrointestinal tract samples identifying hatching determinants in porcine caecal

scrapings

In the porcine samples to identify taxonomic groups relevant to hatching | looked for
associations between caecal scrapings and caecal contents (Figure 4.3), classifying the
samples using Kraken 2 and the UHGG before and after MAG assembly. Interestingly,
despite using a database curated for human metagenomic studies, using this approach to
classify porcine samples was effective and the median percentage of reads unclassified in
crude samples was 32.5% (Figure 5.9). The crude caecal scrapings and caecal contents
were also cultured as metascrapes. The classification of the metascrapes was much higher
and the median percentage of unclassified reads was 7.76% (Figure 5.9). This highlights the
relative ease of classifying culturable members of the microbiome. Classification of the crude
and cultured samples improved after MAG assembly. For the porcine crude samples the
new median percentage of reads unclassified was 15.8%, and in cultured samples it was
4.0% (Figure 5.9). While using Kraken 2 and the UHGG worked well, it would be interesting
to see how these results change in light of recent large-scale porcine gastrointestinal tract
microbiome curation efforts (C. Chen et al. 2021). Beta diversity analysis in porcine samples
revealed that they were grouped into two distinct clusters, one containing crude samples and
another one, those cultured by metascrape (Figure 5.10). Samples cultured aerobically were
more uniform in compositon, forming a distinct cluster, and those cultured anaerobically

were more diverse (Figure 5.10)
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Figure 5.9 Genome assembly using MEGAHIT improves classification of crude

and cultured gastrointestinal tract samples from porcine caeca Metagenomic

assembled genomes (MAGs) were created using the metawrap pipeline and the
assembly tools MEGAHIT and metaSPAdes. MEGAHIT out-performed metaSPAdes,

successfully assembling MAGs from more samples. Samples were classified with

Kraken 2 before and after assembly and the level of classification increased after

assembly for both crude and cultured.
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Figure 5.10 Beta diversity of gastrointestinal tract samples from pigs reveals
that culturing is the greatest source of variation. Using a Bray—Curtis distance
matrix generated from the relative taxa abundances reported by Kraken 2, a Principal
Coordinates Analysis (PCoA) reveals distinct clusters of crude samples and cultured

metascrapes; additionally, aerobic samples appear more uniform.
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In the porcine gastrointestinal samples once again, the bacteria reported were primarily
Firmicutes, Proteobacteria, Bacteroides, and Actinobacteria (Figure 5.11). Using MaAsLin 2,
| looked for statistically significant differences (qval < 0.05) in the distribution of phyla by:
comparing caecal scrapings to contents to identify phyla and species enriched in the site of
infection. Comparing cultured metascrapes to crude samples to identify phyla enriched in in
vitro cultures. As well as comparing aerobic to anaerobic culturing conditions to examine the

aerotolerance of phyla.

My analysis comparing caecal contents and caecal scrapings revealed that two phyla were
more abundant in caecal scrapings: Cyanobacteria and Campylobacterota. Cyanobacteria
have been previously identified in the gastrointestinal tract of pigs and humans and many
are likely the product of ingesting groundwater. However, there are some non-photosynthetic
Cyanobacteria and their function in the gastrointestinal tract is as yet uncharacterised
(Crespo-Piazuelo et al. 2018; Kubickova et al. 2019; Soo 2015). The porcine gastrointestinal
tract is a well known reservoir of Campylobacterota, gram negative bacteria that cause
diarrheal disease in humans but no clinical disease in pigs (Kempf et al. 2017; Quintana-
Hayashi and Thakur 2012; de Vries et al. 2017). The increased abundance of this phyla of
gram-negative bacteria in the caecal scrapings suggests they are implicated in hatching. A
change in the abundance of 15 phyla was observed when comparing the crude and cultured
samples (Table 5.5). Overall, culturing resulted in a decreased abundance of the majority of
these phyla except for Proteobacteria, highlighting the challenge that remains in capturing
gastrointestinal tract commensal bacteria in the lab through culturing. When comparing
aerobic and anaerobic culturing (Table 5.6) the only significant results demonstrated that
culturing in anaerobic conditions increased the abundance of Firmicutes B & C, and
Desulfobacterota A, confirming the visual increase in the abundance of Firmicutes shown in
figure 5.11. It will be interesting to see what role the members of these phyla play in hatching
as anaerobic conditions do not increase hatching in T. suis (Vejzagi¢, Thamsborg, et al.

2015), and result in decreased hatching in T. muris and in T. trichiura (Figure 4.2, 4.5).

At the species level, when comparing caecal contents and caecal scrapings | found 41
species with a significant change in abundance; 32 of these were more highly abundant in
caecal scrapings (Table 5.4). The top association found was Sutterella parvirubra; S.
parvirubra is one of three Sutterella species found ubiquitously in the human and porcine gut
flora (Sakon et al. 2008; Guevarra et al. 2019; Hiippala et al. 2016). The top ten associations
are dominated by uncultured and thereby uncharacterised strains. Four of these species are
cyanobacteria and belong to the family Gastranaerophilaceae, while relatively understudied

these bacteria represent non photosynthetic cyanobacteria and have been identified in the
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microbiota are are beginning to be implicated in dysbiosis (Soo 2015; Bowerman et al.
2020). Two belong to the class Kiritimatiellae, one the class Lentisphaeria, and one the
family Elusimicrobiaceae (Spring et al. 2016; Cho, Derrien, and Hedlund 2015; Brune 2014).
Campylobacter hyointestinalis is also high on the list of associations. It resides in the porcine
caecal mucus and as discussed previously, like other members of its phylum, it is a zoonotic

pathogen transferred from pigs to humans (Wilkinson et al. 2018).
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Figure 5.11 The relative abundance of bacterial phyla in porcine crude and cultured

caecal samples. Porcine samples were primarily composed of the four phyla most

commonly reported in the gut: Firmicutes, Proteobacteria, Bacteroides, and Actinobacteria.

In the crude samples, caecal scrapings visually appear to have more Verrucomicrobiota. In

the cultured samples, anaerobic metascrapes visually appear to have more Firmicutes.

Table 5.4 Differentially abundant phyla and species in porcine scrapings and contents

isolated from the caecum. (positive effect/negative effect)

Phylum Location coef |stderr|pval qval
Cyanobacteria caecal Scrapings 0.53 [0.10 |2.59E-04[3.11E-03
Campylobacterota caecal Scrapings 0.32 [0.09 [0.01 0.03
Species Location coef |stderr|pval qval
Sutterella parvirubra caecal Scrapings 0.37 [0.02 [6.05E-09]1.05E-06
MGYG HGUT 03483 caecal Scrapings 0.64 [0.08 [5.02E-06]1.45E-04
MGYG HGUT 00629 caecal Scrapings 0.72 [0.09 [9.76E-06[2.59E-04
MGYG HGUT 02803 caecal Scrapings 0.80 [0.11 [2.00E-05/4.75E-04
MGYG HGUT 03528 caecal Scrapings 0.97 [0.14 [2.78E-05|6.19E-04
MGYG HGUT 00618 caecal Scrapings 0.76 [0.11 [3.48E-05[7.51E-04
MGYG HGUT 02219 caecal Scrapings 0.74 [0.12 |[5.80E-05]|1.14E-03
MGYG HGUT 04492 caecal Scrapings 0.31 [0.06 [3.17E-04}4.42E-03
Campylobacter hyointestinalis caecal Scrapings 0.57 10.12 [4.20E-04]0.01
MGYG HGUT 02235 caecal Scrapings 0.57 [0.12 4.32E-04[0.01
MGYG HGUT 00507 caecal Scrapings 0.85 [0.18 [5.39E-04(0.01
MGYG HGUT 03617 caecal Scrapings 0.42 [0.09 |5.77E-04[0.01
CAG 306 sp000980375 caecal Scrapings 0.30 0.07 [8.76E-04]0.01
CAG 484 sp000431315 caecal Scrapings 0.30 0.07 [8.76E-04]0.01
Zag111 sp002102825 caecal Scrapings 0.30 10.07 [8.76E-04]0.01
MGYG HGUT 02077 caecal Scrapings 0.30 [0.07 |8.76E-04[0.01
MGYG HGUT 04187 caecal Scrapings 0.30 [0.07 |8.76E-04[0.01
Campylobacter B hominis caecal Scrapings 0.30 [0.07 |1.04E-03(0.01
CAG 196 sp002102975 caecal Scrapings 0.42 10.10 [1.80E-03]0.02
Escherichia sp000208585 caecal Scrapings 0.58 [0.14 [2.14E-03]0.02
Escherichia coli D caecal Scrapings 0.63 [0.16 [2.37E-03]0.02
MGYG HGUT 00755 caecal Scrapings 0.68 [0.18 |3.02E-03(0.02
MGYG HGUT 03506 caecal Scrapings 0.50 [0.13 |3.07E-03(0.02
MGYG HGUT 04053 caecal Scrapings 0.35 [0.10 |3.84E-03(0.03
Methanomethylophilus alvus caecal Scrapings 0.45 10.13 [0.01 0.03
Escherichia fergusonii caecal Scrapings 0.51 [0.15 ]0.01 0.03
Campylobacter lanienae caecal Scrapings 0.60 0.18 [0.01 0.04
UBA2883 sp002103075 caecal Scrapings 0.76 10.23 [0.01 0.04
MGYG HGUT 03294 caecal Scrapings 0.31 [0.09 [0.01 0.04
Prevotella copri caecal Scrapings 0.37 [0.11 ]0.01 0.04
MGYG HGUT 00542 caecal Scrapings 0.54 (0.17 0.01 0.04
MGYG HGUT 04456 caecal Scrapings 0.24 (0.08 [0.01 0.05
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Table 5.5 Differentially abundant phyla in crude porcine scrapings and contents and

cultured metscrapes isolated from the caecum. (positive effect/negative effect)

Phylum Location coef |stderr|pval qval

Proteobacteria caecal Contents Metascrape 1.57 0.22 [1.26E-07|2.41E-05
Proteobacteria caecal Scrapings Metascrape |1.59 [0.24 |4.82E-07[2.53E-05
Elusimicrobiota caecal Contents Metascrape -0.74 10.11 [2.95E-07|2.53E-05
Fibrobacterota caecal Contents Metascrape -0.83 |0.13 [1.24E-06/4.76E-05
Cyanobacteria caecal Contents Metascrape -0.85 [0.14 |1.58E-06[5.07E-05
Elusimicrobiota caecal Scrapings Metascrape |-0.71 [0.12 [2.08E-06[5.72E-05
Cyanobacteria caecal Scrapings Metascrape |-0.91 [0.15 [2.48E-06[5.96E-05
Fibrobacterota caecal Scrapings Metascrape |-0.83 [0.14 |4.97E-06[7.95E-05
Firmicutes B caecal Scrapings Metascrape |-0.99 [0.17 [5.66E-06[8.24E-05
Verrucomicrobiota caecal Scrapings Metascrape |-1.52 [0.27 [6.86E-06[8.79E-05
Firmicutes B caecal Contents Metascrape -0.88 |0.16 [7.74E-06|9.29E-05
Spirochaetota caecal Scrapings Metascrape |-1.31 [0.24 [8.52E-06[9.62E-05
Bacteroidota caecal Scrapings Metascrape |-1.58 [0.30 [2.23E-05(1.82E-04
Verrucomicrobiota caecal Contents Metascrape -1.26 |0.25 [2.55E-05[1.82E-04
Spirochaetota caecal Contents Metascrape -1.11 10.22 |2.54E-05(1.82E-04
Firmicutes A caecal Scrapings Metascrape |-1.11 0.22 [3.20E-05[2.05E-04
Firmicutes A caecal Contents Metascrape -1.00 |0.20 [3.80E-05|2.28E-04
Campylobacterota caecal Scrapings Metascrape |-1.02 [0.20 |[3.77E-05{2.28E-04
Bacteroidota caecal Contents Metascrape -1.21 10.28 [1.96E-04|8.97E-04
Campylobacterota caecal Contents Metascrape -0.77 10.19 |3.58E-04{1.53E-03
Patescibacteria caecal Contents Metascrape -0.95 |0.24 [4.52E-04|1.89E-03
Patescibacteria caecal Scrapings Metascrape |-0.97 [0.26 [9.39E-04(3.76E-03
Desulfobacterota A caecal Scrapings Metascrape |-1.21 [0.35 [2.05E-03|0.01

Synergistota caecal Contents Metascrape -0.57 10.17 |3.03E-03(0.01

Myxococcota caecal Contents Metascrape -0.24 10.08 ]0.01 0.02

Thermoplasmatota Crude caecal Scrapings 0.44 [0.15 10.01 0.02

Cyanobacteria Crude caecal Scrapings 0.42 [0.14 10.01 0.02

Desulfobacterota A caecal Contents Metascrape -0.90 |0.32 [0.01 0.03

Myxococcota caecal Scrapings Metascrape |-0.24 [0.09 [0.01 0.03

Synergistota caecal Scrapings Metascrape |-0.51 [0.19 [0.01 0.04

Table 5.6 Differentially abundant phyla in aerobically and anaerobically cultured

metscrapes isolated from the porcine caecum. (positive effect/negative effect)

Phylum Location coef |stderr |pval qval
Firmicutes B IAnaerobic caecal Contents 0.60 |0.08 [5.04E-06[5.30E-04
Firmicutes C IAnaerobic caecal Contents 1.26 [0.19 [2.99E-05|1.57E-03
Desulfobacterota A IAnaerobic caecal Contents 0.97 10.21 [6.75E-04]0.02
Firmicutes C Anaerobic caecal Scrapings 1.00 [0.22 [7.37E-04(0.02
Firmicutes B Anaerobic caecal Scrapings 0.39 |0.09 [0.00 0.02
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5.5 A differential analysis of relative taxonomic abundances in naive humanised

microbiota mice

In the naive humanised microbiota mice taxonomic groups relevant to hatching were
identified through associations between caecal scrapings and caecal contents within each
strain, and observing differences between the murine and humanised microbiota strains.
Samples were classified using Kraken 2 and the UHGG before and after MAG assembly.
Performing this method of classification on caecal scrapings and contents from naive and
infected humanised microbiota mice resulted in average classification of the samples. The
median percentages of unclassified reads were 40.0% in caecal scrapings and 50.3% in
caecal contents (Figure 5.12). Kraken 2 and the UHGG did however classify the majority of
species in the humanised microbiota mice metascrapes (median percentage of reads
unclassified = 8.84%) (Figure 5.12). Kraken 2 utilised with the UHGG performed poorly on
the naive murine microbiota mice samples (median percentage reads unclassified =
64.3%)(Figure 5.12) and these results highlight how different the murine microbiota is
compared to the humanised microbiota. Once again culturing was able to improve this
classification rate with the median percentage of unclassified reads in murine microbiota
mice metascrapes sitting at 23.0% (Figure 5.12). In both the humanised microbiota mice,
and murine microbiota mice assembly improved the rate of classification, and the new
median percentages of reads unclassified in cultured naive samples were 34.1% and 38.8%

respectively (Figure 5.12).
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Figure 5.12 Genome assembly using MEGAHIT improves classification of
crude and cultured gastrointestinal tract samples from naive humanised
microbiota mice and murine microbiota caeca Metagenomic assembled genomes
(MAGs) were created using the metaWRAP pipeline and the assembly tools
MEGAHIT and metaSPAdes. MEGAHIT out-performed metaSPAdes successfully
assembling MAGs from more samples. Samples were classified with Kraken 2 before
and after assembly and the level of classification increased after assembly for both

crude and cultured samples.
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In chapter four there were very clear differences in the ability of the three mouse lines to

induce parasite hatching in vitro (Figure 4.2, 4.5). Examining the crude caecal samples taken

from each mouse strain for in vitro hatching revealed that the samples from the population of

donor A mice displayed very uniform composition clustering together in the centre (Figure

5.13). The variation between donor B mice was greater; however, the samples capable of
inducing hatching in T. trichiura cluster at the top of the graph (Figure 5.13). The murine
microbiota mice form their own cluster at the bottom of the graph demonstrating the

differences between hosts. All the samples in the plot from all three mouse strains were able

to induce hatching of T. muris, highlighting the range of microbiota T. muris responds to

(Figure 5.13).

MDS2

0.2

0.0

0.2 0.1 0.0 0.1
MDS1

Mouse Caecum Location

Caecal Contents
e Caecal Scrapings
*  Whole Caecum

T. trichiura Hatching

® No
@® Yes

Donor

= A
B
MM

Figure 5.13 Beta diversity of gastrointestinal tract samples from naive murine

microbiota and humanised microbiota mice reveals samples capable of

inducing hatching of T. trichiura form a distinct cluster. Using a Bray—Curtis

distance matrix generated from the relative taxa abundances reported by Kraken 2 a

Principal Coordinates Analysis (PCoA) reveals distinct clusters of humanised

microbiota and murine microbiota (MM) mice. Donor B samples capable of inducing

hatching of T. trichiura form a cluster (solid line).
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In addition to looking at the composition of the crude caecal scrapings and contents |

cultured bacterial metascrapes of the caecal samples in aerobic and anaerobic conditions to

identify bacteria capable of growing in vitro during the same time scale (24 h) as the in vitro

hatching experiments (Figure 4.2, 4.5). Culturing resulted in a large amount of variation, of at

least 50% dissimilarity (Figure 5.14), upon further inspection oxygen conditions provide the

greatest source of variation with samples clustering into aerobic and anaerobic clusters,

regardless of caecal site or even host microbiota (Figure 5.14).
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Figure 5.14 Beta diversity of cultured gastrointestinal tract metascrapes from
naive murine microbiota and humanised microbiota mice reveals that oxygen
culturing conditions are the greatest source of variation. Using a Bray—Curtis
distance matrix generated from the relative taxa abundances reported by Kraken 2, a
Principal Coordinates Analysis (PCoA) reveals distinct clusters of aerobic and
anaerobic cultured metascrapes, indicating that the origin of the microbiota is not a

primary source of variation.
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In the crude naive donor B humanised microbiota mice gastrointestinal samples there was a
consistent proportion of reads unclassified ~30% (Figure 5.12), and once again the bacteria
reported were primarily Firmicutes, Proteobacteria, Bacteroides, and Actinobacteria (Figure
5.15). Using MaAsLin 2 | looked for any statistically significant differences (qval < 0.05) in
the distribution of phyla by: comparing caecal scrapings to contents to identify phyla and
species enriched in the site of infection; comparing cultured metascrapes to crude samples
to identify phyla enriched in in vitro cultures, as well as comparing aerobic to anaerobic

culturing conditions to examine the aerotolerance of phyla.

My analysis comparing caecal scrapings and contents revealed that in caecal scrapings
there were significant differences in the abundances of two phyla: Bacteroidetes, which was
less abundant, and Firmicutes A, which was more abundant (Table 5.7). When comparing
crude and cultured samples, 21 phyla were differentially present in these samples. Overall,
culturing reduced the presence of these 21 phyla in caecal contents and caecal scrapings
(Table 5.8). Only one phylum was found to have an increased presence after culturing; the
abundance of Firmicutes increased in both cultured caecal contents and caecal scrapings
(Table 5.8). An increased abundance of this phylum in the metascrapes suggests that these
populations are living and expanding throughout the duration of the in vitro experiments, and
thereby able to contribute to inducing hatching of T. muris and T. trichiura. Members of one
phylum of archaea, Thermoplasmatota, were found in increased abundance in caecal
scrapings, suggesting they are more closely associated with the mucosa and caecal
scrapings rather than the lumen and the caecal contents (Table 5.8). Digging into the
differences between aerobic and anaerobic culturing revealed that aerobic culturing resulted
in an decreased abundance of Desulfobacterota, and anaerobic culturing resulted in an

decreased abundance of Proteobacteria (Table 5.9).

At the species level, comparisons between the caecal scrapings and caecal contents
revealed 50 species with a significant change in abundance. The majority of these were
bacteroides species that had decreased abundance; however, four species were found in
increased abundance in caecal scrapings Ureaplasma parvum, Lactobacillus acidophilus,
and two uncultured species (Table 5.7). It is interesting that U. parvum was found to be
present in the caecal scrapings; while it is a human commensal, it is typically associated with
the urogenital mucosa rather than the intestinal mucosa (Paralanov et al. 2012; Yarbrough,
Winkle, and Herbst-Kralovetz 2015). L. acidophilus is a well known member of the gut
microbiota and known for its interactions with the mucosa including binding to mucin

producing cells (Xiong et al. 2018; Ortega-Anaya, Marciniak, and Jiménez-Flores 2021; Juge
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2019; Carmo et al. 2018). The last two species are both uncultured and the lowest level of
classification for each is genus Stomatobaculum and family Ruminococcaceae (Sizova et al.
2013).
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Figure 5.15 The relative abundances of bacterial phyla in donor B humanised

microbiota mice crude and cultured caecal samples. Samples were primarily

composed of the four phyla most commonly reported in the gut: Firmicutes,

Proteobacteria, Bacteroides, and Actinobacteria. In the crude samples caecal

scrapings appeared to have more Firmicutes and fewer Bacteroides. In the cultured

samples there is a clear difference between aerobic and anaerobic culturing; aerobic

metascrapes have more Proteobacteria and anaerobic metascrapes have more

Bacteroides

Table 5.7 Differentially abundant phyla and species in donor B scrapings and

contents isolated from the caecum. (positive effect/negative effect)

Phylum Location coef [stderr |pval qval
Bacteroidota caecal Scrapings [-0.16 [0.03 |7.05E-05 |[1.48E-03
Firmicutes A caecal Scrapings [0.12 [0.03 |2.38E-04 |2.50E-03
Species Location coef [stderr |pval qval
Ureaplasma parvum caecal Scrapings [0.43 [0.09 [0.00 0.01
actobacillus acidophilus caecal Scrapings [0.25 [0.06 [0.00 0.01
MGYG HGUT 02052 caecal Scrapings [0.25 [0.07 ]0.00 0.03
MGYG HGUT 03104 caecal Scrapings [0.22 [0.06 [0.00 0.05

Table 5.8 Differentially abundant phyla in crude donor B scrapings and contents and

cultured metscrapes isolated from the caecum. (positive effect/negative effect)

Phylum Location coef |stderr [pval qval

Firmicutes B Cultured caecal Scrapings -1.10 [0.03 |7.91E-39 4.99E-37
Firmicutes B Cultured caecal Contents -1.05 10.03 [2.76E-38 [8.68E-37
unclassified Cultured caecal Contents -0.83 10.05 [6.74E-23 |1.42E-21
unclassified Cultured caecal Scrapings -0.83 10.05 [1.75E-22 [2.75E-21
Firmicutes | Cultured caecal Scrapings -0.91 [0.07 |4.42E-18 [5.57E-17
Firmicutes G Cultured caecal Contents -0.90 10.07 [1.31E-17 [1.37E-16
Firmicutes | Cultured caecal Contents -0.86 [0.07 |2.28E-17 [2.05E-16
Firmicutes G Cultured caecal Scrapings -0.90 10.07 [2.60E-17 [2.05E-16
Firmicutes Cultured caecal Contents 1.54 013 |1.22E-16 [8.51E-16
\Verrucomicrobiota Cultured caecal Scrapings -1.21 10.10 [1.62E-16 |1.02E-15
\Verrucomicrobiota Cultured caecal Contents -1.18 [0.10 |2.36E-16 [1.35E-15
Bdellovibrionota Cultured caecal Contents -0.53 [0.05 |3.75E-16 [1.97E-15
Bdellovibrionota Cultured caecal Scrapings -0.53 [0.05 [7.22E-16 [3.50E-15
Synergistota Cultured caecal Contents -0.37 10.04 [1.08E-14 |4.87E-14
Synergistota Cultured caecal Scrapings -0.37 10.04 [2.01E-14 [8.43E-14
Firmicutes Cultured caecal Scrapings 1.35 10.13 |3.61E-14 [1.42E-13
Desulfobacterota A Cultured caecal Scrapings -1.40 0.14 |5.41E-14 [2.01E-13
Desulfobacterota A Cultured caecal Contents -1.27 10.14 [1.01E-12 [3.54E-12
Campylobacterota Cultured caecal Scrapings -0.80 10.09 [3.93E-12 |1.24E-11
Spirochaetota Cultured caecal Scrapings -0.78 [0.09 |3.87E-12 [1.24E-11
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Campylobacterota Cultured caecal Contents -0.78 10.09 [5.70E-12 1.71E-11
Eremiobacterota Cultured caecal Scrapings -0.70 10.08 [1.48E-11 4.25E-11
Spirochaetota Cultured caecal Contents -0.70 [0.09 |5.43E-11 [1.49E-10
Eremiobacterota Cultured caecal Contents -0.65 10.08 [9.16E-11 [2.40E-10
Cyanobacteria Cultured caecal Scrapings -0.78 10.11  [1.35E-09 [3.39E-09
Cyanobacteria Cultured caecal Contents -0.76 10.11  [2.07E-09 [5.02E-09
Firmicutes A Cultured caecal Scrapings -1.23 10.19 [1.80E-08 |4.20E-08
Firmicutes A Cultured caecal Contents -1.13 10.18 [9.03E-08 [2.03E-07
Fusobacteriota Cultured caecal Scrapings -0.71 10.13 [1.48E-06 [3.21E-06
Actinobacteriota Cultured caecal Scrapings -1.07 [0.20 [1.76E-06 [3.70E-06
Fusobacteriota Cultured caecal Contents -0.64 10.13 [7.55E-06 |1.54E-05
Thermoplasmatota Crude caecal Scrapings 0.15 [0.03 [2.70E-05 |5.32E-05
Actinobacteriota Cultured caecal Contents -0.85 10.20 [6.42E-05 |1.23E-04
Euryarchaeota Cultured caecal Contents -0.21 |0.05 |7.63E-05 [1.41E-04
Firmicutes C Cultured caecal Scrapings -0.85 10.20 [8.84E-05 |1.59E-04
Euryarchaeota Cultured caecal Scrapings -0.19 0.05 |3.74E-04 [6.54E-04
Firmicutes C Cultured caecal Contents -0.63 10.20 [2.14E-03 [3.65E-03
Bacteroidota Cultured caecal Contents -0.89 10.34 [0.01 0.02

Bacteroidota Cultured caecal Scrapings -0.85 10.34 [0.02 0.03

Proteobacteria Cultured caecal Contents 0.63 [0.27 [0.02 0.04

Table 5.9 Differentially abundant phyla in aerobically and anaerobically cultured

metscrapes isolated from the caecum in donor B mice. (positive effect/negative effect)

Phylum Location coef [stderr [pval qval
Bacteroidota IAnaerobic caecal Contents 1.74 1015 [4.72E-13 [3.78E-11
Bacteroidota Anaerobic caecal Scrapings 1.89 10.18 [4.96E-12 [1.98E-10
Cyanobacteria IAnaerobic caecal Contents 0.47 10.07 [1.73E-07 {4.61E-06
Proteobacteria IAnaerobic caecal Contents -1.38 10.23 [9.85E-07 [1.97E-05
Firmicutes C IAnaerobic caecal Contents 1.07 [0.19 |2.01E-06 [3.22E-05
Proteobacteria /Anaerobic caecal Scrapings -1.49 10.27 [4.91E-06 [6.55E-05
Cyanobacteria Anaerobic caecal Scrapings 0.45 [0.09 |8.71E-06 |9.95E-05
Firmicutes A IAnaerobic caecal Contents 0.86 [0.17 |1.25E-05 |1.25E-04
Fusobacteriota IAnaerobic caecal Contents 0.52 [0.12 |1.48E-04 |1.32E-03
Firmicutes A Anaerobic caecal Scrapings 0.72 10.20 |1.04E-03 |0.01
Fusobacteriota Anaerobic caecal Scrapings 0.49 [0.14 |1.56E-03 |0.01
Actinobacteriota IAnaerobic caecal Contents 0.60 [0.20 |4.98E-03 |0.03
Desulfobacterota A Aerobic caecal Scrapings -0.53 [0.18 |0.01 0.04

157




Kraken 2 classification of the donor A humanised microbiota mice gastrointestinal samples
was poor compared to the donor B samples, with a consistent proportion of reads
unclassified of ~60% (Figure 5.8). However, once again the bacteria reported were primarily
Firmicutes, Proteobacteria, Bacteroides, and Actinobacteria (Figure 5.12). As before | used
MaAsLin 2, to look for statistically significant differences (qval < 0.05) in the distribution of
phyla. My analysis did not reveal any statistically different phyla abundances when
comparing caecal contents and caecal scrapings; at the species level there were some
associations but with a qvalue between 0.25 and 0.05 they did not meet my threshold for
significance. This mirrored what | saw in the PCoA (Figure 5.13), the distances between
samples were small indicating that the samples were uniform in composition, sharing many
of the same species. Poor classification of these samples likely also contributed to the lack
of statistical differences. Indeed, the level of classification was greatly improved using the
cultured metascrape samples and | was able to identify clear associations. Once again
culturing primarily resulted in the reduced representation of phyla except Firmicutes and
Proteobacteria. Comparing crude and cultured samples also revealed that crude caecal
scrapings contained more members of the phyla Spirochaetota and Thermoplasmatota.
There was a clear visual difference in composition between aerobically and anaerobically
cultured samples, particularly in the relative abundance of Proteobacteria and Bacteroides
(Figure 5.16). This was confirmed statistically with Proteobacteria displaying an increased
abundance in cultured samples generally, and a decreased abundance in anaerobic
cultures. While Bacteroides were not enriched in cultured samples generally, there was an
increased abundance of this phylum in the anaerobic cultures of both caecal scrapings and

caecal contents. Overall culturing reduced the abundance of 11 phyla.

158



Proportion Reads per Phylum

Proportion Reads per Phylum

o o
» ©

Proportion Reads per Phylum
o
w

0.0

Phylum

@B Actinobacteriota
Bacteroidota
Bdellovibrionota

Cyanobacteria

Elusimicrobiota
Eremiobacterota
Euryarchaeota
Fibrobacterota
Firmicutes
Firmicutes A
Firmicutes B

[BIeIeI IeIeIel eN@IeN X

Campylobacterota

Desulfobacterota A

[GInIeIvleIeiel IoleleImIe

Firmicutes C
Firmicutes G
Firmicutes |
Fusobacteriota
Halobacterota
Myxococcota
Patescibacteria
Proteobacteria
Spirochaetota
Synergistota
Thermoplasmatota
unclassified
Verrucomicrobiota



Figure 5.16 The relative abundances of bacterial phyla in donor A humanised

microbiota mice crude and cultured caecal samples. Samples were primarily

composed of the four phyla most commonly reported in the gut: Firmicutes,

Proteobacteria, Bacteroides, and Actinobacteria. There were no obvious difference in

the crude samples, however, in the cultured samples there was a clear difference

between aerobic and anaerobic culturing; aerobic metascrapes have more

Proteobacteria and anaerobic metascrapes have more Bacteroides

Table 5.10 Differentially abundant phyla in crude donor A scrapings and contents and

cultured metscrapes isolated from the caecum. (positive effect/negative effect)

Phylum Location coef |stderr [pval qval
Spirochaetota Cultured caecal Contents -0.30 [2.73E-05|7.29E-107 [1.97E-105
Spirochaetota Cultured caecal Scrapings  |-0.30 [2.73E-05{7.29E-107 |1.97E-105
unclassified Cultured caecal Scrapings  |-0.96 0.03 5.59E-27 [1.01E-25
unclassified Cultured caecal Contents -0.93 10.03 1.51E-26 [2.04E-25
\Verrucomicrobiota Cultured caecal Contents -0.41 [0.02 4.77E-22 |4.29E-21
\Verrucomicrobiota Cultured caecal Scrapings  [-0.41 [0.02 4.77E-22 [A.29E-21
Firmicutes B Cultured caecal Contents -0.32 [0.01 3.13E-21 [2.11E-20
Firmicutes B Cultured caecal Scrapings  |-0.32 |0.01 3.13E-21 [2.11E-20
Firmicutes Cultured caecal Contents 1.33 [0.11 2.00E-13 [1.20E-12
Campylobacterota Cultured caecal Contents -0.30 10.03 2.86E-13 [1.55E-12
Firmicutes Cultured caecal Scrapings  [1.29 [0.11 4.50E-13 [2.11E-12
Firmicutes | Cultured caecal Scrapings  |-0.88 |0.08 4.68E-13 [2.11E-12
Firmicutes | Cultured caecal Contents -0.83 10.08 2.15E-12 [8.95E-12
Campylobacterota Cultured caecal Scrapings  |-0.28 0.03 2.68E-12 [1.03E-11
Cyanobacteria Cultured caecal Contents -0.67 10.07 1.81E-11 [6.53E-11
Firmicutes A Cultured caecal Scrapings  |-1.49 [0.15 3.64E-11 [1.23E-10
Cyanobacteria Cultured caecal Scrapings  |-0.64 0.07 4.59E-11 [1.46E-10
Firmicutes A Cultured caecal Contents -1.30 10.15 8.59E-10 [|2.58E-09
Proteobacteria Cultured caecal Contents 1.86 [0.23 2.74E-09 [7.78E-09
Proteobacteria Cultured caecal Scrapings [1.85 [0.23 3.02E-09 [8.17E-09
Firmicutes C Cultured caecal Scrapings  |-1.20 [0.15 3.56E-09 [9.16E-09
Euryarchaeota Cultured caecal Contents -0.25 |0.03 2.67E-08 [6.27E-08
Euryarchaeota Cultured caecal Scrapings  [-0.25 [0.03 2.67E-08 [6.27E-08
Firmicutes C Cultured caecal Contents -1.08 10.15 3.19E-08 |7.18E-08
Desulfobacterota A Cultured caecal Scrapings  |-1.60 |0.28 2.82E-06 [6.08E-06
Desulfobacterota A Cultured caecal Contents -1.48 10.28 1.04E-05 [2.16E-05
Spirochaetota Crude caecal Scrapings 0.00 [0.00 7.91E-04 |1.58E-03
Thermoplasmatota Crude caecal Scrapings 0.15 [0.05 2.20E-03 |4.24E-03
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Table 5.11 Differentially abundant phyla in aerobically and anaerobically cultured

metscrapes isolated from the caecum in donor A mice. (positive effect/negative effect)

Phylum Location coef |stderr |pval qval

Actinobacteriota IAnaerobic caecal Contents 1.33 [0.08 |4.06E-13 [8.58E-12
Bacteroidota Anaerobic caecal Scrapings 1.69 [0.10 |4.77E-13 [8.58E-12
Bacteroidota IAnaerobic caecal Contents 1.61 [0.10 |1.14E-12[1.37E-11
Actinobacteriota Anaerobic caecal Scrapings 1.01 [0.08 [6.28E-11 [5.00E-10
Firmicutes C IAnaerobic caecal Contents 0.77 [0.06 [6.95E-11 |5.00E-10
Firmicutes A IAnaerobic caecal Contents 0.81 10.09 [1.96E-08 |1.18E-07
Firmicutes C Anaerobic caecal Scrapings 0.53 10.06 [3.76E-08 |1.93E-07
Synergistota IAnaerobic caecal Contents -0.50 [0.08 |2.77E-06 |1.11E-05
Synergistota lAnaerobic caecal Scrapings -0.50 [0.08 [2.76E-06 |1.11E-05
Desulfobacterota A |Anaerobic caecal Contents 1.04 [0.17 |7.08E-06 [2.55E-05
Fusobacteriota IAnaerobic caecal Contents 0.46 10.08 [1.49E-05 |[4.87E-05
unclassified IAnaerobic caecal Contents 0.13 10.02 [2.99E-05 |8.26E-05
Proteobacteria IAnaerobic caecal Contents -0.91 |0.17 |2.85E-05 [8.26E-05
Proteobacteria Anaerobic caecal Scrapings -0.90 [0.17 |3.21E-05 [8.26E-05
Fusobacteriota lAnaerobic caecal Scrapings 0.39 10.08 [1.09E-04 |2.63E-04
Firmicutes A Anaerobic caecal Scrapings 0.41 10.09 [1.91E-04 |[4.12E-04
Desulfobacterota A |Anaerobic caecal Scrapings 0.79 [0.17 [1.95E-04 |4.12E-04
Cyanobacteria IAnaerobic caecal Contents 0.25 [0.06 |2.71E-04 |5.22E-04
Cyanobacteria /Anaerobic caecal Scrapings 0.25 [0.06 [2.75E-04 |5.22E-04
Firmicutes | IAnaerobic caecal Contents 0.25 0.09 [0.01 0.02

unclassified Anaerobic caecal Scrapings 0.06 [0.02 [0.02 0.04
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5.6 A differential analysis of relative taxonomic abundances in infected humanised

microbiota mice

In the infected humanised microbiota mice | was interested in identifying taxa relevant to
hatching through looking for associations between taxonomic groups and infection with T.
trichiura (Figure 4.6). | classified the samples using Kraken 2 and the UHGG before and
after MAG assembly. Performing this method of classification on caecal contents from
infected murine and humanised microbiota mice yielded average results. In infected
humanised microbiota mice the median percentage of reads unclassified was 50.3%, and in
the infected murine microbiota mice samples the median percentage of reads unclassified
was 68.6% (Figure 5.17). MAG assembly improved the rate of classification. For infected
humanised microbiota mice, the new median percentage of unclassified reads was 19.8%
and in the infected murine microbiota mice samples the new median percentage of

unclassified reads was 27.9% (Figure 5.17).
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Figure 5.17 Genome assembly using MEGAHIT improves classification of
crude gastrointestinal tract samples from infected humanised microbiota mice
and murine microbiota mice caeca Metagenomic assembled genomes (MAGSs)
were created using the metawrap pipeline and the assembly tools MEGAHIT and
metaSPAdes. MEGAHIT out-performed metaSPAdes successfully assembling MAGs
from more samples. Samples were classified with Kraken 2 before and after

assembly and the level of classification increased after assembly for samples from
both hosts.
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Whipworm infection has previously been shown to alter the microbiota (Holm et al. 2015;
Houlden et al. 2015), | sought to observe variations in the composition of caecal contents
from naive and infected mice in order to understand the effects of infection with T. muris or
T. trichiura on composition. Samples were annotated by infection and donor microbiota, and
the samples primarily clustered by donor. The donor A mice were the least diverse forming a
tight central cluster and the donor B mice were the most diverse with the least tightly
arranged cluster. Additionally, in donor A and murine microbiota mice there is no clear
separation between infected and uninfected mice; in donor B the uninfected mice separate

out from the infected mice.
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Figure 5.18 Beta diversity of gastrointestinal tract samples from naive infected
murine microbiota and humanised microbiota mice reveals that donor
microbiota is the greatest source of variation. Using a Bray—Curtis distance
matrix generated from the relative taxa abundances reported by Kraken 2 a Principal
Coordinates Analysis (PCoA) reveals clusters of samples by origin of the microbiota,
with donor B represented by the solid line cluster, donor A by the dashed line cluster,
and murine microbiota mice by the dash-dotted line cluster. Infection with either T.

muris or T. trichiura was a source of variation in donor B mice.
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In chapter four | present the first time humanised microbiota mice models have been used to
study Trichuris infections, the caecal contents of these infected donor A and donor B mice
were sequenced and studied. The level of classification of these samples was once again
lower in the donor A mice compared to the donor B mice; and the bacteria reported were
primarily Firmicutes, Proteobacteria, Bacteroides, and Actinobacteria (Figure 5.19). Using
MaAsLin 2 | looked for any statistically significant differences (qval < 0.05) in the distribution

of phyla comparing: naive and infected mice, and infection with T. muris or T. trichiura.

When comparing naive and infected mice my analysis revealed that in the donor A mice
there were only statistical differences at the phyla level between naive and infected donor A
mice that were infected with T. muris, but not T. trichiura at 35 days post infection. This is
consistent with the worm burdens reported in chapter four; only adult T. muris were
recovered from these mice, and the antibody ODs suggested that T. trichiura had been
expelled (Figure 4.6, 4.7). Parasite modulation of the microbiota in mice has been shown to
be transient and only occurs when worms are present; once the parasite has been expelled
the microbiota returns to normal (Houlden et al. 2015). Naive donor A mice presented an
increase in the abundance of Verrucomicrobiota and Firmicutes A, and a decrease in the
abundance of Bacteroides, Campylobacterota, and Spirochaetota (Table 5.12). Surprisingly,
despite the lack of adult T. trichiura there were clear differences in the composition of the
microbiota of donor A mice infected with T. muris and those infected with T. trichiura. Mice
that were given a low dose of T. trichiura had a decreased abundance of Proteobacteria
(coeff=-0.40, qval= 0.04).

In the donor B mice, associations were found between naive mice, and mice with either
infection. When compared to T. muris infected mice, naive donor B mice displayed a
decrease in the abundance of: Patescibacteria, Firmicutes A and C, Actinobacteriota,
Campylobacterota, and Verrucomicrobiota, as well as an increase in Firmicutes G and
Bacteroides (Table 5.12, Figure 5.19). This increase in abundance of Firmicutes G and
Bacteroides was also observed when comparing naive donor B mice and T. trichiura infected
mice. In the T. trichiura infected mice, a decrease in abundance was seen in three phyla:
Firmicutes A, Patescibacteria, and Thermoplasmatota (Table 5.12). There were no
significant associations reported when comparing infections. These results indicate that the
composition of the microbiota is altered by infection, and while there is a lot of overlap
between infection related alterations with the two Trichuris species, they can also alter the
microbiota in different ways. Differences can also be seen when comparing the responses
by host, the abundances of Verrucomicrobiota and Bacteroides moved in opposite directions

during infection with T. muris in each humanised microbiota mouse line (Table 5.12).

166



To identify potential phyla that may contribute to supporting chronic infection of T. trichiura |
compared the relative abundances of bacteria in the caecal contents of mice with and
without adult worms. Infection of mice with T. muris has been shown to remodel the
composition of the murine microbiota in a way that prevents subsequent parasite infection
(Houlden et al. 2015; White et al. 2018). | hypothesised that T. trichiura may behave similarly
modulating the human microbiota and depleting bacterial species that lead to successful
establishment of an infection. As hatching is the first step in infection, depletion of these
bacteria may have an effect on hatching. Recovery of adult worms was not associated with a
decrease in the abundance of any phyla, and was associated with an increase in the
abundance of Firmicutes A, B, and C, as well as Verrucomicrobiota (Table 5.13). However,
at the species level several examples of decreased abundance were seen in the mice where
adult T. trichiura were recovered (Table 5.13). The top result in this list of associations was
an uncultured species (MGYG HGUT 02992) assigned to the genus Dorea; this genus has
previously been isolated from human colon mucosa (Shen et al. 2010). The next species
(Alistipes sp002161445) belonged to the Alistispes genus, which is relatively novel and still
being characterised; however, it is a known member of the microbiota and has been
implicated in dysbiosis related to several conditions (Parker et al. 2020). Several Alistispes
species are enriched in the caecum compared to other regions of the gastrointestinal tract
(Parker et al. 2020). Completing the top three associations is an uncultured member of the
family Lachnospiraceae (MGYG HGUT 01797). Members of this family are routinely found in
the human gut microbiota and while they are normally health associated, changes to the

population can be biomarkers of dysbiosis (Vacca et al. 2020).
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Figure 5.19 The relative abundances of bacterial phyla in donor B and donor A
humanised microbiota mice infected with T. muris and T. trichiura. Samples
were primarily composed of the 4 phyla most commonly reported in the gut:
Firmicutes, Proteobacteria, Bacteroides, and Actinobacteria. There are no obvious
differences between the donor A mice, however in the donor B mice mice infected
with T. trichiura appear to have a reduced abundance of Actinobacteria and

increased abundance of Firmicutes.

Table 5.12 Differentially abundant phyla and in naive humanised microbiota mice

caecal contents and the caecal contents of mice infected with T. muris or T. trichiura.

(positive effect/negative effect)

Infection
Phylum Donor [Infection [Status coef |stderr [pval qval
Verrucomicrobiota |A T. muris Naive 0.10 [0.02 [5.49E-04 |0.01
Firmicutes A A T. muris Naive 0.04 ]0.01 ]0.01 0.03
Bacteroidota A T. muris Naive -0.15 |0.04 |0.01 0.03
Campylobacterota |A T. muris  |Naive 0.00 [0.00 [0.01 0.03
Spirochaetota A T. muris  |Naive 0.00 [0.00 [0.01 0.03
unclassified A T. muris Naive 0.03 ]0.01 ]0.02 0.05
Bacteroidota B T. trichiura [Naive 0.32 [0.05 [4.44E-05 |4.88E-04
Firmicutes G B T. trichiura [Naive 0.84 [0.14 [2.60E-05 |4.88E-04
Firmicutes A B T. trichiura [Naive -0.14 |0.03 |1.08E-03 [0.01
Patescibacteria B T. trichiura [Naive -0.21 10.05 [9.33E-04 |0.01
Thermoplasmatota |B T. trichiura |Naive -0.23 [0.06 |1.16E-03 |0.01
Bacteroidota B T. muris Naive 0.15 [0.03 [2.41E-04 |0.01
Patescibacteria B T. muris Naive -0.22 10.05 [9.38E-04 |0.01
Firmicutes A B T. muris Naive -0.06 |0.02 ]0.01 0.04
Actinobacteriota B T. muris Naive -0.56 |0.20 |0.01 0.04
Firmicutes C B T. muris Naive -0.11 10.04 [0.01 0.04
Campylobacterota |B T. muris  |Naive -0.28 [0.10 ]0.02 0.04
Verrucomicrobiota |B T. muris Naive -0.45 10.15 [0.01 0.04
Firmicutes G B T. muris Naive 0.42 [0.15 [0.02 0.04
Thermoplasmatota |B T. muris  |Naive -0.18 [0.07 [0.01 0.04
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Table 5.13 Differentially abundant phyla species in the caecal contents of mice

capable of supporting a chronic T. trichiura infection. (positive effect/negative effect)

Adult T.
Phylum trichiura |coef |stderr |pval qval
Proteobacteria No -0.61 [0.10 [6.15E-07 |2.71E-05
Campylobacterota No -0.62 [0.13 [3.62E-05 |7.96E-04
Cyanobacteria No -0.25 10.06 |2.20E-04 [2.51E-03
\\Verrucomicrobiota No -0.60 [0.15 [3.23E-04 |2.51E-03
Fusobacteriota No -0.46 [0.12 [3.09E-04 |2.51E-03
Euryarchaeota No -0.13 10.03 [3.43E-04 |2.51E-03
Spirochaetota No -0.36 10.10 |5.15E-04 [3.24E-03
Firmicutes | No -0.34 [0.09 [7.47E-04 |3.65E-03
Eremiobacterota No -0.42 [0.12 [7.02E-04 |3.65E-03
Firmicutes C Yes 0.45 |0.13 [9.27E-04 |4.08E-03
Bdellovibrionota No -0.37 10.11  [1.08E-03 |4.31E-03
Thermoplasmatota No -0.14 [0.04 [2.08E-03 |0.01
Firmicutes A Yes 0.10 |0.03 |2.98E-03 |0.01
Firmicutes B No -0.10 [0.03 [3.07E-03 |0.01
Firmicutes B Yes 0.13 |0.04 |3.33E-03 |0.01
Actinobacteriota No -0.44 10.14 |4.27E-03 [0.01
\\Verrucomicrobiota Yes 0.61 |0.21 |0.01 0.01
Desulfobacterota A No -0.59 10.22 |0.01 0.02
unclassified No 0.08 |0.03 |0.01 0.03
Synergistota No -0.16 |0.06 0.01 0.03
Firmicutes C No -0.22 [0.09 [0.02 0.04
Adult T.
Species trichiura |coef |stderr |pval qval
MGYG HGUT 02992 Yes -0.27 [0.04 |3.45E-07 ([3.60E-04
Alistipes sp002161445 Yes -0.58 [0.11 |4.55E-06 [1.55E-03
MGYG HGUT 01797 Yes -0.31 [0.07 [8.96E-05 [0.01
Lachnoclostridium A edouardifYes -0.31 |0.07 |[1.57E-04 |0.02
An181 sp002160325 Yes -0.14 [0.04 |6.65E-04 [0.02
Hungatella sp000526575 Yes -0.30 |0.07 [2.24E-04 |0.02
Eubacterium G sp000432355 |Yes -0.14 |0.04 |6.65E-04 [0.02
MGYG HGUT 01566 Yes -0.14 [0.04 [6.65E-04 [0.02
MGYG HGUT 04132 Yes -0.30 [0.08 |5.68E-04 [0.02
MGYG HGUT 04381 Yes -0.27 |0.07 |5.64E-04 [0.02
MGYG HGUT 01998 Yes -0.14 |0.04 |6.65E-04 [0.02
MGYG HGUT 00145 Yes -0.28 [0.08 [6.73E-04 [0.02
MGYG HGUT 00194 Yes -0.27 [0.07 [6.76E-04 [0.02
Bacteroides sp002491635 Yes -1.13 |0.31 |7.94E-04 |0.02
MGYG HGUT 02280 Yes -0.27 [0.08 [8.54E-04 (0.02
Clostridium M sp000155435 [Yes -0.17 |0.05 |[8.65E-04 [0.02
Paraprevotella xylaniphila Yes -0.28 [0.08 |1.03E-03 [0.02
MGYG HGUT 00152 Yes -0.24 |0.07 [1.08E-03 [0.02
Dorea sp000765215 Yes -0.26 [0.07 |1.14E-03 [0.02
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MGYG HGUT 01748 Yes -0.24 |0.07 [1.28E-03 |0.02
MGYG HGUT 03573 Yes -0.24 |0.07 [1.32E-03 |0.02
Faecalicatena gnavus Yes -0.23 |0.07 [1.64E-03 |0.02
MGYG HGUT 00623 Yes -0.23 |0.07 [1.84E-03 |0.03
MGYG HGUT 01250 Yes -0.25 |0.08 [1.86E-03 |0.03
MGYG HGUT 01247 Yes -0.36 |0.11 |1.89E-03 |0.03
MGYG HGUT 00127 Yes -0.20 |0.06 [1.94E-03 |0.03
MGYG HGUT 01087 Yes -0.24 |0.07 [2.05E-03 |0.03
MGYG HGUT 03903 Yes -0.32 |0.10 [2.20E-03 |0.03
MGYG HGUT 01224 Yes -0.23 |0.07 [2.18E-03 |0.03
Dorea sp900240315 Yes -0.21 |0.06 [2.38E-03 |0.03
Alistipes A ihumii Yes -0.47 |0.15 [2.48E-03 |0.03
Lachnospira sp000437735 Yes -0.23 |0.07 [2.43E-03 |0.03
MGYG HGUT 02711 Yes -0.27 |0.08 [2.42E-03 |0.03
MGYG HGUT 01645 Yes -0.24 |0.07 [2.75E-03 |0.03
MGYG HGUT 00650 Yes -0.25 |0.08 [2.82E-03 |0.03
Alistipes shahii Yes -0.42 |0.13 [2.85E-03 |0.03
MGYG HGUT 00287 Yes -0.30 |0.10 |[3.00E-03 |0.03
MGYG HGUT 01961 Yes -0.24 |0.08 |3.08E-03 |0.03
MGYG HGUT 04604 Yes -0.22 |0.07 |3.10E-03 |0.03
MGYG HGUT 03892 Yes -0.18 |0.06 [3.53E-03 |0.03
MGYG HGUT 03245 Yes -0.19 |0.06 [3.85E-03 |0.03
MGYG HGUT 00574 Yes -0.20 |0.07 |3.91E-03 |0.03
Bacteroides F pectinophilus  |Yes -0.24 [0.08 }4.00E-03 [0.03
Blautia A sp000436615 Yes -0.22 |0.07 |4.02E-03 |0.03
MGYG HGUT 03316 Yes -0.21 |0.07 |4.28E-03 |0.04
Bariatricus massiliensis Yes -0.21 |0.07 |4.37E-03 |0.04
CAG 791 sp000431495 Yes -0.09 |0.03 [0.01 0.04
Bittarella massiliensis Yes -0.30 [0.10 }4.99E-03 [0.04
Butyrivibrio A crossotus Yes -0.09 |0.03 [0.01 0.04
Butyrivibrio A sp000431815 [|Yes -0.09 |0.03 [0.01 0.04
Oribacterium sinus Yes -0.09 |0.03 [0.01 0.04
Anaerostipes caccae Yes -0.09 |0.03 [0.01 0.04
Ruminococcus A

sp003011855 Yes -0.23 |0.08 |4.81E-03 |0.04
TFO1 11 sp001916135 Yes -0.09 |0.03 [0.01 0.04
Blautia A obeum Yes -0.09 [0.03 [0.01 0.04
Coprococcus B comes Yes -0.09 |0.03 [0.01 0.04
MGYG HGUT 03151 Yes -0.09 |0.03 [0.01 0.04
MGYG HGUT 01024 Yes -0.09 |0.03 [0.01 0.04
MGYG HGUT 02676 Yes -0.32 |0.11 [0.01 0.04
Faecalicatena sp900066545 |Yes -0.25 |0.09 [0.01 0.04
Ruminococcus G gauvreauii  [Yes -0.18 |0.06 [0.01 0.04
MGYG HGUT 03970 Yes -0.20 |0.07 [0.01 0.04
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MGYG HGUT 01603 Yes -0.31 |0.11 [0.01 0.04
MGYG HGUT 02685 Yes -0.27 |0.09 [0.01 0.05
Clostridium Q sp003024715 [Yes -0.24 |0.08 [0.01 0.05
Anaerotignum sp001304995 |Yes -0.27 |0.09 [0.01 0.05
MGYG HGUT 01637 Yes -0.22 |0.08 [0.01 0.05
MGYG HGUT 00181 Yes -0.22 |0.08 [0.01 0.05
Dorea faecis Yes -0.16 10.06 [0.01 0.05
MGYG HGUT 01144 Yes -0.23 |0.08 [0.01 0.05
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5.7 Discussion and Conclusions

In the present chapter | set out to characterise the differences in the composition of the
microbiota that were demonstrated to have an effect on the hatching of Trichuris species in
chapters three and four. In order to identify members of the microbiota responsible for
variation in hatching observed | carried out analysis of the gastrointestinal tract samples. In
addition to allowing me to study hatching requirements, this collection of sequences forms a
valuable dataset contributing to the understanding of the mucosal microbiota of mice, pigs
and humans. Before beginning my analysis, | evaluated the efficacy of various approaches
available to me. Reference based approaches classified the majority of microbial species in
samples collected due to the extensiveness of the reference database (Almeida et al. 2021).
A matrix of relative abundances was utilised for differential analysis of the presence of
different taxa. ldentification of species using one human database (UHGG) across the
various hosts was possible, but for future studies it would be interesting to use a variety of
host databases (Beresford-Jones et al. 2021; C. Chen et al. 2021) and ideally build and

curate a new combined database to achieve maximum classification.

In addition to reference-based approaches, | performed de novo assembly (Saheb Kashaf et
al. 2021). Assembly increases the rate of classification but this is biased towards more
abundant species. Additionally, it removes the ability to study samples quantitatively, and
possibly results in missed rare events. | generated MAGs for future quantitative studies,
these sequences can be searched for the candidates identified in my taxonomic study, and
genomes of interest further analysed. It would be ideal to generate high quality reference
genomes and frozen isolates for all the species in these samples. However, in the
humanised microbiota mice it is estimated that ~30,000 bacterial colonies would need to be
picked from repeated metascrapes to recover single purified isolates of all the OTUs present

in these two humanised microbiota mice lines making this a large undertaking (Pike 2020).

Using the T. muris E. coli model, | identified several bacterial proteins crucial for whipworm
egg hatching (Chapter 3). In order to begin extrapolating this information to other Trichuris
species, in particular the relationship between T. trichiura and the human microbiota, |
examined the abundance of genes encoding fimbrial and serine proteases across the
primary phyla comprising the gut microbiome. Perturbing these genes was shown to have
the greatest effects on hatching and | was particularly interested to see if | could identify
these genes in the Firmicutes, one of the dominant phyla of the human gastrointestinal tract
microbiota (Ley, Peterson, and Gordon 2006; Marchesi et al. 2016; Rinninella et al. 2019).

Together Bacteroides and Firmucutes can comprise up to 90% of the gut microbiome and it
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is these predominantly gram positive bacteria that perform many functions in the gut related
to health, disease, and dysbiosis. However despite their abundance in the gastrointestinal
tract, many Firmicutes in particular have only recently been isolated, so the full scope of their
contribution to intestinal health is not yet understood (Rinninella et al. 2019). Given their
abundant representation in the gastrointestinal tract of healthy individuals across the world
and the vast functions they perform in the gut, the Firmicutes are likely involved in hatching
of T. trichiura in humans. | was able to detect the presence of genes comprising fimbrial and
serine protease operons across the phylogenetic tree using de novo predictions, annotations
and BlastX searches of the genomes of these isolates. The results of these investigations
(Figure 5.2-5.4) demonstrated a preference for calling the presence of these genes in
Proteobacteria. This is to be expected given that Proteobacteria is one of the most studied
bacterial phyla, and that | am using observations in E. coli to extrapolate predictions.
However, sequence similarity searches revealed that the genes of the fimbriae and serine
protease operons are readily found across the gut phyla that make up the majority of the
human microbiota- Bacteroides and Firmicutes. Future studies can utilise the E. coli gene
sequences to search the MAGs generated in this chapter to confirm the presence of fimbriae
and protease operons in gastrointestinal samples with demonstrated capability to induce
hatching in Trichuris species and be mediated by protease inhibitors. Further these MAGs
can be used to perform comparative genomic analyses to examine genes for conservation of

structure and function, as well as study evolutionary relationships.

The response of Trichuris species to a wide variety of bacteria is demonstrated by the beta
diversity and the plethora of associations at phylum and at species level between hatching or
infection. In the human biopsies, samples that can induce hatching are found across the
distance matrix (Figure 5.7). In investigating associations at phylum level, associations were
primarily found relating to the transverse colon. A pairwise comparison of the ascending and
descending colon did not reveal any significant differences in the abundances of phyla. This
mirrors the challenges previously seen in studies of this nature, utilising biopsies and post
mortem samples revealed that the regions of the colon are very similar (Jiao et al. 2021;
James et al. 2020). Differences are primarily seen when comparing more distant regions e.g.
comparing the caecum to either the sigmoid colon or rectum (Jiao et al. 2021; James et al.
2020). Grouping samples by their ability to induce hatching proved to be more informative
than grouping by colon sampling site in order to identify which species in the human biopsies
are likely contributing to T. trichiura hatching. | looked for differently abundant species and
found 98 species more abundant in samples capable of inducing hatching (Table 5.3).
Focussing on just the top three associations reported provides more insight into the factors

involved in human whipworm hatching. The species topping the list of associations with T.
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trichiura hatching is B. wadsworthia; this bacterium is a known member of the human gut
microbiota. However, it is a slow growing bacterium and also low in abundance in faeces.
This has made it challenging to isolate B. wadsworthia, and it has remained relatively under
characterised since it was first described (Feng et al. 2017; Baron et al. 1989). While its low
abundance makes it difficult to isolate from the microbiota of healthy individuals, B.
wadsworthia is often abundant in patients with conditions pertaining to gastrointestinal
inflammation like appendicitis (Baron et al. 1989; Feng et al. 2017; McOirist et al. 2001),
which perhaps explains why hatching of T. trichiura has not been observed using healthy
stool samples but was observed with these human biopsies. Several of the patients
undergoing colonoscopy had inflammation and possibly an inflated population of B.
wadsworthia. | hypothesise that these bacteria are strong candidates for further study of its
effects in T. trichiura hatching as it displays some of the necessary molecular components
required for hatching. For instance, strains of B. wadsworthia have been shown to adhere to
intestinal epithelial cells in culture. To facilitate adhesion, different outer membrane proteins
including fimbriae are expressed (Gerardo et al. 1998). One potential confounder is that this
species of bacteria is an obligate anaerobe, however aerotolerance in obligate anaerobes

varies (Lu and Imlay 2021).

The next association highlighted the challenges associated with this type of study; it is an
uncultured species, known as ER4 sp900317525. This genome was isolated and
reassembled from a rumen gut microbiota study (“GTDB - GCA_900317525.1” 2021), it's
only characterisation tells us that it belongs to the Oscillospiraceae family. Oscillospiraceae
species are known for being mucin degraders in the human gastrointestinal tract (Raimondi
et al. 2021), and therefore associated with the mucosa. The next challenge would be to
isolate and culture this species from the gastrointestinal tract to generate a high-quality

reference genome and culture stocks for in vitro assays.

Associations 3 through 5 on the list (Table 5.3) are strains of F. prausnitzii which is a gram
positive extremely oxygen sensitive (EOS) species and a well-known member of the
microbiota. It is found ubiquitously in healthy individuals and is also a good biomarker for
dysbiosis associated with diseases such as ulcerative colitis and Crohn's (Miquel et al. 2013;
Fitzgerald et al. 2018; Lopez-Siles et al. 2017; Leylabadlo et al. 2020; Sun and Dudeja 2018;
Zhang et al. 2021). F. prausnitzii resides in both the faecal and mucosal layers of the
gastrointestinal tract forming a transversal gradient, and it is known for its
immunomodulatory effects through the production of butyrate and other anti-inflammatory
molecules (Lopez-Siles et al. 2018). F. prausnitzii warrants further study of its role in

hatching of T. trichiura; my previous attempts at inducing hatching of T. trichiura in vitro
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using F. prausnitzii were unsuccessful. One possible explanation for this is the culturing
approach, the previous attempts were carried out in anaerobic gas jars, and as shown in
chapter four, gas jars and anaerobic chambers produce different results. Additionally,
hatching of T. trichiura may require more of the host environment to be recapitulated in vitro
to see hatching; bacterial mono cultures may not be suitable for inducing hatching for this
particular whipworm. Studying the relationship between F. prausnitzii and T. trichiura will be
helped by the development of novel culturing methods that more accurately recapitulate the
gut. The method developed by Zhang, allows continuous culture of F. prausnitzii against an
intestinal epithelium culture; the system is capable of maintaining the bacteria anaerobically
and the cells aerobically (Zhang et al. 2021). Through methods like this we may be able to
recreate the gut environment and begin to truly unpick the relationship between bacterial

aerotolerance and parasite hatching.

Through my analysis of porcine caecal samples | was able to identify which species may be
contributing to T. suis hatching. | looked for differently abundant species and found 32 that
were more abundant in caecal scrapings (Table 5.4). At the top of the list of associations is
S. pavirubra. Sutterella species are gram negative gastrointestinal tract commensals that
have been isolated from pigs and humans (Guevarra et al. 2019; Sakon et al. 2008). They
grow in microaerophilic or anaerobic conditions and are mildly pro-inflammatory in humans
(Hiippala et al. 2016). The modes of their adherence to the mucosa have been studied and
demonstrate that different species display different affinities for the components of the
gastrointestinal tract (Hiippala et al. 2016). S. pavirubra preferentially adheres to
differentiated intestinal epithelial cells, and can even displace Sutterella wadsworthensis
which preferentially binds to porcine and human mucus (Hiippala et al. 2016). Members of
the Sutterella genus are cleary intimately associated with the mucosa and it will be
interesting to see how the species specific affinities for binding the cells, extracellular matrix
(ECM), and mucus of the gastrointestinal tract affect their interactions with T. suis eggs and

induction of hatching.

The rest of the top 10 associations in the list (Table 5.4) are predominantly uncultured
species highlighting the lack of knowledge in the field of porcine gastrointestinal tract
commensals. Large scale culturing efforts will need to be matched with the advances in in
silico analyses (Chen et al. 2021) to ensure that we can isolate these bacteria. Four of these
uncultured species are Cyanobacteria and belong to the family Gastranaerophilaceae, two
belong to the class Kiritimatiellae, one the class Lentisphaerae, and one the family
Elusimicrobiaceae (Spring et al. 2016; Cho, Derrien, and Hedlund 2015; Brune 2014; Soo
2015; Bowerman et al. 2020)
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The other known association high up on the list is C. hyointestinalis, a member of the
porcine microbiota (Wilkinson et al. 2018; On et al. 1995). One feature of members of the
Campylobacter genus and one potential mode for their enrichment in the gastrointestinal
tract mucosa is their use of lectin - glycan based adhesion (Rubinchik, Seddon, and
Karlyshev 2012; Corbel and Gill 1987). Through their affinity for protein and carbohydrate
lectins (Corbel and Gill 1987) Campylobacter species adhere to the mucosa and may also

adhere to the polar plug, it will be interesting to study how this relates to T. suis hatching.

In examining the beta diversity of the humanised microbiota mice, the samples that can
induce hatching appear uniform in composition (Figure 5.13). In chapter 1, | reasoned that
the factors that can induce hatching should be ubiquitous in the human gut microbiota of
individuals globally. Despite Trichuris infections being localised to the tropics and subtropics,
historically the parasite did and can still infect individuals outside of these regions (Else et al.
2020; Sae et al. 2015; Gildner and Casana 2021; Dige et al. 2017). Additionally, hatching
inducing factors are not likely to be derived from one member of the microbiota as
redundancy builds a biological safety net (Nowak et al. 1997). The levels of variation
displayed in my samples supported this, suggesting that samples with differing compositions
can still induce hatching provided they contain suitable factors. In fact, the donor B samples,
which were more diverse, induced more hatching of T. trichiura than the donor A samples,

which were more uniform (Figure 4.5) (Figure 5.13)

| was able to get an understanding of the species present in the humanised microbiota mice
that may be involved in hatching by looking at bacterial species that are enriched in caecal
scrapings (Table 5.8), and by looking at the species modulated during infections (Table 5.12,
5.13). I did not find any associations when comparing samples that can and cannot induce
hatching in either mouse strain. Additionally, in the donor A mice, there were no significant
differences between caecal contents and scrapings. In the donor B mice however, 4 species
were more abundant in the caecal scrapings: U. parvum, L. acidophilus and two uncultured
strains. U. parvum is typically associated with the urogenital mucosa rather than the
intestinal mucosa (Paralanov et al. 2012; Yarbrough, Winkle, and Herbst-Kralovetz 2015).
Ureaplasma spp have been shown to adhere to a variety of human cell types including
epithelial cells, this adhesion would facilitate adherence to the gastrointestinal tract and
possibly to the polar plug (Torres-Morquecho et al. 2010). Also associated with the caecal
scrapings was L. acidophilus, a microaerophilic gram positive species that binds to the
mucosa through a variety of S- layer proteins (Sip) capable of interacting with epithelial and
mucus producing cells, components of the ECM, and the intestinal mucus (Xiong et al. 2018;

Ortega-Anaya, Marciniak, and Jiménez-Flores 2021; Celebioglu and Svensson 2018; Carmo
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et al. 2018). As a well characterised member of the microbiota, found ubiquitously in the
gastrointestinal tracts of humans and routinely used as a probiotic supplement, it is an
attractive candidate to study for the hatching of T. trichiura. If L. acidophilus can induce
hatching in monocultures in vitro, there would also be the opportunity to study the role of
various bacterial genes in hatching through the use of Sip gene knockouts. The last two
species associated with the caecal mucosa were both uncultured species, one a member of
the genus Stomatobaculum and the other a member of the family Ruminococcaceae (Sizova
et al. 2013). Stomatobaculum is a recently discovered genus with one known species that
was isolated from the oral microbiota (Sizova et al. 2013). Members of the
Ruminococcaceae family are obligate anaerobes, and several have been isolated from the
human gastrointestinal tract; the most notable member of the family is perhaps F. prausnitzii
(Rajilic-Stojanovi¢ and de Vos 2014). Together with the results in the human biopsies this
suggests that F. prausnitzii or Ruminococcaceae species generally play a role in the

hatching of T. trichiura.

Previous studies have demonstrated that infection with T. muris alters the composition of the
microbiota; this alteration is transient and the microbiota returns to its previous state once
the parasite has been expelled (Houlden et al. 2015; Holm et al. 2015). It has been
suggested that this alteration to the composition of the microbiota is to prevent further
parasite infection as part of the parasite's host evasion mechanisms (White et al. 2018).
Based on this information | reasoned that looking at species whose abundance is reduced
during infection provides another way to identify bacteria that could be involved in hatching
of T. trichiura. Several members of the family Lachnospiraceae had decreased abundance in
mice with adult T. frichiura including: an uncultured species assigned to the genus Dorea
(Shen et al. 2010). One uncultured species classified to the family level (Lachnospiraceae),
and Lachnoclostridium edouardi (Traore et al. 2017). The Lachnospiraceae are routinely
found in the human gastrointestinal tract and are one of the primary producers of short chain
fatty acids; changes in abundance of members of this family have been observed in several
inflammatory conditions (Vacca et al. 2020). Better classification of the uncultured species
will allow us to select candidates from this family to test for their ability to induce hatching of
T. trichiura. Another species high on the list is an Alistispes species that was recently
assigned the name Alistipes cottocaccae sp. nov. (Parker et al. 2020; Gilroy et al. 2021). A
decrease in A. cottocaccae during a T. trichiura infection aligns with previous observations in
T. muris infections and demonstrates that infection with either of the two parasites results in
similar alterations to the microbiota. Mice infected with T. muris were reported to have a
decrease in the abundance of Bacteroides species, in particular members of the family

Rikenellaceae (White et al. 2018; Houlden et al. 2015), of which A. cottocaccae is a
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member. In addition to being identified in silico, A. cottocaccae has now been cultured,
making it an attractive candidate for further characterisation of its role in Trichuris hatching
(Gilroy et al. 2021).

Through this analysis, | have been able to demonstrate that as | hypothesised the factors
that can induce hatching are ubiquitous in the human gut microbiota. Indeed, bacteria
associated with hatching of T. trichiura have been identified in one of the biggest families of
the human gastrointestinal tract: Lachnospiraceae. While this study has been informative it
also highlights the challenges of studying the microbiota. Gram positive commensal bacteria
dominate the gastrointestinal tract; however, many of these species are novel, and have
previously been hard to isolate, culture, and therefore study (Browne et al. 2016). Continued
advances in methods of culturing as well as metagenomic analysis, will help us isolate these
species and the functions they perform in the gastrointestinal tract (Browne et al. 2016;
Parks et al. 2017; Forster et al. 2019; Almeida et al. 2021; Gilroy et al. 2021; C. Chen et al.
2021; Beresford-Jones et al. 2021). In conclusion, the differential abundance analysis in the
present chapter has highlighted several bacterial species that would make good candidates
for further in vitro study for their role in hatching of T. muris, T. suis, or T. trichiura. These
species should be cultured and isolated to perform in vitro or in vivo hatching experiments
that utilise single strains or tailored mixes (Browne et al. 2016; Forster et al. 2019; Hayes et
al. 2010; White et al. 2018; Vejzagi¢, Adelfio, et al. 2015).

S. pavirubra is an interesting candidate for the study of hatching in T. suis. A. cottocaccae
and its taxonomic family (Houlden et al. 2015; White et al. 2018) have been implicated in
both T. trichiura and T. muris infections, and it will be interesting to isolate and study A.
cottocaccae in vitro with both these parasites. F. prauznitzii has been implicated directly in
hatching in analysis of the human biopsies, and the family it resides in has been implicated
in infections making it a very interesting candidate. It is well known and characterised as a
member of the human gut, and the invention of novel culture methods (Zhang et al. 2021)
make F. prauznitzii a really fascinating candidate for the development of next generation
techniques to study host parasite microbiota relationships in a detailed way. In addition to
the aforementioned species, other candidates reported in this chapter will be of particular
interest if there are significant associations with parasite hatching and they are reasonably
studied and characterised. As discussed, knowledge of aspects of bacterial biology such as
the expression of surface proteins and proteases, is complemented by the availability of
tools to study and manipulate these bacteria, and will facilitate further studies into the

molecular mechanisms surrounding whipworm hatching.
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Chapter 6- Discussion and Future Directions

6.1 Key messages and future work

In this thesis | explored my hypotheses regarding hatching in Trichuris, which states that First,
hatching in Trichuris, which is centred around the polar plugs of the eggshell, occurs as a
result of physical interaction between the bacteria of the parasite niche and the egg. Second,
in addition to physical interaction, hatching also requires enzymatic activity. Last, the parasite
niche is defined by the respective host microbiota, in particular the bacterial species residing
in the caecal mucosa, and whipworm species preferentially respond to bacteria from their host
that express the necessary adhesins and enzymes. | aimed firstly to identify E. coli molecule(s)
responsible for inducing hatching in T. muris. Secondly, to identify intrinsic parasite based and
extrinsic host-based factors responsible for hatching. Thirdly, to identify members of the
human gut microbiome responsible for T. trichiura hatching. We evaluated the physical
interactions between bacteria and T. muris eggs that can be facilitated by a variety of bacterial
surface proteins including fimbriae. | also determined that the degradation around the plugs is
primarily driven by serine proteases. These proteases can be either bacterial or larval in origin;
through knockout studies | was able to identify bacterial proteases, and through RNAseq | was
able to identify proteases of larval origin. Hatching is a process that occurs in the
gastrointestinal tract, and through isolating samples from the gastrointestinal tract of pigs,
humans, mice and humanised microbiota mice, | was able to demonstrate that the factors
required for hatching of T. muris, T. suis, and T. trichiura are preferentially found in the mucosal
layers of the site of infection. To my knowledge, this is the first time that in vitro hatching of T.
trichiura in the presence of biologically relevant samples and mouse model samples has been
reported. Additionally, | was able to infect a humanised microbiota mouse model with T.
trichiura for the first time. My metagenomic analysis of the gastrointestinal tract samples |
collected revealed the range of bacteria in the host microbiota that can contribute to the
hatching of T. trichiura induced by the gastrointestinal tract samples. Overall this thesis
highlights the power of a multi omic approach in understanding the biology of such a

fundamental nematode life cycle process.

T. muris provides a useful model system for studying hatching and has been the driving
system allowing us to make the majority of discoveries thus far (Fahmy 1954; Wakelin 1969;
Panesar and Croll 1981; Hayes et al. 2010). The ability to study the parasite in vitro and in

vivo has revealed much about its biology. In in vitro hatching studies we can examine how
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the T. muris eggs interact with monocultures (Hayes et al. 2010) (Chapter 3) and through
these studies some commonalities and differences have been observed. Bacterial induced
hatching of T. muris is driven by attachment of bacterial cells to the polar plugs of the egg
through various surface projections. Bacterial surface projections vary greatly between
species and there are several modes of hatching induction. This was seen in the study by
Hayes where they examined hatching dependent on type 1 fimbriae and also fimbriae
independent hatching using E. coli, S. typhimurium, S. aureus, and P. aeruginosa (Hayes et
al. 2010). Additionally, through the electron microscopy conducted by Goulding on co-
cultures of these 4 bacteria with T. muris eggs displayed differences in their modes of
attachment (Goulding 2021) (Chapter 3). It will be interesting to do further studies using
higher resolution microscopy and also knockout studies in S. typhimurium, S. aureus, and P.
aeruginosa to isolate the genes responsible for the attachment. In particular in P.
aeruginosa, it will be crucial to identify the attachment structure and confirm if it is type IV pili
(Goulding 2021) (Chapter 3). In addition to identifying bacterial adhesion molecules, gaining
a greater understanding of the composition of the polar plug will help identify what egg
molecules the bacteria are acting upon. Other advanced microscopy techniques such as
laser microdissection can help in the study of the polar plugs. Dissected plugs can be
analysed using mass spectrometry and hopefully provide more detailed answers on the
composition of the plug. As with many strategies the primary considerations are time and

labour intensity, and this is an intensive strategy (Chapter 3).

Despite the differences in the surface adhesion molecules of E. coli, S. typhimurium, S.
aureus, and P. aeruginosa, hatching with these 4 strains of bacteria shares some
commonalities. They require proteases to induce hatching of T. muris. | observed that
inhibition of proteases with an inhibitor cocktail prevents hatching without affecting viability of
either bacteria or eggs in a dose dependent manner (Chapter 3). Through my bacterial
knockout studies, | identified that CIpP in E. coli is important for hatching. Similar knockout
studies in S. typhimurium, S. aureus, and P. aeruginosa can help to identify other bacterial
serine proteases involved in hatching. My findings in T. muris regarding bacterial attachment
and proteases informed my investigations into the role of extrinsic host factors in hatching of
T. suis and T. trichiura. | investigated if hatching in a system that more closely mimics the
gastrointestinal tract environment than bacterial monocultures could also be regulated by
protease inhibitors. While the protease inhibitors do modulate hatching, complete ablation
was rarely seen in these experiments (Chapter 4). As the response to the protease inhibitor
is dose dependent requiring a balance between inhibitor and bacterial load it is not surprising
that complete ablation in hatching with crude gastrointestinal tract samples is harder to

achieve. We can be encouraged that as we move towards mono cultures for hatching of T.
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suis and T. trichiura we will be able to control bacterial load and get consistent ablation of

hatching.

Knowing that hatching in T. suis is induced by caecal mucosal scrapings (Vejzagic,
Thamsborg, et al. 2015), | reasoned that microbiota collected from each respective host
intestinal mucosa, particularly the mucosa of the parasite niche- caecum and ascending
colon would induce hatching. This was correct, and | observed varying levels of host
specificity, with T. trchiura having the greatest specificity (Chapter 4). T. muris was shown to
exhibit less specificity and in fact, had a greater response to the samples from the donor A
mice (Chapter 4, Figure 4.2). One potential reasoning for the increased host specificity
between T. muris and T. trichiura is the relative size of the host and its gastrointestinal tract.
Trichuris L1 larvae are ~200um in length (Beer 1973a), however the radial distance in the
gastrointestinal tract increases dramatically with the size of the host. In rats the ceacum has
a radius of ~6mm (Kararli 1995), and in humans it is ~3.5cm (Kararli 1995). In a larger host it
benefits the parasite to have increased affinity for the niche; making the difference between
successfully establishing an infection, or facing a perilous migration and the risk of

expulsion.

The varied specificity of T. muris in the in vitro studies, as well as evidence of cross host
infections where T. suis infects humans (Bager et al. 2011), suggest that the limiting factor in
making an chronic infection is not the host tissues but the microbiota. | hypothesised that
using a mouse with a humanised microbiota that has been demonstrated to induce hatching
in vitro could be used to generate a sustained infection. The in vivo infections of humanised
microbiota mice were a useful trial and highlight some important considerations for future
trials and refinement of the models. Firstly, it further emphasises that not all microbiota are
equal, the donor A mice in addition to decreased in vitro hatching of T. trichiura also expelled
the worms (Chapter 4). Not all humanised mice lines will be capable of supporting an
infection, perhaps the ideal situation once we have a finalised list of hatching inducing
microbiota, would be to create a mouse with a defined custom microbiota (Steimle et al.
2021). Secondly, in addition to the composition of the microbiota the role of the immune
system cannot be ignored; and depending on the application of the mouse model a
humanised or depleted immune system may also be required (Chapter 4). Further than the
immune system, metabolically, humans and rodents are very different and the gut microbiota
is inextricably linked to diet and metabolism. Perhaps these investigations would be more
informative in a model that is better matched metabolically. Porcine models have been used
for human studies and in the future may even be used for xenographic transplants due to

their similarities to humans (Hong and Kim 2019; Sykes and Sachs 2019). There are
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humanised immune and microbiota porcine models (Wang and Donovan 2015; Aluthge et al.
2020), and developing porcine gene knockout models has become more feasible with the
development of CRISPR based techniques (Ratner et al. 2020). Perhaps developing
models for T. trichiura hatching and infection in pigs may also yield good results; the primary
caveat is that pigs are a less accessible model as they require larger facilities and more

resources.

In addition to being utilised to study host parasite interactions in vivo infections in mice can
be used to generate parasite material (Wakelin 1967; Panesar and Croll 1980; Panesar
1981; Houlden et al. 2015; White et al. 2018). Passaging T. muris allows generation of
synchronous batches of eggs which | used to study changes in gene expression during
embryonation. The changes in gene expression pre and post developing the ability to
respond to bacteria for hatching, once again highlighted the role of proteases, this time as
intrinsic factors. Identification of these genes is an important step in addressing some of the
gaps in our knowledge; for example for several nematode species we know that hatching
progresses due to larval participation but we do not know which genes are implicated
(Mkandawire et al. 2021). Having generated this list of genes it will be interesting to
investigate them using advances in genetic modification of parasites. The development of
CRISPR systems to modify parasitic nematodes will allow researchers to develop parasite
knockouts and to begin to truly understand the genes that govern the hatching processes
(Ward 2015; O’Halloran 2021; Lok 2019). Developing mouse models to passage T. trichiura
will be an important step in facilitating these kinds of studies in the human whipworm as it
will allow us to have a reliable source of synchronous parasite material at all life cycle

stages.

The in vitro and in vivo studies presented thus far have been incredibly informative, and one
additional power of my study comes from combining all my observations in hatching and
infection with strain level resolution analysis of the microbiota. To my knowledge this is the
first study that has examined the bacterial composition of samples with a known capability to
induce hatching of Trichiuris species. My range of hatching metadata associated with the
samples provided several routes to tease out meaningful information and associations from
the microbiota. Through examining differences between: regions of the gastrointestinal tract
sampled, samples that can and can’t induce hatching, as well as naive and infected mice
(Chapter 5). This proved to be fortuitous as, in my analysis and the analysis of others, it can
be hard to tease apart differences by looking at the sections of the colon alone (Jiao et al.
2021; James et al. 2020). Through my multiple layers of analysis, | was able to identify

differences and this approach even allowed me to observe patterns, with certain taxa being

184



flagged multiple times increasing my confidence in these hits (Chapter 5). Through my
analysis | was able to curate a diverse list of candidates for further study, and this diversity

increases the chances of a successful screen.

In chapter 5 | presented the candidates | believe warrant further examination and study in
the first instance. Screening these candidates and more is an exciting future challenge.
Some results not shown in this thesis include the trial work carried out to develop a pipeline
for high throughput bacterial screening. | developed and tested a high throughput screening
platform that optimises bacterial growth monitoring and quantification of hatching. Many gut
commensal species are novel with unknown growth kinetics. Generation times vary between
species and may affect the efficiency of assays. The Trichuris hatching assay utilises
bacteria at stationary phase, therefore monitoring bacterial growth is essential to normalise
this across the microbiota. | ran a small pilot study recording OD for several microbiota
species, and using GrowthCurver | applied the population equation to my data (Sprouffske
and Wagner 2016). GrowthCurver finds the best values of K, r, and No (No = starting
population size; K = carrying capacity; r = intrinsic growth rate), allowing researchers to work
out the generation times for different bacterial strains. This is an important step for timing the
mixing of bacterial and egg co cultures for optimal hatching and will also be important for

maximising protease inhibition.

In addition to normalising the set up it will also be good to normalise and automate the
counting. | also trialled automated counting using the IncuCyte® ZOOM platform, a cell
imaging system that can be used to monitor hatching by taking a time course of images. |
trained the machine to count fluorescently labelled T. muris larvae during hatching
experiments with E. coli to get faster and more accurate readouts of percentage hatching.
The IncuCyte® is an image-based system so one could apply other machine learning
approaches to the raw images such as this method developed to count soybean cyst
nematode eggs in soil samples (Akintayo et al. 2018). Taken together, assays like this will

enable us to efficiently investigate gut microbiota candidates.

While a high throughput screen of individual members of the host microbiota would be ideal;
given that previous monoculture experiments in T. trichiura and T. suis (Vejzagi¢, Adelfio, et
al. 2015) have failed it is prudent to consider that for the parasites with greater host
specificity they may require further recapitulation of the host niche to see an effect. This can
be achieved by using other novel in vitro methods that seek to recreate the gut micro
environments including organoids (Puschhof et al. 2021; Duque-Correa, Maizels, et al. 2020;

Smith et al. 2021; Duque-Correa et al. 2021). Other possible methods include microfluidics
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gut on a chip devices (Xiang et al. 2020), and advanced culturing devices like the GuMI
physiome platform (Zhang et al. 2021). The GuMI platform allows for long term culting of
highly oxygen sensitive species like F. prausnitzii against primary colon cells. The author’s
study was on 2D cells but the platform is equipped to handle 3D cultures in the form of
transwells. A system like this would be an excellent way to study the parasite in the

presence of selected bacteria and cell lines or primary tissue cultures.

As demonstrated in chapter 5 metagenomic analysis can provide a strain level resolution of
the composition of the microbiota and this led to the identification of some suitable
candidates for testing (Chapter 5). However, there is one primary caveat and that is the fact
that many strains banked in reference databases have only been isolated in silico and there
is no physical isolate of the bacteria to study. In order to address this, one consideration for
future iterations of this type of study of hatching in Trichuris with gastrointestinal tract
samples would be to build in a cultromics aspect. Culturomics is the practice of picking
colonies for multiple streams of analysis, and this method does result in the generation of
live culture isolates for characterisation and functional studies (Chang et al. 2019). Colonies
can be identified through mass spec and 16S sequencing. If combined with metagenomic
sequencing of the samples, culturomics could offer an easier way to follow up on interesting
hits identified through metagenomic analysis. One would simply need to scan the bank of
picked colonies for a closest match. While a combined approach does expand the range of
this kind of study it is a very labour and time intensive process, and the required number of
colonies increases exponentially. Over 30,000 colonies would need to be picked to capture
all the 427 OTUs represented in the two humanised microbiota mice lines (Pike 2020). This
number is likely to be several orders of magnitude greater for the porcine or human caecum
given that over 4000 OTUs have been identified in the human gastrointestinal tract (Nayfach
et al. 2019).

In addition to looking for associations and doing taxonomic analysis, | generated MAGs that
can be used for in silico genomic and functional analysis. One idea would be to repeat the
searches carried out on the HBC (Chapter 5) looking at the presence of genes that comprise
fimbriae or protease operons. Further to identifying genes of interest, phylogenetic studies
can be carried out to study the relationship between isolates from the different hosts. This
would allow researchers to study the conservation of genes related to hatching between
isolates of interest and identify key similarities e.g. active site composition in proteases.
Researchers could ascertain if genes of interest are essential or auxiliary genes, and get an
understanding of how they are controlled in individual isolates. Understanding the control of

expression can help uncover more synergistic relationships between bacteria and parasites.

186



The flexible expression of the fim operon in E. coli likely contributes to the pattern of fimbriae
expression seen in cells proximal and distal to the polar plug (Chapter 3). Perhaps the other
bacteria involved in hatching control the expression of surface molecules and proteases in a

similar manner.

In summary, the gut microbiota contains molecules essential for hatching. These molecules
are likely to facilitate a physical interaction and enzymatic activity around the polar plugs; both
are required to induce hatching and are presented on the bacteria in specific conformations.
While infection is currently segregated to the tropics and subtropics, historically it was global,
and individuals from non-endemic countries can still be infected with the worm. It is members
of the microbiota found across demographics that are responsible for defining the hatching
niche, which is the caecal mucosa. Bacteria isolated from the caecal mucosa of the host
induce hatching of Trichuris species (T. muris, T. suis, and T. trichiura), and this hatching is

facilitated by the expression of serine proteases.

6.2 Concluding remarks

Hatching in nematodes is a fascinating process at the start of the life cycle; that in parasitic
nematodes has implications for subsequent infection of the host and thereby survival.
Having highlighted the gaps in our knowledge | sought to address some of them. Through
the work carried out in this thesis | identified members of the host microbiota that induce
hatching, and investigated what features they express that facilitate this. Concluding that
proteases in particular serine proteases are crucial to hatching. | investigated parasite
intrinsic hatching factors through changes in larval gene expression further cementing a role
for proteases in hatching. The knowledge detailed in this thesis opens the way for further
investigations that will shed light on the host parasite microbiota interactions involved in the
hatching of Trichuris species, and will allow us to begin to manipulate them. Assays of this
nature will be facilitated by continuing advances in parasite functional genomics, allowing
genetic modification of whipworms; and advances in culturing and metagenomics allowing
us to isolate crucial members of the microbiota. Achieving this will allow us to further fill in

the gaps surrounding hatching and build meaningful models to study Trichuris species.
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