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Abstract

Bacteria are found in symbiosis with insects of economic and medical importance.
The symbionts provide a range of benefits for their hosts, including metabolic sup-
plementation and protection from predation. Consequently, complex interactions
can be observed between host and microbiome. The tsetse, genus Glossina, is the
vector for the protozoan parasite Trypanosoma brucei. The tsetse has a unique
microbiome, consisting of the obligate Wigglesworthia glossinidia and the faculta-
tive Sodalis glossinidius. The tsetse is thought to rely on W. glossinidia for the
production of B group vitamins, but any benefit of S. glossinidius is yet to be de-
termined. Elucidating key metabolic interactions within the tsetse microbiome, and
understanding how these relationships evolved, may open up new avenues for disease

control.

To this end, we have constructed and tested metabolic models for S. glossinidius and
its free-living relative, Sodalis praecaptivus. The former revealed an intriguing net-
work of metabolic dependencies within the microbiome. S. glossinidius was shown
to depend on thiamine produced by W. glossinidia, the chitin monomer N-acetyl-D-
glucosamine found in abundance within the tsetse, and amino acids from the blood
meal. The S. praecaptivus model was evolved using a multi-objective evolution-
ary algorithm to explore possible evolutionary trajectories of the Sodalis genus. It
was discovered that certain pseudogenisations in S. glossinidius, once thought to be
pivotal, may have arisen early in the symbiosis with minimal effect. Finally, sub-
strate binding proteins in W. glossinidia were examined. Whilst functional assays
were inconclusive, phylogenetics unexpectedly revealed new information about the

relationship of W. glossinidia to other Enterobacteriaeae.

The results presented here demonstrate the interconnected metabolic network within
the tsetse microbiome, and provide a platform for investigating other problems in

metabolism, adaptation, and evolution in insect-bacterial symbioses.
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Chapter 1

Introduction

1.1 An introduction to symbiosis

Symbioses are ubiquitous. The term "symbiosis" comes from the Greek for "living
together", and is used to describe two or more individuals of different species that
live in close association, often to the benefit of all. One of the first uses of the
term in a biological context was by Heinrich Anton de Bary in his 1878 speech
Die Erscheinung der Symbiose (De Bary, 1879) (The Phenomenon of Symbiosis,
translated into English by Oulhen et al. (2016)). There, De Bary used the word
"symbiosis" to describe different organisms that live together in a relationship that
is mutually beneficial. The nature of symbioses vary depending on the individuals
involved. If all organisms benefit from the symbiosis, this relationship is termed
mutualistic (Fig. 1.1). Commensal symbioses arise when one organism derives a
positive benefit from the relationship with no gain or loss to their symbiotic partner.
A relationship is described as parasitic if one organism benefits to the detriment of
the other.

The beneficial nature of symbioses means that the associations can persist for mil-
lions of years. A symbiotic event 1.5 billion years ago, the engulfing of an «-
proteobacterium by an archaeon, is thought to have kickstarted all complex life
on Earth. This event formed the mitochrondria that are found in modern day eu-
karyotes. A similar acquisition, this time of a cyanobacterium, led to the formation
of chloroplasts. The concept of endosymbiosis, where one organism lives inside an-
other, was initially conceived by Constantin Merechowsky and was subsequently

spearheaded by Lynn Margulis. Margulis was instrumental in driving the theory



of endosymbiosis when she published her keystone text On the Origin of Mitosing
Cells in 1967 (Sagan, 1967). Margulis curated her Serial Endosymbiotic Theory to
describe the origin of nucleated cells, whereby repeated endosymbiosis events led to
the formation of all components of the eukaryotic cell (Sagan, 1967; Margulis, 1993).
Whilst certain parts of her theory, notably regarding the origin of flagella, have not
been verified (Lane, 2017), her work cemented the importance of symbiosis in the
field of biology.

Positive Mutualist

Neutral Commensal

Species 2

Positive

Species 1

Figure 1.1: Symbioses can be mutualistic, commensal or parasitic, depending on
their effect on the other organism.

Bacteria were crucial in the earliest symbioses, and they continue to form impor-
tant symbiotic relationships today. Bacteria are found in symbiosis with individuals
across the domains of life. The human microbiota has been a flourishing area of
scientific research, epitomised by the National Institutes of Health Human Micro-
biome Project (HMP) (Methé et al., 2012; Huttenhower et al., 2012). The HMP was
founded in part to characterise a healthy microbiome, acknowledging the close asso-
ciation between human and bacteria (Gevers et al., 2012). Bacteria are also found
in symbiosis with plants. Legumes, for example, benefit from the nitrogen fixation
carried out by the bacteria in the rhizosphere, with the latter receiving sugars from
the plant in return (Franche et al., 2009). It is however the symbioses that bacteria
form with insects that will form the basis of the work presented here. Bacteria are
found on and within a wide range of different insects, with a variety of roles and

adaptations. Relationships between insect and symbiont will be examined, inter-



preted, and discussed here, with a focus on metabolic adaptations and the evolution

of the symbiotic relationship.

1.2 Insect-microbe symbioses

Insect-bacterial symbioses are an attractive area of research. The microbiomes of
insects are often comprised of only a few individual species of bacteria. Insect life
cycles can be controlled, monitored and replicated strictly. Insects are also of medical
and economic importance. Some are vectors of diseases including malaria, dengue
fever and yellow fever (Holt et al., 2002; Nene et al., 2007; Mellor et al., 2000), and
others are major crop pests (Oerke, 2006). Building upon existing knowledge of

insect microbiomes is therefore a field of research that is expanding rapidly.

The insect plays a vital and active role in the symbiotic relationship. The nature of
the host influences, for example, the mechanism of symbiont transmission. For many
insects, their symbionts are vertically transmitted from mother to offspring (Toju
et al., 2010; Kaiwa et al., 2014; Ly Thao and Baumann, 2004a; Aksoy et al., 1997,
Dale et al., 2001). The offspring of other, often social insects, are naturally symbiont-
free and acquire their microbiome from their environment (Martinson et al., 2011).
A bacterial microbiome provides several benefits to an insect, which will be discussed
in depth later in this chapter. Regardless, it is important for the insect to constrain
the bacterial population. This maintains the symbiotic nature of the relationship,
preventing the microbiome from becoming pathogenic. Insect immune systems are
comparable to innate immunity in mammals; non-specific and without memory. The
insects cannot therefore rely on recognition of the commensal symbionts in order to
either control the population size or protect them from elimination. Some insects,
including the weevil Sitophilus oryzae, produce antimicrobial peptides that can se-
lectively target the symbiotic bacteria to restrict the size of the population (Login
et al., 2011). Other insects, such as the aphid Acyrthosiphon pisum, actively pro-
tect their symbionts. A. pisum degrades the immunogenic peptidoglycan fragments
produced by its microbiota, preventing the symbionts from being eliminated by the
immune system (Chung et al., 2018). The bacteria also play a role in ensuring their
own persistence. In some instances, the bacteria produce modified outer membrane

proteins that reduce their immunogenicity (Weiss et al., 2008).

Bacterial symbionts of insects can be broadly assigned into one of three categories;
primary, secondary, or parasitic. These define the symbionts by the age of their

association, their locality within the insect, and their genome structure, and are



linked to the role that the symbiont plays within the relationship. There is however
no universal definition, with some symbionts displaying characteristics of more than
one category. The appropriateness of these labels will be evaluated in Chapter 6,

but they are nevertheless a useful way to consider insect microbiomes.

1.2.1 Primary symbiosis

Primary symbionts usually have an obligate relationship with their insect host, in
which each species is mutually dependent on the other for their survival or ability to
reproduce. Several primary symbionts are discussed here, with the key information
detailed in Table 1.1. The relationship between host and primary symbiont is often
ancient. Buchnera aphidicola, for example, is estimated to have initially infected
the pea aphid A. pisum approximately 200-250 million years ago (MYA) (Moran
et al., 1993; van Ham et al., 2003) (Table 1.1). The symbiosis between the leathopper
Macrosteles quadrilineatus and one of its obligate primary symbionts Sulcia mueller:
is thought to be even older, with this association estimated to have initiated 260-280
MYA (Bennett and Moran, 2013).

Table 1.1: The primary symbionts discussed in Chapter 1.

Primary Insect Genome (kb) A+T (%) Association (MYA)
Buchnera aphidicola Acyrthosiphon pisum 641 73.7 200-250
Ca. Portiera aleyrodidarum Bemisia tabaci 351 76 Unknown
Carsonella ruddii Pachypsylla venusta 160 83.4 Unknown
Sulcia muelleri Homalodisca vitripennis 246 77.6 Unknown
Baumannia cicadellinicola  H. vitripennis 686 66.7 Unknown
Nasuia deltocephalinicola Macrosteles quadrilineatus 112 83.4 Unknown
S. muelleri M. quadrilineatus 190 76 260-280
S. muelleri Macrosteles quadripunctulatus 191 75.6 Unknown
Ca. Hodgkinia cicadicola Diceroprocta semicincta 144 41.6 Unknown
Ca. Tremblaya princeps Planococcus citri 139 41.2 Unknown
Blochmannia floridanus Camponotus floridanus 706 72.6 70
Wigglesworthia glossinidia  Glossina sp. 698 78 80

Primary symbionts usually localise intracellularly within specialised cells known as
bacteriocytes, and are vertically transmitted to the insect progeny. Aphids, of the
order Hemiptera, contain 60-80 large bacteriocytes that contain the primary sym-
biont B. aphidicola (Munson et al., 1991; Shigenobu et al., 2000) (Fig. 1.2). Can-
didatus Portiera aleyrodidarum, primary symbiont of the whitefly Bemisia tabaci,
also resides in bacteriocytes, migrating out of them to the ovaries for transmission
to the progeny (Ly Thao and Baumann, 2004b). Collections of bacteriocytes form
an organ known as the bacteriome. The sequestration of bacteria into a compart-
mentalised bacteriome is mutually beneficial to the individuals within the symbiotic

relationship (Normark, 2004). The bacteriome maintains a constant environment

4



for the symbiont whilst allowing it to avoid other microorganisms. It also sequesters
the symbionts away from the systemic immune system of the insect. This is an
important factor in enabling the relationship between insect and primary symbiont

to persist.

Primary symbionts often display unusual genomes. This is due to population bottle-
necking and selection pressures over prolonged periods of evolutionary time influenc-
ing the mutation rate of the individual (Moran, 1996). The evolution of symbiont
genomes could be considered in terms of Muller’s ratchet (Muller, 1964; Haigh, 1978;
Pettersson and Berg, 2007). This is the process by which the genomes of an asexual
population, that does not experience external admixture, accumulates deleterious
mutations irreversibly. There are several parallels between the mutations and the
reduction in size observed in the genomes of symbiotic bacteria, and the accumu-
lation of mutations in a population as described by Muller (1964). For example,
primary symbiont populations are small and, due to vertical transmission, are with-
out external admixture. Deleterious mutations are therefore able to accumulate
irreversibly over evolutionary time, whilst no new exogenous DNA can be acquired
(Moran, 1996). Some of these mutations may result in the removal of DNA repair
machinery, further accelerating the genome reduction (van Ham et al., 2003). The
evolution of symbionts has been described as biphasic, with a period akin to Muller’s
ratchet followed by the accumulation of selfish mutations that ultimately lead to the

disintegration of the symbiotic relationship (Rispe and Moran, 2000).

Figure 1.2: Scanning electron microscopy image of B. aphidicola within A. pisum
bacteriocytes, taken from Brinza et al. (2009). s = host-derived membrane, bm =
B. aphidicola membrane b = B. aphidicola, m = mitochondrion.



Symbiont genomes can also be subject to mutational bias. Primary symbiont
genomes often display a bias towards the nucleotides adenine and thymine (A+T)
(Moran, 1996, 2002). This shift to an A+T-rich genome is as a result of two com-
mon changes in the DNA composition, cytosine deamination and guanine oxidation,
leading to conversions of cytosine and guanine to thymine and adenine (Michaels
and Miller, 1992; Frederico et al., 1990; McCutcheon et al., 2009b). Guanine is the
most easily oxidised of the four nucleotides (Kino et al., 2017), and adenine is the
nucleotide most commonly incorporated opposite an abasic site that has arisen due
to mutations (Shibutani et al., 1997). The propensity of genomes to incorporate
mutations that shift the composition to A+T may lead to further gene inactiva-
tion and loss, and a subsequent reduction in genome size and bias in codon usage.
There are several examples of primary symbionts with highly reduced, A+T-biased
genomes. The Ca. Portiera aleyrodidarum genome is 76% A+T (Jiang et al., 2012;
Ly Thao and Baumann, 2004b), for example, and the Carsonella ruddii genome is
even more biased at 83.4% A+T (Nakabachi et al., 2006) (Table 1.1).

As a result of these A+ T biases, homopolymers, or repeating units, are more likely
to form (Medina and Sachs, 2010). This increases the likelihood of small insertions
or deletions occurring, eventually leading to the inactivation and pseudogenisation
of the gene (Tamas et al., 2008; Medina and Sachs, 2010). Genome reduction is seen
not only in primary symbionts but also in pathogenic bacteria, emphasising that it
is not one single method behind this process (Weinert and Welch, 2017). There are
however some examples of symbiotic bacteria with highly reduced genome, but no
A+T bias. Candidatus Hodgkinia cicadicola from the cicada D. semicincta has an
A+T content of 41.6% (McCutcheon et al., 2009b) (Table 1.1). Similarly, Candidatus
Tremblaya princeps, primary symbiont of the citrus mealybug Planococcus citri is
41.2% A+T (Lopez-Madrigal et al., 2011). The lack of A+T bias in these symbiont
genomes suggests that a loss of DNA repair systems is not the only driving force
behind nucleotide composition biases, as repair enzymes have not been found in Ca.
Hodgkinia cicadicola (McCutcheon et al., 2009b).

These unusual genomes can be used to make predictions about the role that a sym-
biont plays in its ecosystem. Symbiont genomes are highly reduced, with genes lost
that are no longer required for a lifestyle entirely within an insect. Some may, for
example, lose sigma factors that free-living species of bacteria rely on to respond
rapidly to environmental changes (Moran, 2002). Such genes become superfluous
within the more constant insect microenvironment. B. aphidicola has a reduced
chromosome of 640,681 base pairs (bp) and two small plasmids (Shigenobu et al.,
2000). B. aphidicola is a close relative of Escherichia coli, with its genome consid-
ered a subset of the E. coli genome (Shigenobu et al., 2000). Unlike E. coli, the



B. aphidicola cells contain approximately 120 copies of the genome per individual
(Komaki and Ishikawa, 1999). The B. aphidicola genome contains 54 genes involved
in the biosynthesis of essential amino acids (Shigenobu et al., 2000). Aphids are
phloem sap-feeders, a diet that is rich in carbohydrates but deficient in essential
amino acids. Strikingly, the amino acid biosynthesis genes retained by B. aphidicola
are for those that are essential for the aphid host. The pathways to synthesise non-
essential amino acids are almost entirely missing. This supports previous empirical
investigations which suggested that B. aphidicola plays a nutritional role in this
insect-bacterium symbiosis (Douglas, 1998). The C. ruddii genome also suggests a
role for this symbiont within its phytophagic host, whereby genes involved in the
biosynthesis of amino acids have been retained (Nakabachi et al., 2006). Primary
symbionts may also enable their hosts to expand into a wider range of ecological
niches. The ant Camponotus floridanus has an omnivorous diet, but is thought to
be supplied essential amino acids by the primary symbiont Blochmannia floridanus
(Gil et al., 2003; Feldhaar et al., 2007). This is believed to allow the ant to persist

in less nutritionally-rich environments.

Sometimes the metabolic provisioning by symbiotic bacteria for their insect hosts
may be undertaken in cooperation. There are two obligate symbionts found in the
phloem-feeding leathopper M. quadrilineatus; S. muelleri and Nasuia deltocephalin-
1cola. These symbionts have highly reduced genomes of 190 kb and 112 kb, respec-
tively (Bennett and Moran, 2013). N. deltocephalinicola is able to synthesise the
essential amino acids L-histidine and L-methionine to complement the L-leucine,
L-isoleucine, L-threonine, L-lysine, L-arginine, L-tryptophan, L-phenylalanine and
L-valine produced by S. muelleri (Bennett and Moran, 2013). Complementation is
often seen between obligate, primary symbionts, and co-infecting secondary sym-
bionts. This has been observed in the sap-feeding glassy-winged sharpshooter H.
vitripennis. In this example, B. cicadellinicola provides vitamins and cofactors
whilst lacking the ability to synthesise the majority of the essential amino acids
(Wu et al., 2006). This role is filled by S. muelleri, demonstrating both metabolic

complementarity and the importance of secondary symbionts (Wu et al., 2006).

1.2.2 Secondary symbiosis

In comparison to primary symbionts, secondary symbionts usually have an evolu-
tionarily younger association with their hosts. Their genomes are generally larger
than that of primary symbionts, and without biases in nucleotide composition. The

genome of Hamiltonella defensa, a facultative secondary symbiont of the aphid A.



pisum, is 2.1 Mb and 59.9% A+T (Degnan et al., 2009). This is smaller than free-
living species of bacteria such as E. coli K-12 (4.64 Mb) (Blattner et al., 1997),
Yersinia pestis (4.83 Mb) (Parkhill et al., 2001), and Serratia marcescens (5.24 Mb)
(Chung et al., 2013), but over three times larger than that of the aphid’s primary
symbiont B. aphidicola.

Accompanying these larger genomes is the opportunity for external admixture. In
contrast to primary symbionts, there have been some examples of the horizontal
transmission of secondary symbionts (Sandstrom et al., 2001; Oliver et al., 2010).
This has been demonstrated in the secondary aphid symbionts, with transmission
more likely between closely-related insect species (Russell et al., 2003). The exact
mechanism of how this horizontal transfer occurs remains to be elucidated, but
parasitoid wasps or the transfer from plants have been suggested (Sandstrom et al.,
2001). For example, Rickettsia species and Candidatus Cardinium hertigii have been
horizontally transferred between whitefly (B. tabaci) and leathopper (Scaphoideus
titanus) hosts, respectively, via the phloem (Caspi-Fluger et al., 2012; Gonella et al.,
2015). This therefore provides secondary symbionts with the opportunity to acquire
new genes horizontally, reducing population bottlenecking. A key example of this
is observed in H. defensa. The defensive properties displayed by H. defensa are
thought to have been acquired from the presence of various bacteriophage (Degnan
and Moran, 2008; Degnan et al., 2009; Oliver et al., 2010; Oliver and Higashi, 2019).
It is not yet clear whether horizontal transmission of symbionts occurs in blood-

feeding insects, or those that do not experience parasitism.

Secondary symbionts play a variety of roles within their host. Sometimes, they may
not provide a known benefit. In other instances, the secondary symbiont may only
be conditionally beneficial (Oliver et al., 2010). There are several examples of this
in the aphid A. pisum. H. defensa provides protection for A. pisum against the
parasitoid wasp Aphidius ervi (Oliver et al., 2003, 2008). The presence of Serra-
tia symbiotica (shown in Fig. 1.3) improves the fecundity of A. pisum following
heat stress (Montllor et al., 2002). A third secondary symbiont found in A. pisum,
Regiella insecticola, enhances the resistance of its host to infection by the fungal
pathogen Pandora neoaphidis (Scarborough et al., 2005). R. insecticola can also
allow A. pisum to expand the range of plants on which it can reproduce successfully
(Tsuchida et al., 2004). These symbionts are therefore not consistently advantageous

to the insect. They only provide a benefit under certain conditions.



Figure 1.3: Scanning electron microscopy image of the A. pisum bacteriome, taken
from Pontes and Dale (2006). B = bacteriocyte; F = S. symbiotica, M = mitochon-
drion, O = B. aphidicola, SC = sheath cell.

Secondary symbionts can also work cooperatively to provide a benefit for their host.
For example, co-infection by S. symbiotica and H. defensa has been demonstrated
to enhance the resistance of aphids to A. ervi infection in a laboratory environment
(Oliver et al., 2006). Nested symbioses have been observed in the citrus mealybug
Planococcus citri, in which a secondary ~-proteobacterium localises within the pri-
mary symbiont Ca. Tremblaya princeps (von Dohlen et al., 2001). This association
is believed to have established on multiple occasions over evolutionary time (Thao
et al., 2002). Here, the secondary symbiont is not providing a known benefit to
P. citri, and may instead be using the primary symbiont for protection and to en-
sure its own transmission (von Dohlen et al., 2001). There may be other, as yet

undiscovered, examples of primary and secondary symbionts in close association.

Secondary symbionts are not consistently found at 100% infection frequencies. H.
defensa is found at intermediate frequencies in natural aphid populations, possibly
because the cost of maintaining this symbiont may not outweigh the benefits if the
insect is not consistently exposed to parasitoid infection (Oliver et al., 2008). It is

possible that there may be a bias in data available for primary symbionts because



of the fact that secondaries of certain species are not found in all individuals. There
may also be less of a desire to study secondary symbionts as they, by definition,
do not play an essential role in the system. They are, however, potential candi-
dates for disease vector and pest control measures, in part because of their in vitro

culturability.

Secondary symbionts are not obligate, and therefore some have been successfully
cultivated in vitro. Arsenophonus triatominarum of the triatomine bug, Triatoma
infestans and Candidatus Arsenophonus arthropodicus, a secondary symbiont iso-
lated from the tissues of the hippoboscid louse fly Pseudolynchia canariensis, have
been isolated and maintained in an Aedes albopticus cell line (Hypsa and Dale, 1997;
Dale et al., 2006). Other secondary symbionts have been grown without the use of
cell lines, including the tsetse symbiont Sodalis glossinidius (Dale and Maudlin,
1999). This characteristic, and others observed in the Sodalis genus, will be dis-

cussed in depth in Section 1.4.

1.2.3 Parasitism

Certain insect-microbe symbioses could be described as parasitic, rather than mu-
tualistic or commensal. One such species is Wolbachia pipientis (henceforth " Wol-
bachia"). The Rickettsia-like Wolbachia is one of the most promiscuous and well-
studied insect-associated bacteria. It is a Gram negative bacterium that is estimated
to be found in at least 20% of all insects (Hedges et al., 2008), including insects of the
orders Lepidoptera, Diptera, Coleoptera, Hemiptera, Hymenoptera and Orthoptera
(Werren et al., 1995). Wolbachia is maternally transmitted and consequently exerts
a variety of effects on the reproduction of its host, including cytoplasmic incompat-
ibility (CI) and male killing. As a result of CI, Wolbachia-infected males cannot
produce viable offspring if mating with uninfected females (Fig. 1.4). These effects,
which are often negative for the host species, mean that Wolbachia is not a tradi-
tional symbiont by strict definition. Its behaviour is parasitic, rather than neutral or
beneficial. This manipulative phenotype is not limited to Wolbachia. Arsenophonus
nasoniae, for example, has been observed to cause a son-killing phenotype in the
parasitic wasp Nasonia vitripennis (Gherna et al., 1991). Importantly, the presence
of Wolbachia has been linked to vector competence; the ability of a pathogen to
persist within and spread through a population of insects. For example, laboratory
strains of Drosophila melanogaster infected by Drosophila C virus have decreased
mortality in the presence of Wolbachia (Hedges et al., 2008). Wolbachia has also

been harnessed to great success in the control of dengue virus. Here, the wMel
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strain of Wolbachia from D. melanogaster has been introduced into the naturally
Wolbachia-free dengue vector Aedes aegypti (Hoffmann et al., 2011; Walker et al.,
2011). This avirulent strain of Wolbachia induces CI in the mosquitoes (Walker
et al., 2011) and increases the resistance of the insect to the virus (Bian et al.,
2010). This serves to highlight both the scientific interest and the potential value in

researching the bacterial symbionts of insects.
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Figure 1.4: Cytoplasmic incompatibility induced by Wolbachia. Infected (red) males
are not able to produce viable offspring when mating with uninfected (blue) females.

Wolbachia has been found in some species of tsetse (Diptera, genus Glossina), but
not at 100% infection frequency (O’Neill et al., 1993; Cheng et al., 2000). It is
not thought to have a metabolic role in the tsetse microbiome, instead exerting its
influences on the insect’s reproduction via CI (Fig. 1.4) (Alam et al., 2011). It is
included here for completeness, but because of the lack of metabolic interest, coupled

with the low infection frequencies, is not the focus of this thesis.

1.3 The tsetse and its microbiome

1.3.1 The tsetse and human African trypanosomiasis

The tsetse is a unique insect of great medical importance. The 366 Mb Glossina
morsitans morsitans genome was published in 2014, containing 12,308 predicted
protein-encoding genes (Attardo et al., 2014). It reproduces by adenotrophic vivipar-
ity, producing live larvae fed through milk glands. This behaviour is unusual within
the Diptera order (Wall and Langley, 1993), and indeed for non-mammals. The
tsetse has an obligate hematophagic diet of mammalian blood. This diet is highly

unbalanced, with an abundance of amino acids but fewer saccharides. It is via these
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blood meals that an infected tsetse can spread the protozoan parasite Trypanosoma

bruce.

Figure 1.5: The tsetse. Image by Geoffrey Attardo from Heller (2011).

T. brucei is the causative agent of human African trypanosomiasis (HAT) and the
wasting disease of cattle known as nagana (WHO, 1998). After feeding on an in-
fected blood meal, procyclic T. bruce: localise within the peritrophic matrix in the
midgut of the insect, before differentiating into epimastigote and then metacyclic
forms and migrating to the salivary glands (Fig. 1.6). From there, T. brucei can in-
fect a new mammalian host, where they transform from slender to stumpy forms in
the bloodstream. Metacyclic and stumpy forms are pre-adapted to their next hosts
(McKean, 2003). This life cycle is comparable to that of Leishmania species that
causes the neglected tropical disease (NTD) leishmaniasis (Fig. 1.6). Leishmania
species also have stages within the midgut of their vector, the sandfly, before migrat-
ing to the salivary glands. The main difference between T. brucei and Leishmania
life cycles is found in the mammalian host. 7. brucei remains within the blood-
stream, whereas Leishmania invades, and proliferates within, human macrophages
(Handman, 2001). The T. brucei life cycle is arguably not as complex as that of
the malarial parasite Plasmodium falciparum, which undergoes multiple stages of
differentiation within the gut of its mosquito host (Fig. 1.6), as well as an erythro-
cytic phase within human erythrocytes that allows the parasite to proliferate (Lee
et al., 2014). The life cycle of the trematode genus Schistosoma, causative agent
of schistosomiasis, is arguably more intriciate still (Fig. 1.6). There are multiple
stages of migration and differentiation within humans as the parasite translocates
from the skin to the mesenteric vessles, via the lungs, heart and liver (Gray et al.,
2011). The Schistosoma eggs are then released into the water in faeces, where they
hatch and infect their intermediate snail host. The cercariae are then released back

into the water.
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Figure 1.6: Parasitic life cycles. The life cycles of T. bruce: in its tsetse and mam-
malian hosts, P. falciparum in its sandfly and human hosts, Leishmania in its sandfly
and human hosts, and the Schistosoma trematode life cycle through humans, wa-
ter, and snails. 7. brucei life cycle adapted from Fenn and Matthews (2007) and
McKean (2003). P. falciparum life cycle adapted from Lee et al. (2014). Leishmania
life cycle adapted from Handman (2001). Schistosoma life cycle adapted from Gray
et al. (2011).

HAT is currently endemic in 36 countries in sub-Saharan Africa, with an estimated
70 million people at risk of infection (Kennedy, 2004; Migchelsen et al., 2011; Roditi
and Lehane, 2008; Simarro et al., 2011; Attardo et al., 2014). It is an NTD char-
acterised by two stages of infection. The symptoms of the haemo-lymphatic stage
are generally non-specific, including fever, headache and joint pain. The second,
meningo-encephalitic stage occurs when T. brucei crosses the blood-brain barrier
and enters the central nervous system. These symptoms are more severe, including
severe neurological conditions and sleep cycle disruption. This stage is often fatal if

left untreated.

HAT was responsible for millions of deaths in the twentieth century, but there has

since been a steady decline in the number of cases. This is due to a combination of
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successful control methods, and changes in the environment and climate (Biischer
et al., 2017). This downward trajectory is in contrast to what is currently observed
for malaria, leishmaniasis, and schistosomiasis. Estimates indicated there were ap-
proximately 212 million new cases of malaria in 2015 (Patouillard et al., 2017), with
schistosomiasis affecting 250 million people (Utzinger et al., 2015). There are ap-
proximately 1.5-2 million new cases of visceral or cutaneous leishmaniasis annually
(Desjeux, 2004). This may imply that HAT is possibly not a priority NTD. There
are however still pockets of rural populations at significant risk of 7. bruce: infec-
tion. Poverty, political unrest, and other instabilities could cause a resurgence of
the disease. There are also concerns that 7. bruce: may develop resistance to the
current treatment options (Kennedy, 2004). The development of vaccines to protect
against HAT is hindered by the antigenic variation employed by the parasites to
evade the mammalian immune system (Aksoy, 2000; Xong et al., 1998). T. brucei is
able to switch its variant surface glycoprotein coat to avoid recognition by antibodies
produce by the immune system in response to specific proteins (Horn, 2014). This
makes the development of vaccines against T. brucei extremely challenging. There
is a need therefore for new, affordable and effective ways to control the disease and
decrease the risk of a resurgence. One way that this could be achieved, as described
here for the control of dengue, is by manipulating the tsetse’s microbiome (Aksoy
et al., 2001).

The tsetse is host to a unique microbiome that co-exists alongside T. brucei. The
microbiome consists of the primary Wigglesworthia glossinidia and the secondary
S. glossinidius. The tsetse is also vulnerable to the parasitic Wolbachia, which is
not essential for the tsetse’s survival or fecundity and not always present in natural
tsetse populations (Cheng et al., 2000; Weiss and Aksoy, 2011). W. glossinidia and
S. glossinidius, specifically their role within the tsetse microenvironment, will be

discussed in depth here.

1.3.2 The primary symbiont Wigglesworthia glossinidia

W. glossinidia is an intracellular y-proteobacterium. It localises within bacteriocytes
in the anterior midgut of the tsetse, with an additional extracellular population
found inside the milk glands (Pais et al., 2008; Snyder et al., 2010; Weiss and Aksoy,
2011; Aksoy, 1995) (Fig. 1.7). It is via these milk glands that W. glossinidia is
transmitted vertically to the next generation. W. glossinidia is estimated to have
co-evolved with the tsetse for approximately 80 million years (Chen et al., 1999;
Snyder and Rio, 2013). It has a single, highly reduced chromosome of 697,724 bp
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and a 5,200 bp plasmid (Akman et al., 2002), comparable in size to the obligate
B. aphidicola (Shigenobu et al., 2000). The W. glossinidia genome composition
displays a strong A+T bias, of 78% and a complete absence of insertion sequences
or transposable elements (Akman et al., 2002). Noticeable in the W. glossinidia
genome is the maintenance of pathways for vitamin biosynthesis (Akman et al.,
2002). It is hypothesised that W. glossinidia has retained these in order to supply
B group vitamins to its tsetse host, supplementing those that the insect is unable to
synthesise or import from its blood meal. It has since been demonstrated empirically
that pyridoxal 5’-phosphate and folate, synthesised in vivo by W. glossinidia, can
affect the fecundity and fitness of the tsetse (Michalkova et al., 2014; Snyder and
Rio, 2015). The W. glossinidia genome also encodes all components required to
synthesise a complete flagellum (Akman et al., 2002). It is not known whether this
is for motility or to assist in vertical transmission. It is not yet possible to cultivate

W. glossinidia in vitro.

y ST
. Qe - ) P_\RQ Larval
W. glossinidia > 7 4 bacteriome

@ S. glossinidius RN % " ~_o\‘a'fies\A

L - " o~ Ry /) Intrauterine
‘ W. pipientis ;-L\ larva

/ > N
7/ V4
P /
o~—"" //, @
r:—////

« = bacteriome

Figure 1.7: The localisation of W. glossinidia (green), S. glossinidius (blue) and
Wolbachia (red) in the tsetse. Adapted from Attardo et al. (2014).

1.3.3 The secondary symbiont Sodalis glossinidius

The secondary endosymbiont S. glossinidius resides in the tsetse midgut, fat body
and hemolymph (Cheng and Aksoy, 1999; Dale and Maudlin, 1999) (Fig. 1.7). The
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genome of S. glossinidius is 4.17 Mb, with 2,432 protein encoding sequences (Toh
et al., 2006). There have also been four circular elements of extrachromosomal DNA
identified and sequenced; three plasmids and one bacteriophage-like element (Darby
et al., 2005b). The extrachromosomal DNA shows evidence of symbiotic fitness
factors, including siderophores and heat shock proteins, and of genes involved in
conjugation (Darby et al., 2005b). These may have been important in the evolution
of S. glossinidius. The 51% coding capacity of the S. glossinidius chromosome
and the 972 pseudogenes found within it (Toh et al., 2006) reflect its symbiotic
status. Many of these pseudogenes have been split into three or more fragments,
or have lost a high percentage of their sequence. When categorised by function, a
large proportion of the S. glossinidius pseudogenes are involved in defence, and the
metabolism and transport of carbohydrates and inorganic ions (Toh et al., 2006).
From this, it could be inferred that S. glossinidius has started to lose genes that
are no longer required within the tsetse, given the insect’s obligate hematophagic
diet. The extensive complement of pseudogenes is indicative of a large process of
genome reduction, and it is expected that these will be removed over time by ongoing
evolutionary processes (Belda et al., 2010; Toh et al., 2006; Snyder and Rio, 2013).

As with W. glossinidia, the S. glossinidius genome retains the ability to encode
a complete flagellum (Akman et al., 2002; Toh et al., 2006). Both symbionts are
transmitted vertically to the tsetse larval progeny, suggesting a possible reason for
the retention of the flagella apparatus in both. In contrast to W. glossinidia, how-
ever, S. glossinidius can be cultured in wvitro. It is a microaerophile, demonstrating
optimal growth in 5-10% oxygen (Dale and Maudlin, 1999) and at 25°C (Dale and
Maudlin, 1999; Toh et al., 2006; Roma et al., 2019). Due to its genome size and
culturability, the association of S. glossinidius with its host is thought to be more
recent than that of W. glossinidia (Chen et al., 1999). S. glossinidius could be
considered a snapshot in evolutionary time, an intermediate between a free-living
and an obligate symbiont. It therefore provides an excellent platform for studying

host-symbiont interactions and the evolution of symbiotic relationships.

1.4 The Sodalis genus

The Sodalis genus is particularly interesting and varied. Sodalis-like symbionts,
as mentioned briefly, are found in a variety of insect species and orders (Table
1.2). Several, as exemplified by S. glossinidius, are found in blood-feeding insects
(Dale and Maudlin, 1999; Toh et al., 2006; Novakova and Hypsa, 2007; Chrudimsky
et al., 2012; Boyd et al., 2016). These diets are low in sugars but rich in amino
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acids. Insects that feed on plant sap, with diets high in sugars but low in amino
acids, also contain symbionts of the Sodalis genus, in spite of their contrasting
metabolite availability (Szklarzewicz et al., 2018; Koga et al., 2013; Koga and Moran,
2014; Michalik et al., 2014; Kaiwa et al., 2010; Hosokawa et al., 2015). Sodalis-like
symbionts have also been identified in insects that feed on rice (Heddi et al., 1997;
Oakeson et al., 2014), seeds (Toju et al., 2010; Toju and Fukatsu, 2011; Santos-Garcia
et al., 2017), bark (Griinwald et al., 2010), and avian feathers (Fukatsu et al., 2007).
This demonstrates the variety of different nutritional niches that members of the

Sodalis genus can occupy.

Whilst some Sodalis-like symbionts have been identified from the sequencing of core
genes (groEL, 16S rRNA) alone, others have complete genome sequences available
(Table 1.2). These provide a valuable source of information about how they have
adapted to their microenvironment. The 4.5 Mb genome of Candidatus Sodalis
pierantonius is comparable to that of S. glossinidius, with a 43.9% A+T content
and 1771 predicted pseudogenes (Oakeson et al., 2014). Unlike S. glossinidius, Ca.
Sodalis pierantonius is described as a bacteriome-associated primary symbiont, with
its removal impairing the flight and fecundity of its host (Oakeson et al., 2014; Heddi
et al., 1997). It has been proposed that Ca. Sodalis pierantonius may play a nutri-
tional role for S. oryzae via the provision of certain vitamins, namely pantothenate,
biotin and riboflavin (Wicker, 1983).

Other Sodalis-allied symbionts have significantly smaller genomes than S. glossinid-
ius (Table 1.2). The bacteriocyte-associated Sodalis-like symbiont of the hematophagic
seal louse Proechinophthirus fluctus has a 2.18 Mb genome, and unlike S. glossinid-
ius is hypothesised to be a replacement for a now extinct endosymbiont (Boyd et al.,
2016). The genomes of Candidatus Sodalis baculum and SL-PSPU are even smaller,
at 1.62 Mb and 1.38 Mb, respectively (Santos-Garcia et al., 2017; Koga et al., 2013;
Koga and Moran, 2014). Both of these organisms localise to the bacteriome and
are thought to provide their host insects with amino acids (SL-PSPU) and cofactors
(Ca. Sodalis baculum).

A free-living species of the Sodalis genus, Sodalis praecaptivus, has recently been
isolated from a human wound caused by an impalement by a crab apple tree (Clay-
ton et al., 2012). This indicates that S. praecaptivus can survive on both plant
and animal tissue. S. praecaptivus is a prototroph capable of growth in minimal
media (Chari et al., 2015). It has a genome size of 5.16 Mb with only 61 pseudo-
genes (Oakeson et al., 2014). It is phylogenetically similar to several Sodalis-like
symbionts of insects (Chari et al., 2015), including Candidatus Sodalis melophagi
of the hematophagic sheep ked Melophagus ovinus (Chrudimsky et al., 2012), Ca.
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Sodalis pierantonius (Heddi et al., 1997; Oakeson et al., 2014), and symbionts of
the slender pigeon louse Columbicola columbae (Fukatsu et al., 2007), chestnut wee-
vil Curculio sikkimensis (Toju et al., 2010; Toju and Fukatsu, 2011), and stinkbug
Cantao ocellatus (Kaiwa et al., 2010). A dendrogram produced by matrix assisted
laser desorption ionization - time of flight (MALDI-TOF) performed on S. glossini-
dius and S. praecaptivus suggests that the two species are closely related (Chari
et al., 2015). Due to their close phylogenies but distinctive environments, S. prae-
captivus is an excellent reference organism from which to investigate the evolution

of insect-Sodalis symbioses.

1.5 Tools for studying symbiosis

1.5.1 Traditional tools

Prior to the advent of rapid genome sequencing, the study of insect symbionts was
predominantly achieved by observing the effect of their removal. Aposymbiotic
insects are usually produced by via treatment with antibiotics. This can have a
deleterious effect on the behaviour of the insect. Distrupting the A. pisum mi-
crobiome, for example, results in insects that feed poorly (Wilkinson and Douglas,
1995a). This can be measured using electrical penetration graphs that record stylet
penetration. Generating aposymbiotic insects does however allow the metabolic role
of a symbiont to be investigated. Following antiobiotic treatment, Myzus persicae
aphids grow better when their diet is supplemented with L-methionine (Douglas,
1988b). This suggests the M. persicae symbionts are provisioning this metabolite
to their host. The same method has been applied to A. pisum aphids to investigate
amino acid provisioning and use (Prosser and Douglas, 1991; Douglas and Prosser,
1992; Wilkinson and Douglas, 1995b).

Symbionts within bacteriocytes can also be dissected out of their insects, and mi-
croscopy performed to analyse their number and size (Douglas and Dixon, 1987).
The dissected bacteriocytes can be supplied with labelled carbon sources to measure
metabolite uptake by the symbionts, as demonstrated in A. pisum (Whitehead and
Douglas, 1993). The microbiome of the leafthopper Euscelis incisus has also been
examined following dissection. In this example, the gut of the insect was spread on
to nutrient agar plates and incubated to isolate bacterial cultures (Douglas, 1988a).
Dissecting insects is challenging due to the small size of the bacteriocytes, as well

as the risk of contamination between the different species of symbionts (Douglas,
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1988a).

The ability to sequence bacterial genomes cheaply and rapidly has progressed the
study of insect symbionts. Symbiotic bacteria can be difficult to culture via tradi-
tional microbiology techniques. Obligate symbionts, by definition, cannot survive
outside of their hosts. This may be due to a reliance on metabolites or other com-
pounds produced by the host, as a product of their intracellularity, or a combination
of the two. Mutualists may be cultured in vitro but there are often issues with slow
growth and a reliance on rich media, leading to issues with opportunistic contam-
ination. Because of this, alternative techniques to studying symbiotic bacteria are

desirable.

1.5.2 Flux balance analysis

One such technique for studying symbiotic bacteria is flux balance analysis (FBA).
FBA is a computational, constraint-based modelling technique that is used to ex-
amine the metabolic network of an organism (Orth et al., 2010). Constraint-based
modelling assumes that a system will form a steady state. This means that all
metabolites that are fed into a network will have a route through and out, and
cannot accumulate in the system (Thiele and Palsson, 2010). Some may be used to
form the in silico biomass of an organism via a pre-defined, species-specific biomass
reaction. There are many outcomes that can be found within the solution space,
but this space can be constrained by specifying the maximum and minimum fluxes
allowed through each reaction (Kauffman et al., 2003). For example, the network
could be constrained to only allow uptake and use of a single carbon source. The
resulting flux through each reaction can then be measured. Not all reactions will

carry flux under a given condition.

An overview of the process of constructing a flux balance model is shown in Fig. 1.8.
The process begins by generating or accessing an annotated genome of the organism
(Thiele and Palsson, 2010). All of the predicted metabolic genes encoded by the
organism can then be identified (Orth et al., 2010; Kauffman et al., 2003). This
is usually achieved by mining the genome annotation, either through identifying
common gene names, via large-scale BLAST searches, or a combination of the two.
This should identify all metabolic enzymes as well as proteins involved in the active
or passive transport of metabolites. The reactions encoded by these proteins are
then extracted, commonly from databases including BiGG Models (King et al.,
2016), KEGG (Kanehisa and Goto, 2000; Kanehisa et al., 2019) and MetaCyc (Caspi
et al., 2007), and compiled into a draft model.
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Biosynthetic pathways are often incomplete at this stage, and the construction then
requires an iterative process of manual gap-filling and in vitro testing (Thiele and
Palsson, 2010). Several techniques could be used during the gap-filling process.
The draft model could be compared to pre-existing metabolic models to identify
commonly included reactions. Closely and more distantly related related organisms
could serve as queries or templates when mining for specific genes. Here, in vitro
testing is crucial for characterising the capability of the organism to grow on a variety
of substrates, ensuring that this is reflected in the final model. One weakness of FBA
and other computational tools is that the accuracy of the modelling depends upon
the quality of the genome sequence and annotation. Extensive in vitro testing should

help to mitigate this.

Metabolic modeling can be a powerful tool in the study of symbiont biology. These
organisms, with their reduced genome capacity, are often difficult to culture. The
models can therefore provide insight in how to optimise symbiont culture, or to
make predictions that would not be possible in vitro. For example, multiple flux
balance models have been linked together to simulate metabolic cross-feeding in the
symbionts of cicadas, spittlebugs and sharpshooters (Ankrah et al., 2018). Metabolic
models can however be limited by the cultivation challenges of symbiotic bacteria.
An inability to conduct a thorough phenotypic screen may result in a model that is

incomplete or that does not closely match the metabolism of the symbiont.

Once implemented, FBA models can be manipulated to examine a range of im-
portant characteristics of symbiotic bacteria in silico, include gene essentiality and
metabolite production. Individual reactions, or a set of reactions encoded by a single
gene, may be removed and the resulting effect on the network flux examined (Thiele
and Palsson, 2010). This can inform as to whether a certain knockout carries a

lethal phenotype.
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Compare to orthologous
genomes

Gap filling — Comparen:gdcerlt:ologous
Examine biosynthetic
pathways

Figure 1.8: An overview of the process of constructing a metabolic model. Blue =
key steps, orange = the process of gap filling, green = the iterative processing of
testing and modifying.

FBA can also be used to illustrate and investigate the unusual nature of symbiont
genomes. The relatively constant internal environment of an insect provides an
opportunity for non-essential genes, sometimes entire metabolic pathways, to be lost
over time. The patterns of gene pseudogenisation are therefore good predictors of
both the insect microenvironment and the relationship between host and symbiont.
The redundancy of a network can be established by the repeated removal of genes
or reactions in silico (Thiele and Palsson, 2010). This information can be used
as a comparison to both free-living and obligate models, to estimate the stage of

symbiosis and genome reduction that an organism has reached.

An FBA model of S. glossinidius metabolism has been published by Belda et al.
(2012). This offers access to a large amount of information about S. glossinidius
metabolism. In the absence of a well-annotated free-living relative from which to
compare, Belda et al. (2012) reconstruct an ancestral S. glossinidius model by con-
verting predicted pseudogenes to functional reactions. FE. coli K-12 was used as a
comparison. An extant model, iEB458, was created by removing the pseudogenes.

Their ancestral model was able to produce a viable biomass output with the ex-

22



ogenous addition of D-glucose alone, whereas the extant model was not. This was
due to several key pseudogenisations. First, the extant network is unable to catalyse
glycogen biosynthesis from D-glucose. Glycogen was a component of the biomass re-
action and a positive biomass output could not be produced without the synthesis of
all components. Second, their work included pseudogenisations in argA, argC; argD,
and argG. These genes encode reactions in the pathway for L-arginine biosynthesis
from L-glutamate. In the absence of these genes, the extant network was unable to
synthesise L-arginine. They state that this prevented the subsequent biosynthesis
of spermidine and putrescine (Belda et al., 2012). iEB458 is a useful starting point
from which to understand the metabolism of S. glossinidius and how it may have
adapted to a symbiotic lifestyle. It is however fundamentally limited by a lack of

experimental validation.

There has also an FBA model constructed for W. glossinidia (Gavin Thomas, unpub-
lished). It makes important, unusual predictions about the symbiont’s metabolism.
This model implies that W. glossinidia uses L-proline as its energy source via gluco-
neogenesis. L-proline is abundant within the tsetse microenvironent, relied upon by
both the insect and 7. brucei (Bursell, 1963, 1978; Hargrove, 1976; Mantilla et al.,
2017). It would therefore seem logical for W. glossinidia to adapt to use a widely
available metabolite. This model is however limited by the fact that no L-proline
transporters have been defined in W. glossinidia. Experimental verification that the

symbiont is capable of importing this amino acid is required to support the model.

1.5.3 Defined media for physiological studies

Research into bacterial metabolism in vitro requires simple, minimal media. This
allows metabolites to be tested individually, and any change in growth observed can
be attributed back to this compound with confidence. This is not currently possible
with symbiotic bacteria. As symbionts lose coding capacity, their ability to survive
in minimal media is compromised. They may have lost entire biosynthetic pathways
or transporters as they became adapted to their insect’s microenvironment. This is
not an issue unique to symbiotic bacteria. Indeed, it has been estimated that only
1% of microbial life is culturable using currently available techniques (Staley and
Konopka, 1985; Amann et al., 1995; Vartoukian et al., 2010).

There have been some examples of symbionts being cultured in insect cell lines
(Hypsa and Dale, 1997; Dale et al., 2006; Darby et al., 2005a). Whilst a successful
method for maintaining symbiont cell culture, this technique carries an increased

risk of contamination and requires of specialist equipment and knowledge (Lynn,
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2002). It can also be difficult to entirely tease apart the effect that altering different
conditions has on an individual species; bacteria may respond differently if they are
isolated from their co-culture. This is therefore not an optimal culture protocol for

studying the metabolism of symbiotic bacteria.

Other symbionts have been cultured in isolation but in rich media, including brain
heart infusion (BHI) broth (Azambuja et al., 2004; Hrusa et al., 2015) and Mitsuhashi-
Maramorosch (M-M) medium (Weiss et al., 2008; Maltz et al., 2012). This has ad-
vantages over using insect cell lines as pure cultures of the symbiont in isolation are
used. It is an adequate method for studying certain phenotypes, for example the
effect of temperature on cell growth (Roma et al., 2019). It is not however useful
for studying the intricacies of metabolism, for several reasons. First, the recipes are
undefined, or contain ingredients that are themselves complex. BHI contains digests
of beef hearts and calf brains (Sigma). It is therefore not possible to know exactly
which metabolites are present here, or in what quantities. Second, the metabolites
cannot be removed individually. Removing metabolites and measuring the resulting
effect on the growth phenotype is a useful way to study their essentiality. This is
not possible in BHI or M-M. It is also more difficult to measure the metabolites

being produced by the bacteria if the starting medium is undefined.

The gold standard for in wvitro tests of metabolism is to use a rationally designed,
species-specific, defined medium. Rationally designed growth media was achieved for
the causative agent of Whipple’s disease Tropheryma whipplei (Renesto et al., 2003).
This was specific to T. whipplei, but still contained undefined components. Defined
media have been developed successfully for species of lactic acid bacteria (Jensen
and Hammer, 1993; Elli et al., 2000), soil bacteria (Gonzalez-Lopez et al., 1983;
Rodelas et al., 1993), and marine microorganisms (Woung Kim and Bok Lee, 2003;
Hanna and Lilly, 1974; Woelkerling et al., 1983), enabling precise questions about
their metabolism to be answered with confidence. This gold standard has yet to be
achieved for the symbiotic bacteria of insects. S. glossinidius is currently cultured in
BHI (Roma et al., 2019), BHI with added horse blood (Runyen-Janecky et al., 2010;
Hrusa et al., 2015; Smith et al., 2013), Schneider’s insect medium (Goodhead et al.,
2018), and M-M medium (Dale et al., 2001; Haines et al., 2009, 2002; Weiss et al.,
2006), amongst other rich media. Studies into the metabolism of S. glossinidius
will remain limited until a defined medium can be designed to support the in wvitro

growth of this symbiont.

24



1.5.4 In silico evolution to study the initiation and

evolutionary trajectory of symbiosis

There are several key stages in the formation of a symbiotic relationship. Much of
the focus of scientific research is on the adaptations that arise once the symbiont
has become internalised. These adaptations provide a wealth of information about
the basis upon which the relationship has established. Less is known about the
initial interaction between insect and bacterium. This crucial stage is interesting
for several reasons. First, the bacterium must provide at least a neutral presence
from the outset. It needs to avoid being eliminated by the immune system of the
insect. The aphid A. pisum is thought to have acquired two genes from bacteria;
amiD and ldcA1 (Chung et al., 2018). These genes encode proteins that are thought
to degrade immunogenic peptidoglycan fragments produced by B. aphidicola, thus
protecting the symbiont from elimination (Chung et al., 2018). This could be a vital
adaptation of the aphid to support its symbionts, but the temporal acquisition of

this is not known.

The initial stages of symbiosis may also be the most important in shaping the evolu-
tion and reduction of the symbiont genome. For example, B. aphidicola is thought
to have undergone 65-74% of its genome reduction early in its association with the
aphid (van Ham et al., 2003). There is also a trend for the rate of genome reduction
to decrease exponentially over time (Moran, 2002). This is another indication that
studying the earliest timepoints in the symbiotic relationship is crucial for under-
standing how and why they occur. Belda et al. (2012) attempted to estimate the
evolution of S. glossinidius by reconstructing an ancestral metabolic network from
predicted pseudogenes. This work is however biased in that the end-point (the S.
glossinidius genome) is informing the starting point. The discovery of S. praecap-
tivus provides an unbiased starting point from which to predict and evaluate the

trajectory of the S. glossinidius-tsetse symbiosis.

Predicting what will happen to a symbiont in the future is as important as decipher-
ing the key events that occurred at initiation. Using FBA to study the evolution of
the minimal metabolic networks observed in symbiotic bacteria has been attempted
previously. Pal et al. (2006) used an E. coli metabolic model (:JR904 (Reed et al.,
2003)) to simulate the evolution of B. aphidicola and W. glossinidia. A reaction was
selected at random, removed, and then deleted permanently if its removal did not
result in a lethal phenotype. This was repeated until no further reactions could be
removed, with the entire process replicated 500 times. Pal et al. (2006) were able to

produce minimal networks with a high (80%) degree of similarity to B. aphidicola
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and W. glossinidia. This is, however, not entirely surprising; they began with an F.
coli model and aimed to produce a model for an organism with a genome described
as a subset of E. coli (Shigenobu et al., 2000). This technique is also limited in
its ability to explore the evolutionary space. Once a randomly selected reaction is
removed, it can never be replaced. The removal of this reaction, and others that
occupy the same niche within a model, will result in a set of reactions becoming
essential. By not allowing reactions to be added back into the system further down
the line, the number of possible solutions found by the evolution is limited. It
does however provide a framework for harnessing FBA to study evolution in silico

through gene (or reaction) knockouts.

This ability to conduct in silico gene knockouts is a strength of using FBA to
study symbiotic bacteria, as these organisms are often not amenable to traditional
molecular biology tools for genetic manipulation. Obligate symbionts cannot in their
nature be transformed as they are not cultivatable outside of their insect hosts. For
the tsetse symbiont S. glossinidius, there are only a few examples of successful
molecular engineering. There is one example of a modification of S. glossinidius
by lambda Red-mediated recombination (Pontes and Dale, 2011), but this is not
replicated elsewhere. It has been reported that S. glossinidius was transformed
with a plasmid that enabled the production of a single domain antibody (De Vooght
et al., 2014), as well as a plasmid encoding antibiotic resistance genes (Beard et al.,
1993), but these are the exceptions. Computational evolution experiments, in which
key genes or reactions are removed and the effects monitored, could therefore act
as a proxy for in vitro genetic manipulation in symbionts that are not amenable to
traditional techniques. A tool that combines the strengths of FBA with a way to
explore the evolutionary space could provide novel insights into the trajectories that

symbiotic bacteria undergo.

1.6 Chapter summary

1.6.1 Chapter 2 - A Tale of Three Species: Adaptation of
Sodalis glossinidius to tsetse biology, Wigglesworthia

metabolism and host diet

The metabolic requirements and interactions of S. glossinidius with its tsetse host
are poorly understood. To increase the understanding of how the symbiont interacts

with its microoenvironment and the adaptations that it has undergone, we have con-
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structed a metabolic model of S. glossinidius metabolism. The model enabled the
design and experimental verification of a defined medium that supports S. glossini-
dius growth in wvitro. This has subsequently been used to analyse aspects of S.
glossinidius metabolism, revealing multiple unique adaptations of the symbiont to
its environment. Continued dependence on a sugar, and the importance of the chitin
monomer N-acetyl-D-glucosamine as a carbon and energy source, suggests adapta-
tion to host-derived molecules. Adaptation to the amino acid-rich blood diet is
revealed by a strong dependence on L-glutamate as a source of carbon and nitrogen.
Growth of S. glossinidius is demonstrated in the absence of L-arginine, contradicting
a previously assumed auxotrophy. Finally, the selective loss of thiamine biosynthesis,
a vitamin provided to the host by W. glossinidia, reveals an inter-symbiont depen-
dence. The reductive evolution of S. glossinidius to exploit environmentally derived
metabolites has resulted in multiple weaknesses in the metabolic network. These
weaknesses may become targets for reagents that inhibit S. glossinidius growth and

aid the reduction of trypanosomal transmission.

1.6.2 Chapter 3 - A genome scale metabolic model for
Sodalis praecaptivus reveals unusual biosynthetic

pathways

There is a well-annotated genome available for the free-living S. praecaptivus. This
provides the opportunity to study its metabolism in depth, as well as using it as a
comparison to its symbiotic relative S. glossinidius. Here, we describe the first FBA
model of S. praecaptivus metabolism, iRH830. This model describes S. praecaptivus
as a protroph, capable of growth on an in silico minimal medium. The model is ex-
tensively tested, with the large-scale screen of carbon usage revealing two pathways
rarely seen in FBA models of Gram negative bacteria. These pathways, for xylitol
and N-acetyl-D-galactosamine usage, are incorporated into RH830, highlighting
the importance of in vitro testing of FBA models. Analysis of metabolic pathways
in S. glossinidius suggests that the symbiont once had, and has subsequently lost,
the ability to metabolise xylitol. This model can serve as a starting point for studies

into the evolution of metabolic networks in the Sodalis genus.
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1.6.3 Chapter 4 - The in silico evolution of Sodalis

glossinidius

FBA has now been used to augment the understanding of how S. glossinidius and
S. praecaptivus have adapted to their contrasting environments. Little is known,
however, about the evolutionary trajectory that S. glossinidius has undertaken dur-
ing its internalisation, or what may happen to the symbiont in the future. The
temporal occurrence of key pseudogenisations is not known, and the extent of the
effect of the tsetse-specific metabolite availability is not fully understood. This lack
of understanding is not limited to the tsetse-S. glossinidius relationship, but to
all insect-bacterial symbioses. We therefore present a tool to study the evolution of
symbiosis in silico. We combine FBA with a multi-objective evolutionary algorithm,
using the Sodalis genus as a model system. We describe how this has enabled pre-
dictions to be made about how early key genes were lost in evolutionary time, the
impact of growth media, and the future course of genome reduction in S. glossini-
dius. This method could be applied to other symbioses for which a well-annotated
genome is available. It may also be suited for questions in industrial biotechnology,

in which directed evolution could be beneficial.

1.6.4 Chapter 5 - Phylogenetic and experimental analysis of

amino acid transporters in Wigglesworthia glossinidia

FBA, whilst a useful tool in several ways, is limited without experimental validation
of its predictions. A pre-existing model of W. glossinidia predicts a reliance on the
abundant metabolite L-proline, but there have been no transporters to import this
amino acid characterised in this organism. In this chapter we present a phylogeny
of amino acid binding proteins across members of the Enterobacteriaceae. This has
been used to categorise a candidate W. glossinidia binding protein as a member
of a unique cluster without an FE. coli orthologue. We present two strains of W.
glossinidia, W. glossinidia brevipalpis and W. glossinidia morsitans, as more dissim-
ilar at the protein sequence level than several inter- and intra-genus comparisons. A
candidate amino acid binding protein from W. glossinidia is expressed and purified,
and undergoes extensive structure and function tests with the aim of characterising
its binding capability. The data presented here highlight the variability between
strains of obligate symbionts, and the importance of acknowledging their deviation

away from standard comparisons of free-living bacteria.

By understanding the metabolic role of the symbionts within their host we can also
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understand how the internal environment is modified and in turn how this may
affect the persistence of T. brucei. The tsetse microbiome is well-characterised and
therefore provides a unique opportunity to study the evolution of symbiosis. It is
vitally important to elucidate the relationships between host and symbiont because,
as stated by Ed Yong (2016):

We cannot fully understand the lives of animals without understanding our microbes

and our symbioses with them.

- Ed Yong, I Contain Multitudes: The microbes within us and a grander view of life
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Chapter 2

A Tale of Three Species: Adaptation
of Sodalis glossinidius to tsetse

biology, Wigglesworthia metabolism
and host diet

The following chapter has been published as:

Hall RJ, Flanagan LA, Bottery MJ, Springthorpe V, Thorpe S, Darby AC, Wood
AJ, Thomas GH (2019). A Tale of Three Species: Adaptation of Sodalis glossinidius
to tsetse biology, Wigglesworthia metabolism and host diet. mBio 10 (1) e02106-18.

RJH conducted the experiments and analysed the data. LAF and MJB conducted
preliminary in silico and in vitro work, respectively. VS constructed DETOXbase.
ST assisted with programming. AJW and GHT supervised the project. All authors

contributed to the final manuscript.

Small changes have been made to the published manuscript to incorporate the sup-

plementary figures into the main text.

2.1 Introduction

It has been estimated that only 1% of all microbial life is culturable (Staley and
Konopka, 1985; Amann et al., 1995; Vartoukian et al., 2010). Included in this are
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a vast array of symbiotic bacteria. Inter-species competition, as well as sensitivity
to temperature, pH, oxygen and nutrient availability, means many species cannot
be cultured using standard conditions (Vartoukian et al., 2010; Koch, 1997; Hugen-
holtz et al., 1998). The ability to culture medically significant microorganisms is
an important tool in disease control. This includes the pathogens and the key sym-
bionts within the system. Improved culture methods, combining microbiology with
genomics, have been used to analyse the microbial flora of a number of disease vec-
tors. Notable examples are Paenibacillaceae and Serratia marcescens in the Asian
malarial vector Anopheles stephensi (Rani et al., 2009), the more complex flora
of Aedes aegypti (Gusmao et al., 2010), and the defined microbiome of the tsetse
fly, insect vector for the Trypanosoma brucei parasites that cause human African
trypanosomiasis (HAT) (Aksoy, 2000).

HAT is endemic in 36 countries in sub-Saharan Africa, with an estimated 65 mil-
lion people at risk of infection (Roditi and Lehane, 2008; Migchelsen et al., 2011;
Simarro et al., 2011). The tsetse, genus Glossina, also hosts a limited bacterial
microbiome alongside the parasitic T. brucei. Namely, this consists of a primary,
obligate symbiont Wigglesworthia glossinidia and, typically, a secondary facultative
symbiont Sodalis glossinidius (Aksoy, 1995; Dale and Maudlin, 1999). S. glossinid-
ius is of medical importance as its presence correlates positively with the ability of
the tsetse to be infected by T. brucei (Welburn and Maudlin, 1991; Welburn et al.,
1993; Welburn and Maudlin, 1999; Geiger et al., 2006). Its complement of over 1500
pseudogenes, and large genome size of 4.17 Mb, is consistent with it making a rapid
and recent movement from free-living to a host-restricted niche (Toh et al., 2006;
Belda et al., 2010). The high rate of pseudogene accumulation is consistent with the
loss of many cellular processes and metabolic pathways that are no longer needed for
life in the tsetse. These include genes involved in the transport of carbohydrates not
present in the blood meal (Toh et al., 2006) and of L-arginine biosynthesis (Belda
et al., 2010). The recent discovery of a closely related, free-living species of Sodalis, S.
praecaptivus, provides a useful, relevant comparison (Chari et al., 2015). It enables
informed predictions to be made about the presence or absence of key metabolic
genes in S. glossinidius. The hypothesis that S. glossinidius has specifically lost

metabolic capabilities during its transition to symbiosis can also be tested.

Symbiotic bacteria often present with small, degraded genomes (McCutcheon and
Moran, 2011). As a result of gene loss and inactivation, symbionts often cannot
be grown outside of their host. 5. glossinidius can however still be cultured, but
it requires undefined rich media (Dale and Maudlin, 1999) and a longer incubation
time than the free-living S. praecaptivus (Chari et al., 2015). This increases the risk

of contamination by faster-growing organisms and limits n vitro study of metabolite
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essentiality. Rationally designed growth media was achieved in a landmark paper for
the causative agent of Whipple’s disease Tropheryma whipplei (Renesto et al., 2003),
but this still contained undefined components. An entirely defined medium will
improve the culturing of S. glossinidius and the study of its physiology dramatically.
This may then enable genetic manipulation of this organism to express antiparasitic
molecules toward the elimination of T. brucei (Darby et al., 2005b; Weiss et al.,
2006; Snyder and Rio, 2013). This process is already a consideration for the control
of other vector-borne diseases (Hillesland et al., 2008; Coutinho-Abreu et al., 2010).

To define a S. glossinidius-specific growth medium, with the eventual aim of under-
standing more about the symbiont’s biology and metabolic dependencies, an experi-
mental approach was combined with whole genome metabolic modelling (GEM) and
flux balance analysis (FBA) to model S. glossinidius in silico. This is a powerful
method when based on a well-annotated genome and the ability to test in silico
hypotheses experimentally Orth et al. (2010). Analysis of the metabolic network of
S. glossinidius was first undertaken by Belda et al. (2012), who describe a network
of 458 gene products and 560 reactions, iFEB458. A key finding was the pseudo-
genisation of the phosphoenolpyruvate (PEP) carboxylase gene (ppc), preventing
the conversion of PEP to oxaloacetate for the tricarboxylic acid (TCA) cycle. The
pseudogenisation of components of the L-arginine biosynthesis pathway indicate the
requirement of an external source of L-arginine to supplement growth in silico. They
conclude that exogenous L-arginine is required both as a biomass component and to
form succinate via putrescine in order to supplement the TCA cycle in the absence
of ppc. The common hexose sugar D-glucose is given as the sole carbon source.
Importantly, this construction of ;EEB458 was limited by a lack of a well-annotated
relative from the same genus, which is no longer an issue since the discovery of S.

praecaptivus.

We present here a significantly advanced and improved model, :LF517, and describe
how it has enabled the development of an entirely defined medium that supports
S. glossinidius growth in vitro (SGM11). Our data indicate the use of a carbon
source lacking in the blood meal, namely N-acetyl-D-glucosamine (GlcNAc). This
suggests a complex nutritional interaction of S. glossinidius with the tsetse chiti-
nous peritrophic matrix. Degradation of this by a microbe-derived chitinase might
explain the increased persistence of the trypanosome when S. glossinidius is present
(Welburn and Maudlin, 1991; Welburn et al., 1993). Using SGM11, we demonstrate
that S. glossinidius is not, as thought previously, a true auxotroph for L-arginine.
Rather, it has a unique vitamin auxotrophy for thiamine, likely provided by the pri-
mary symbiont W. glossinidia (Snyder et al., 2012; Snyder and Rio, 2015) through

an interaction currently undefined.
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2.2 Methods

2.2.1 Refinement of the S. glossinidius metabolic network

The previously published GEM, iEB458 (Belda et al., 2012), was assessed for missing
or potentially incorrect gene assignments. A reaction was removed if there could be
no functional gene identified, either through absence or through pseudogenisation
based on the size of the gene in comparison to its Escherichia coli or S. praecaptivus
orthologues. Those reactions for which a gene assignment had been uncovered were
added to the new model. Reactions were maintained if removing them resulted in a
lethal phenotype, observed when the biomass output returned a value of zero. BiGG
Models (King et al., 2016), KEGG (Kanehisa and Goto, 2000; Kanehisa et al., 2019)
and EcoCyc (Keseler et al., 2017) databases were used to identify E. coli genes
encoding the reactions for which a S. glossinidius gene assignment had not been
found. Translated nucleotide and protein BLAST were used to search for known
S. glossinidius proteins and confirmation of genes and pseudogenes was performed
using the Artemis Genome Visualisation Tool (Rutherford et al., 2000). Candidate
pseudogenes were aligned with functional orthologues using ClustalX 2.1 (Larkin
et al., 2007).

2.2.2 Flux balance analysis

The FBA solutions were generated using the GNA linear programming kit (GLPK)
integrated with custom software in Java. Oxygen uptake was constrained to 12
mmol gr DW™! hr! in order to simulate a reduced oxygen environment. The uptake
of ammonia, water, phosphate, sulphate, potassium, sodium, calcium, carbon diox-
ide, protons and essential transition metals was unconstrained. Uptake of all other
metabolites was set to zero, with the exception of those used in the analyses which
have been set at 2 mmol gr DW! hr'! GleNAc and L-glutamate, 0.5 mmol gr DW-!
hr! L-arginine and 0.01 mmol gr DW! hr! thiamine. Cofactor constraints were
implemented by introducing these metabolites to the biomass functions at small
fluxes (1 x 10® mmol gr DW! hr') (Thomas et al., 2009). The phenotype was
considered viable if the biomass production rate was greater than 1 x 10* gr DW
(mmol glucose)™ hrl. Futile cycles, identified as reactions carrying biochemically
unsustainable flux, were altered to the correct reaction stoichiometry where possible
with guidance from EcoCyc (Keseler et al., 2017) and BiGG (King et al., 2016).
Full description of the model is provided in Supp. File 1.
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2.2.3 Bacterial strains, growth conditions and reagents

S. glossinidius strain GMM4 was obtained from the University of Liverpool. Work-
ing stocks were established by growing starter cultures on brain heart infusion (BHI)
(Sigma-Aldrich) plates in microaerophilic conditions generated by Oxoid Campy-
Gen sachets (Thermo Fisher Scientific) until growth was visible. Colonies were then
transferred to liquid BHI media and incubated for four to seven days in cell cul-
ture flasks at room temperature until growth was visible. S. glossinidius from the
working stock was then transferred to 5 ml fresh Luria-Bertani (LB) media (Sigma-
Aldrich) and supplemented with either D-glucose or GlcNAc at concentrations of 83
mM (Sigma-Aldrich).

1LF517 and the S. glossinidius metabolic network were used to design in silico an
entirely defined media, SGM11, in which to grow the bacterium. S. glossinidius
from the working stock was transferred to 5 mL M9 minimal media (Neidhardt
et al., 1974) containing the following supplements; 17 mM GlcNAc, 17 mM tre-
halose, 17 mM L-serine, 17 mM L-arginine, 4 mM L-proline, 17 mM L-glutamic
acid monosodium salt hydrate, 17 mM L-aspartate, 4 mM nicotinamide, 9 mM
a-ketoglutarate, 9 mM fumaric acid, 400 uM thiamine monophosphate (Sigma-
Aldrich). Metabolites were omitted from SGM11 individually and in combination

to test the model predictions.

The culture flasks were incubated for 48 hours (LB) or 72 hours (SGM11) at 25°C in
a temperature-controlled water bath. Gentle agitation was achieved using magnetic
stir bars, to achieve a suitable balance between oxygenation, settling and distur-
bance, was implemented at a stirring speed of 500 rpm. Intermediate time points
were found to compromise the sterility of the cultures and therefore destructive
sampling was the only reliable method of investigation, negating the possibility of
higher resolution temporal data. End-point increase in S. glossinidius growth was
measured at an optical density of 650 nm. Preliminary experiments using variable
sampling times indicated that this was the most appropriate sampling time for S.
glossinidius to repeatably capture the final steady state but still retain a proxy for

growth rate to guide the modelling results.

E. coli gene deletion mutants were obtained from the Keio collection (Baba et al.,
2006). Cells were cultured in M9 minimal media (Neidhardt et al., 1974) with 0.4%
D-glucose, and either 20 or 100 mM L-glutamic acid monosodium salt hydrate or

20 mM L-arginine in a microplate reader (Epoch) for 24 hours at 37°C.
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2.2.4 Flow cytometry

Cell count was generated using S. glossinidius taken from a starter culture in BHI
and diluted in M9 salts. Cells were stained with DAPI at 2 pyL/mL for 10 minutes
at room temperature and measured on the CytoFLEX S (Fig. S1). Flow cytometer

was calibrated using counting beads from Beckman Coulter (Miami USA).

2.2.5 Statistical analysis

All statistical analyses were performed using SciPy in Python (version 2.7.10). Error
bars show standard error of the mean, statistical significance assessed using one-way
analysis of variance (ANOVA).

2.3 Results

2.3.1 The genome of S. praecaptivus enables an improved

analysis of the S. glossinidius metabolic network

S. praecaptivus is the only free-living member of the Sodalis genus to have been
characterised. It has a 5.16 Mb genome with a 57.5% G-+C content (Chari et al.,
2015). Using this discovery, S. praecaptivus was compared to S. glossinidius to
reassess the existing metabolic model of the symbiont. This additional information
verified many of the important findings in 1EB458, whilst others relating to carbon

and nitrogen usage were not supported.

One central hypothesis derived from ¢EB458 comes as a consequence of the inactiva-
tion of the PEP carboxylase reaction encoded by ppc (Belda et al., 2012). This loss
in S. glossinidius should pose a problem for its metabolism as it loses a route to re-
plenish oxaloacetate from PEP. This represents an important anapleurotic reaction
to maintain high flux through the TCA cycle in the related bacterium E. coli. To
compensate for this loss, Belda et al. (2012) hypothesised a three-fold function for
exogenous L-arginine for S. glossinidius; as a biomass component, as a biosynthetic
precursor to putrescine and spermidine and as an anapleurotic substrate, via succi-
nate (Fig. 2.1). A functional ppc is present in S. praecaptivus (Sant 3959) whereas
the gene in S. glossinidius contains multiple frameshifts and premature stop codons

(Fig. 2.2), suggesting loss as a result of selection pressures or genetic drift.
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Figure 2.1: Overview of central metabolism in the S. glossinidius metabolic network.
Functional (yellow) and non-functional (white) pathway components are highlighted,

with the S. glossinidius and S. praecaptivus gene associations given in black and blue

type, respectively. Reactions for which new evidence has suggested that they might
be functional are given in orange. The TCA cycle is complete and transporters for L-
arginine, L-glutamate and L-aspartate are present. PPC and the reactions connected

ornithine with the TCA cycle are pseudogenised. There is evidence from the new

genome annotation that the L-arginine biosynthesis pathway from L-glutamate may
not be entirely pseudogenised, as previously thought (Belda et al., 2012). Selected

co-reactants are included. * indicates biomass components.
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The proposed anapleurotic link from L-arginine to succinate is not supported in our
analysis, with little or no evidence for these genes being present in S. glossinidius
(Fig. 2.1 & Supp. File 1). L-arginine must link to the TCA cycle to serve as
an anapleurotic substrate. In (EB458 this linkage was proposed to occur via pu-
trescine transaminase (PTRCTA), aminobutyraldehyde dehydrogenase (ABUTD)
and 4-aminobutyrate transaminase (ABTA) (Belda et al., 2012) (Supp. File 1).
PatA is required for this PTRCTA reaction but BLASTp searches find no evidence
of an orthologue in S. glossinidius (Fig. 2.1). There is however a functional patA
gene in S. praecaptivus (Sant 1573). Similarly, there is no functional orthologue of
patD for ABUTD, nor of puuFE or gabT for ABTA. L-arginine can still be converted
to agmatine and then to putrescine via arginine decarboxylase (ARGDC, SG2018)
and agmatinase (AGMT, SG2017). This is the only route to the synthesis of this
biomass component, meaning a source of L-arginine in the cell is still predicted

to be essential. It is not however supporting the proposed additional anapleurotic

function.
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Figure 2.2: Analysis of a portion of the S. glossinidius ppc gene in Artemis. Intact
coding sequences are indicated in yellow. Vertical lines represent stop codons. The
ppc gene (dark gray) is split across three reading frames due to frameshift mutations
and contains two premature stop codons.

An alternative organic compound must therefore serve the role of supplying TCA
cycle intermediates in the absence of ppc. Removal of the ABTA reaction from
1EB458, breaking the link of putrescine to succinate, results in zero biomass pro-
duction. This can be rescued by the in silico addition of metabolites that can be
introduced easily into the TCA cycle; the amino acids L-aspartate or L-glutamate or
the organic acids succinate, fumarate or a-ketoglutarate. The loss of ppc therefore

requires the addition of a second organic substrate in addition to glucose for growth.
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This is not L-arginine as suggested by Belda et al. (2012). L-arginine is taken up for
biomass production, either directly or for conversion to putrescine and spermidine.
It is not subsequently converted to succinate to enter the TCA cycle. This specific
loss of ppc in S. glossinidius suggests an adaptation to an amino acid rich envi-
ronment that results from the tsetse blood diet. Important components, including

L-aspartate and L-glutamate, are predicted to be present at high concentrations.

2.3.2 A revised metabolic model, :LF517, for S. glossinidius

A systematic reanalysis of the S. glossinidius genome enabled the construction of
an independent metabolic model, ¢LF517. This model has significant differences
to 1EB458 (Belda et al., 2012). Growth was not supported in :LF517 using the
uptakes of oxygen, D-glucose and L-arginine given in :EB458, indicating alternative
carbon and nitrogen sources are used. S. praecaptivus was used as a comparator to
assess the presence of important metabolic genes in S. glossinidius, a resource not
available to Belda et al. (2012). Full details of all reactions removed from iEB458
and those added to iLF517 are highlighted in Supp. File 1. {LF517 contains 517
genes, 703 metabolites and 638 reactions (excluding pseudoreactions). This model
can be viewed and analysed through a web-based FBA browser on DETOXbase
(www.detoxbase.org/publications/iLF517).

iLF517 was analysed via FBA to investigate metabolite essentiality and the presence
of predicted auxotrophies. 80 reactions are included in {LF517 that were absent in
iEB458 and 32 have been removed (Supp. File 1). ¢EB458 simulates high oxy-
gen transfer rates, using an uptake value of 20 mmol gr DW-! hr!. This value
was selected originally for FE. coli and indicates highly aerated growth conditions
in a chemostat (Andersen and von Meyenburg, 1980; Varma et al., 1993; Reed
et al., 2003). S. glossinidius is however sensitive to high levels of oxygen (Dale
and Maudlin, 1999). Cultures used here were grown in conditions of reduced aera-
tion in comparison to E. coli or S. praecaptivus. The oxygen uptake rates given in
1EB458 are therefore unrealistic for the simulations. Decreasing the oxygen supplied
to iEB458 in silico results in a decrease in biomass output (Fig. 2.3), demonstrating
that using unrealistic oxygen uptake rates exaggerate possible growth. The oxygen
uptake rate in iLF517 was subsequently reduced to 12 mmol gr DW-! hr!, guided
by the value given in a model of another microaerophile, Helicobacter pylori (Thiele

et al., 2005).
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Figure 2.3: Change in biomass output with increasing oxygen in ¢EB458. Sup-
plemented oxygen was increased until a plateau in biomass output was observed.
iEB458 is supplemented with oxygen at 20 mmol gr DW- h™!. This is reduced to
12 mmol gr DW! h'! in 4LF517 in line with the microaerophilic H. pylori.

2.3.3 A defined medium, SGM11, supports S. glossinidius
growth

The use of complex media is insightful for examining certain aspects of bacterial
physiology. It does however limit the ability to investigate all metabolic functions.
A defined medium with components of known concentrations is therefore desirable.
1LF517 was used to design a defined medium, SGM11, containing metabolites that

the model predicts may enhance S. glossinidius growth or becoming limiting.

No growth was observed after 72 hours incubation in M9 medium (Neidhardt et al.,
1974) supplemented with GlcNAc as a carbon source (Fig. 2.4A). The addition of
trehalose, L-serine, L-arginine, L-proline, L-glutamate, L-aspartate, nicotinamide,
a-ketoglutarate, fumarate and thiamine monophosphate (TMP), to create SGM11,
resulted in higher yields than with LB alone, although this difference was not statisti-
cally significant (Fig. 2.4A). Cell concentration was estimated using flow cytometry
as approximately 3.8 x 108 (SEM 9.7 x 107) for an ODgso value of 0.28 (Fig. S1) in
order to gain an indication of the number of cells that growth in LB corresponds to.

SGM11 provides a defined starting point to test the essentiality of key metabolites.
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Figure 2.4: Testing S. glossinidius metabolism and ¢LF517 predictions experimen-
tally. (A) The custom, defined growth medium SGM11 supports S. glossinidius
growth to an average optical density (650 nm) of approximately 0.7. (B) Supple-
mentation of LB with D-glucose, GlcNAc or mannitol results in significantly greater
S. glossinidius growth than without supplementation of a carbon source. No other
carbon source had a significant improvement. GlcNAc supplementation results in
significantly greater growth in comparison to either D-glucose or mannitol. No sugar
treatment represents pooled triplicates from two experiments, mannitol five repli-
cates pooled from two experiments. (C) S. glossinidius cannot grow in SGM11
when thiamine monophosphate has been removed (-TMP). (D) The removal of
L-aspartate (-D) or L-glutamate (-E) from SGM11 reduces S. glossinidius growth
significantly (p<<0.05). Removing both (-DE) abolishes growth entirely (p<0.001).
(E) Removing L-arginine (-R), fumarate (-f) or a-ketoglutarate (-a) from SGM11
(light grey) impairs S. glossinidius growth. Removing two or all of these metabolites
reduces growth significantly (p<0.05). In SGM11 with high L-glutamate (black),
only one of these metabolites is required to support normal growth. Removal of
L-arginine, fumarate and a-ketoglutarate abolishes growth (p<0.001). Measure-
ments end-point growth in triplicate, unless specified. Error bars SEM. Significant
differences to SGM11 indicated. *p<0.05, **p<0.01, ***p<0.001, one-way ANOVA.

2.3.4 S. glossinidius maintains a reliance on a sugar,

namely the host-derived N-acetyl D-glucosamine

D-glucose and other saccharides were investigated for their potential to act as the

main carbon source for S. glossinidius. The re-annotated S. glossinidius genome
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showed that the glucose-specific phosphotransferase system (PTS) gene ptsG had
been pseudogenised. It is intact in S. praecaptivus (Sant 2470), suggesting that
there may be weak selection for its retention within the tsetse. Whilst the non-
specific ManXYZ could substitute for this loss of function (Fig. 2.5), alternative

carbon sources were examined computationally and experimentally.

This investigation highlighted immediately the presence of a GlcNAc-specific PTS
transporter gene, nagk, in S. glossinidius (SG0859) (Toh et al., 2006) (Fig. 2.5).
The maintenance of nagF alongside the promiscuous ManXYZ implies that Glc-
NAc could be an important carbon source. GlcNAc is also of particular interest
with regards to tsetse biology. It is a breakdown product of the insect’s chitinous
peritrophic membrane and a potential link with the persistence of trypanosome
infection (Welburn et al., 1993; Aksoy et al., 2001; Dyer et al., 2013). The mannitol-
specific transporter encoded by mtlA (SG0014) is also retained (Toh et al., 2006)
(Fig. 2.5). When used as the main carbon source, :LF517 produced biomass output
values of 0.30, 0.35 and 0.32 gr DW (mmol glucose)™ hr! for D-glucose, GlcNAc

and mannitol, respectively.

S. glossinidius was grown experimentally in LB and LB supplemented with a se-
lection of carbon sources test the hypothesis that GlcNAc and mannitol may be
suitable alternatives. Of the saccharides tested, only D-glucose, GlcNAc and man-
nitol increase growth significantly in comparison to LB alone (Fig. 2.4B) (p<0.01,
one-way ANOVA). Approximately two times greater end-point growth is exhibited
with an equimolar amount of GleNAc in comparison to D-glucose (p<0.05, one-way
ANOVA) (Fig. 2.4B). Normalising the carbon added from D-glucose with regard to
GleNAc has no significant effect on the optical density reached (data not shown).
This demonstrates that the difference in growth between D-glucose and GleNAc is
not as a result of the additional carbon. S. glossinidius grows significantly better on
GlcNAc than mannitol (p<0.05, one-way ANOVA), reflecting the in silico results
qualitatively.
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Figure 2.5: Predicted PTS transport in Sodalis species. The presence (green) or
absence (brown) of PTS proteins in S. glossinidius are shown, with the corresponding
orthologue in S. praecaptivus (Sant ) given for reference. The genes encoding the
D-glucose-specific PtsG and MalX are likely pseudogenised. S. glossinidius has
retained the ability to transport GlcNAc and mannitol through the specific Nagk
and MtlIA systems, respectively. Other carbon sources can be imported via the
promiscuous ManXYZ.

2.3.5 S. glossinidius has adapted to thiamine produced by

the primary tsetse symbiont

The addition of L-arginine, L-glutamate and a carbon source, namely GlcNAc, does
not produce a positive biomass output in LF517. It is likely that S. glossinidius
requires supplementation from certain vitamins that it cannot synthesise. During
the transition to symbiosis, S. glossinidius may lose genes that encode vitamin and
cofactor biosynthetic pathways in favour of retaining transporters. There is also
thought to be a connection between aspects of the tsetse microbiome in terms of
vitamin biosynthesis (Belda et al., 2010; Rio et al., 2016).

S. glossinidius appears to have retained the components of pantothenate (Table
S1), biotin (Table S2), riboflavin (Table S3), protoheme (Table S4), NAD (Table
S9), PLP (Table S5) and tetrahydrofolate (Table S7) biosynthesis pathways found in
S. praecaptivus (Fig. 2.6). Neither S. praecaptivus nor S. glossinidius can synthesise
cobalamin (Table S8). The key difference between the two species is in the pathway
for thiamine biosynthesis (Table S6). The loss of this pathway in S. glossinidius
has been noted previously (Rio et al., 2016), but here the complete pathway in S.
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praecaptivus (Sant 3916-21) is used as a comparison. The loss of this pathway in S.
glossinidius may be a specific adaptation to the tsetse. To investigate this further,
three other Sodalis-allied symbionts were examined; Candidatus Sodalis pierantonius
str. SOPE from the rice weevil Sitophilus oryzai (Gil et al., 2008; Oakeson et al.,
2014), and Sodalis-like symbionts from the meadow spittlebug Philaenus spumarius
(Koga and Moran, 2014) and the seed bug Henestaris halophilus (Santos-Garcia
et al., 2017). The P. spumarius symbiont appears most similar to S. praecaptivus,
with the fewest number of genes predicted to be absent or pseudogenised, whereas
the H. halophilus symbiont has lost the ability to encode the entire biotin and
protoheme biosynthetic pathways (Fig. 2.6). Ca. Sodalis pierantonius differs from
S. glossinidius in that it cannot synthesise biotin (Fig. 2.6). This organism, along
with the H. halophilus symbiont, does however share similarities with S. glossinidius
in the pseudogenisation of components of the thiamine pathway including thiF,
thtG and thiH. This suggests an adaptation to symbiosis with certain insects. It is
important to note that S. glossinidius is unusual in that it can function as either
a primary or a secondary symbiont depending on the insect host, and therefore
inter-species comparisons should be treated with caution (Rosas-Pérez et al., 2017).
Thiamine is a cofactor for many enzymes, including pyruvate dehydrogenase (Webb
et al., 1998), that are essential in {LF517. The potential thiamine auxotrophy in
S. glossinidius was assessed in silico and supplementation of thiamine or TMP was

required to produce a positive biomass output in iLF517 (Supp. File 1).

Sp = Sodalis praecaptivus

Sg = Sodalis glossinidius

CSp = Candidatus Sodalis pierantonius

S-Hh = Sodalis-like symbiont of F

S-Ps = Sodalis symbiont of Philaenus spumarius

Pantothenate Biotin Riboflavin PLP Protohem Thiamine Tetrahydrofolate Nicotinamide

Sp (5.2 Mb)

Sg (4.2 Mb)
CSp (4.5 Mb)
S-Hh (1.6 Mb)
S-Ps (1.4 Mb)

Figure 2.6: Completeness of vitamin biosynthesis pathways in Sodalis species.
The presence (pink) or absence (white) of vitamin biosynthesis genes, found using
tBLASTn and BLASTp, in S. praecaptivus (Sp), S. glossinidius (Sg), Candidatus
Sodalis pierantonius (Csp), Sodalis-like symbiont of Henestaris halophilus (S-Hh),
and Sodalis endosymbiont of Philaenus spumarius (S-Pf).

The reliance of S. glossinidius on an external source of thiamine in order to produce
TMP was then investigated experimentally. TMP was removed from SGM11 and
the ability of the symbiont to grow was measured. Removal of TMP from SGM11 re-
sulted in a significant reduction in S. glossinidius growth (p<0.05, one-way ANOVA)
(Fig. 2.4C). A thiamine ABC transporter (SG0431-3) that likely transports TMP
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is also present (Hollenbach et al., 2002). This adds weight to the in silico evidence
from iLF517 and the elegant empirical work of Snyder et al. (2010) that S. glossini-
dius relies on TMP from its environment. The only source of TMP in the tsetse
microenvironment is that excreted by W. glossinidia, which is thought to supply it
to the tsetse. S. glossinidius may therefore have adapted to not only its host but
also to the metabolism of the primary symbiont in order to scavenge the available
TMP.

2.3.6 S. glossinidius is dependent on external sources of

L-glutamate or L-aspartate

Culturing S. glossinidius in SGM11 enables the thorough testing of amino acid
usage in 1LF517. Metabolites can be removed individually and the effect on biomass
production measured. ¢LF517 requires either L-glutamate or L-aspartate to produce
a positive biomass output. Both L-glutamate and L-aspartate likely enter the cell
through the GItP transporter SG2121 (Fig. 2.1). S. glossinidius is predicted to have
transporters for 14 amino acids (Table S10) and so this reliance on L-glutamate or

L-aspartate is not merely due to the ability to transport only these amino acids.

Removing L-aspartate or L-glutamate from SGM11 individually resulted in a sig-
nificant decrease in the growth yield achieved by S. glossinidius after incubating
for 72 hours (p<0.05, one-way ANOVA) (Fig. 2.4D). Removing both L-aspartate
and L-glutamate abolished growth completely (p<0.001, one-way ANOVA). This
confirms that an exogenous source of one of these amino acids is essential for S.
glossinidius growth. Examination of :LF517 reveals that L-glutamate feeds directly
into the TCA cycle through deamination to a-ketoglutarate. The direct route to
feed L-aspartate into the TCA cycle via fumarate (L-aspartase) is however missing
in S. glossinidius (Fig. 2.1). When ¢LF517 is supplied with L-aspartate instead
of L-glutamate, 69% of the available L-aspartate is channelled into the aspartate
transaminase reaction (ASPTA), producing L-glutamate and oxaloacetate. The re-
sulting biomass output was reduced from 0.35 to 0.31 gr DW (mmol glucose)™ hrl,
demonstrating that S. glossinidius can use L-aspartate if L-glutamate is not available
although the latter may be preferred. L-glutamate is therefore likely an important
energy source in 1LF517 both to form L-aspartate and to replenish the TCA cycle
at a-ketoglutarate (Fig. 2.1).

44



2.3.7 8. glossinidius is not an L-arginine auxotroph

Initial analysis of amino acid biosynthesis in S. glossinidius appeared to confirm
existing opinion (Belda et al., 2012) that the only amino acid with an incomplete
biosynthetic pathway is L-arginine (Table S10). A functional uptake system is also
present, suggesting that S. glossinidius is indeed an L-arginine auxotroph. To assess
this experimentally, S. glossinidius was grown in SGM11 with L-arginine removed.
The growth yield decreased (Fig. 2.4E), but surprisingly was not totally abolished
as expected for a true auxotroph. Excess L-glutamate was added to SGMI11 to
determine if it could rescue this reduction in growth, as L-glutamate appears to be
a key metabolite to S. glossinidius. A 5-fold increase in L-glutamate concentration
to 85 mM increased the bacterial yield (Fig. 2.4E), likely due to the extra carbon
and nitrogen available. Remarkably, the excess L-glutamate rescued the growth

defect caused by the removal of L-arginine completely (Fig. 2.4E and Fig. S2).

The S. glossinidius pathway for L-arginine biosynthesis was subsequently reanalysed
using the latest genome annotation (LN854557) to assess its completeness in com-
parison to S. praecaptivus. This revealed that argB, argE, argF' /argl and argH are
full length and therefore likely functional (Fig. 2.1). It has been noted previously
that argC' is pseudogenised (Belda et al., 2012) but the new annotation indicates
that this may not be the case. ArgC is also detectable by proteomics, suggesting
this gene is indeed likely functional (Goodhead et al., 2018).
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Table 2.1: Functionality of the L-arginine biosynthesis pathway. tBLASTn results
for S. glossinidius orthologues of components of the L-arginine biosynthesis pathway
in E. coli and S. praecaptivus. aa = amino acids, bp = base pairs. Those components
for which the new S. glossinidius genome annotation has provided evidence for
functionality are shown in bold type.

Gene  Size in E. coli  Size in S. praecaptivus Reaction S. glossinidius Conclusion
oA 1,332 bp Sant_ 0864 ACGS ggg%%gj* %Z;é Ez:gﬁ*g argA_ 2 may produce a subunit that can
g 443 aa 418 aa ) = 94— function individually, using its GTG start codon
804 bp total
777 bp Sant_ 3956 SGGMMBY4_ 05193 . ISR )
argB 9258 aa 957 a ACGK 765 bp New annotation indicates full-length gene
araC 1,005 bp Sant_ 3957 AGPR SGGMMB/_ 05194 New annotation indicates full-length gene
g 334 aa 334 bp 999 bp and ArgC detected by proteomics
1,281 bp Sant 2160
gabT 196 aa 125 a0, ACOTA  See argD See argD
SGGMMBY_ 05438 (argD_1)
D 1,221 bp Sant 0398 ACOTA 1-708 bp May use functional alternatives bioA (SG0902)
YIZ 406 aa 407 aa SGGMMBY_ 05439 (argD_2) or hemL (SG0500)
681-828 bp
1,152 bp Sant_ 3958 SGGMMBY4_ 05195 . ISR )
argE 383 aa 382 aa ACODA 1,146 bp New annotation indicates full-length gene
1,005 bp Sant_ 3829 . SGGMMBY_ 05057 S .
argF 334 aa 338 aa. OCBT 1,014 bp New annotation indicates full-length gene
1,005 bp Sant_ 3829 SGGMMBY_ 05057 L IUTSRE o
argl 334 aa 338 aa OCBT 1,014 bp New annotation indicates full-length gene
24 . 1o SGGMMBY_ 03589 (argG_1)
argG ,1’344 bp Sant_2433 ARGSS  SGGMMBY_ 03590 (argG_2) argG_2 fragment is almost full length
447 aa 445 aa .
1,341 bp total
1,374 bp Sant_ 3955 . SGGMMBY4_ 05192 S .
argH A57 aa 457 aa. ARGSL 1371 New annotation indicates full-length gene

The new annotation suggests that the S. glossinidius argG gene (SGGMMB/_ 03590)
has a fragment (argG_2) that is almost full length in comparison to its S. prae-
captivus orthologue. This indicates that argG is also likely functional in spite of its

description as a pseudogene in the previous annotation.

The argA gene appears in two fragments; SGGMMBY4 04654 (argA_1) and SG-
GMMBY_ 04655 (argA_2). It has been demonstrated in Pseudomonas aeruginosa
that the two separate ArgA protein domains can be expressed individually (Sancho-
Vaello et al., 2012; Shi et al., 2015). The C-terminal, acetyltransferase domain can
also function as a stand-alone protein when a high concentration of L-glutamate is
provided (Sancho-Vaello et al., 2012). The SGGMMB/_ 04655 (argA_2) fragment
of this gene has a GTG start codon and may therefore be functional in the conditions
described in Fig. 2.4E.

The S. glossinidius argD orthologue also appears in two pieces; SGGMMBY_ 05438
(argD_ 1) and SGGMMBY_ 05439 (argD_2). Lal et al. (2014) show that an argD
mutant of F. coli can still show some N-acetylornithine aminotransferase activity,
demonstrating that other proteins can compensate for a loss of this gene. The
hypothesis that the loss of certain genes in the L-arginine biosynthesis pathway is
not lethal was then assessed in vivo. E. coli argA, argD and argG knockouts from

the Keio collection (Baba et al., 2006) were grown in M9 minimal media (Neidhardt
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et al., 1974) alone or with the addition of L-arginine. The argD knockout mutant
can grow in the absence of L-arginine (Fig. 2.7, time course in Fig S2), confirming
that the loss of this gene can be compensated for by alternative proteins in E. coli.
Indeed, candidate aminotransferase genes exist in S. glossinidius, including bioA
(SG0902) or hemL (SG0500), that may provide functional alternatives.
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Figure 2.7: Using E. coli knockout mutants from the Keio collection to examine the
essentiality of L-arginine biosynthesis genes. E. coli argA, argD and argD deletion
mutants grown in M9 plus glucose (pink) with the addition of L-arginine (orange),
in comparison to wild-type (WT) BW25113. argA and argG knockout mutants are
not able to grow in the absence of exogenous L-arginine, whereas W'T and the argD
knockout mutant can. Measurements are end-point growth increase in triplicate,
error bars SEM. **p<0.01, one-way ANOVA. Time course results found in Fig. S2.

The data here suggest that under certain conditions, S. glossinidius can synthesise
L-arginine, surviving when it is not supplied exogenously. It is therefore not a true
auxotroph and could instead be described as a relic of a prototroph transitioning to

auxotrophy.

2.4 Discussion

Symbiotic bacteria are important components of medically significant microbiomes.
The study of their physiology and metabolism is however limited frequently by cul-
turability issues. Tools to improve this are therefore desirable. This work describes a
new refined FBA model of the S. glossinidius metabolic network and demonstrates
its application in designing defined growth media for the symbiont. The carbon
source for 1LF517 is GlcNAc, as opposed to D-glucose in {EB458. It has been veri-
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fied empirically that S. glossinidius achieves a significantly better growth yield with
GlcNAc in comparison to D-glucose (Fig. 2.4B). This is an important progression in
the development of a metabolic model of S. glossinidius. The use of GlcNAc may be
a result of both the pseudogenisation of the D-glucose-specific PTS transporter (Fig.
2.5) and the availability in vivo of this host-derived sugar. This inclusion of GlcNAc
may also support the theory that S. glossinidius is connected to the persistence of
the trypanosomes within the tsetse. GIcNAc can inhibit D-glucose uptake by pro-
cyclic trypanosomes, resulting in a metabolic switch to the more efficient oxidative
phosphorylation with L-proline and a faster growth rate (Dyer et al., 2013; Ebikeme
et al., 2008). The free GlcNAc may derive from a breakdown of the tsetse per-
itrophic membrane by a chitinase secreted by S. glossinidius (Welburn et al., 1993).
The data here indicate that there may indeed be a link between the symbiont, the
parasite and the availability of GlcNAc within the tsetse.

The experimental evidence demonstrates that S. glossinidius still requires a sugar
for growth, even though it clearly relies on amino acids such as L-glutamate (Fig.
2.4D). This is important as other bacterial species have been shown to reduce their
metabolic networks to grow on amino acids alone (Tomb et al., 1997; Parkhill et al.,
2000; Schilling et al., 2002; Guccione et al., 2008; Leach et al., 1997). That this is
not the case suggests an adaptation to use an abundant host-derived sugar, namely
GlcNAc. Furthermore, this may have then allowed the loss of ppc to occur during
the transition to a symbiotic lifestyle (Fig. 2.1). The result is a more constrained
metabolic network that makes the organism less metabolically flexible than its free-

living relative.

L-glutamate has been shown in silico and empirically to be an essential nutrient
for S. glossinidius (Fig. 2.4D, Supp. File 1). It supplements the TCA cycle at
a-ketoglutarate and forms L-arginine via ornithine (Fig. 2.1). An excess of this
amino acid rescued the growth defect caused by the removal of L-arginine, thought
previously to be an essential metabolite (Fig. 2.4E). The argD gene has become
fragmented but all other genes thought previously to be pseudogenised appear func-
tional in the new genome annotation (Fig. 2.1). S. glossinidius is therefore an
L-arginine prototroph, not an auxotroph as thought previously, capable of growth
in the absence of L-arginine when sufficient L-glutamate is available. Unusual amino
acid biosynthesis pathways are not uncommon in symbiotic bacteria. Indeed, com-
ponents of the L-arginine biosynthesis pathway can function differently in symbionts.
One example is a potential fusion of ArgA and ArgG in Sulcia muelleri, symbiont
of the sap-feeding sharpshooter Homalodisca vitripennis (McCutcheon and Moran,
2007). The experimental conditions used here aim to reflect the tsetse microenviron-

ment; metabolite concentrations vary according the stage of the hunger cycle or the
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tissue sampled but internal L-glutamate has been measured at 34 mM in the tsetse
tissue (Bursell, 1963; Bursell and Slack, 1976). SGM11 could be considered ‘low’
L-glutamate at 18 mM, and therefore the 5x (85 mM) media subsequently removes

any limitations caused by insufficient L-glutamate.

It may be that the L-arginine biosynthesis pathway is undergoing the process of
inactivation and will become entirely pseudogenised over evolutionary time. This is
supported by the complete pathway for L-arginine biosynthesis in S. praecaptivus,
suggesting that these genes may have been lost within the tsetse environment as
a result of selection pressure or drift. It implies that L-glutamate is not limiting
inside the tsetse, allowing relaxed selection pressure on the L-arginine biosynthesis
genes. It also emphasises strongly the importance of using in vitro experiments to
test in silico assertions. This is particularly relevant in symbiotic bacteria where
the functionality of broken or fragmented genes is not certain. Indeed, a recent
report implies that some S. glossinidius genes thought to be pseudogenised are in

fact under transcriptional control (Goodhead et al., 2018).

TMP has been described here as an essential external metabolite. S. glossinidius is
reliant on an external source of thiamine, both in silico in i{LF517 and experimentally
in the form of TMP in SGM11 (Fig. 2.4C). S. glossinidius may use its intact
transporter to obtain TMP in vivo from W. glossinidia, which has retained the
ability to synthesise this vitamin (Toh et al., 2006; Rio et al., 2016). The results
presented here provide the first clear experimental evidence of a potential metabolic
linkage between the two important symbionts of the tsetse, S. glossinidius and W.
glossinidia, and suggests that the TMP released by W. glossinidia is transported

around the tsetse for use by both host cells and other symbionts.

1LF517 and SGM11 can now be used as a tool to predict with accuracy how S.
glossinidius might respond to genetic manipulation. Using genomics to investigate
and implement custom growth conditions is an area of research that is progressing
rapidly, aided by advancements in gene sequencing and analysis. This includes the
design of defined microbiological growth media (Blakemore et al., 1979; Rodriguez-
Valera et al., 1980; Nautiyal, 1999), enabling metabolic and physiological investiga-
tions that would not be possible in complex or standard media (Jensen and Hammer,
1993; van de Rijn and Kessler, 1980; Adler and Templeton, 1967; De Man et al.,
1960). This has implications in disease control, both for HAT and for other dis-
ecases where the insect vectors have characterised bacterial microbiomes (Rio et al.,
2004; Azambuja et al., 2004). Wolbachia, for example, has been introduced success-
fully into the mosquito Aedes aegypti, with a notable reduction in infection by the

pathogenic dengue and chikungunya viruses and the malaria parasite Plasmodium
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(Moreira et al., 2009; Zabalou et al., 2004). Wolbachia is found naturally in a range
of medically significant insects including Phlebotomus chinensis (visceral leishma-
niasis) (Li et al., 2016) and Aedes albopictus (dengue, yellow fever, West Nile and
chikungunya) (Blagrove et al., 2012; Zhou et al., 1998; Sinkins SP, 1995). While
some tsetse populations do present with Wolbachia infection (Doudoumis et al., 2012,
2013; Alam et al., 2011; Cheng et al., 2000), the persistence of S. glossinidius and
its colocalization with the parasitic T. brucei makes the latter an ideal candidate for
novel disease control methods. It is hoped that the techniques described here may
also translate to the microbiomes of other medically significant insects, including
Rhodococcus rhodnii from the Chagas disease vector Rhodnius prolizus (Rodriguez
et al., 2011), and Acetobacteraceae spp. and Pseudomonadaceae spp. in Leishmania

infantum-infected sand flies (Lutzomyia longipalpis) (Kelly et al., 2017).

Use of +LF517 and the S. glossinidius metabolic network has enabled the design
of a defined growth medium that supports growth of the symbiont. Whilst sev-
eral FBA models for insect symbionts have been published (Thomas et al., 2009;
Macdonald et al., 2011; Ankrah et al., 2017; Gonzalez-Domenech et al., 2012), this
study is the first example of using FBA to improve the in wvitro culture of these
organisms. SGMI11 facilitated the discovery that S. glossinidius is not a true L-
arginine auxotroph and demonstrates its reliance on exogenous sources of thiamine
and L-glutamate. SGM11 will improve greatly the ability to test other aspects of S.
glossinidius metabolism and growth kinetics that have until now been limited by the
restrictions of rich media. The continued transition of S. glossinidius to a symbi-
otic lifestyle can now be predicted using this model. By comparing its dispensable,
redundant genes to those in both free-living and symbiotic bacteria it is possible to

assess the trajectory of this symbiosis.
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Chapter 3

A genome scale metabolic model for
Sodalis praecaptivus reveals unusual

biosynthetic pathways

The following chapter, with Chapter 4, forms part of a submitted manuscript, avail-
able as a pre-print on bioRxiv (doi 10.1101/819946), as:

Hall RJ*, Thorpe S*, Thomas GH and Wood AJ. Simulating the evolutionary tra-

jectories of metabolic pathways for insects symbionts in the Sodalis genus.

RJH constructed and tested the model. ST assisted with programming. AJW wrote
the custom FBA solver. GHT and AJW supervised the project.

3.1 Introduction

Computational biology is now well established as a key tool of scientific discov-
ery, now that vast amounts of data are generated quickly and cheaply from ad-
vancements in sequencing technology (Edwards et al., 2002; Kauffman et al., 2003).
Genome scale metabolic modelling of microorganisms enables predictions to be made
about metabolite preferences, transporter use, and the functionality of biosynthetic
pathways (Edwards et al., 2002; Lewis et al., 2012). Microbial metabolism can be
simulated using FBA, a constraint-based quantitative approach that reconstructs a
metabolic network from a genome annotation (Kauffman et al., 2003; Orth et al.,

2010). FBA is a powerful tool when based on a well annotated genome and with
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the provision of in vitro experimental validation (Orth et al., 2010).

FBA is widely used for biotechnology applications, and this can be re-purposed
to examine symbiosis. There are several examples in the literature of using FBA
to analyse the metabolism of symbiotic bacteria, including for Buchnera aphidicola
(Thomas et al., 2009; Macdonald et al., 2012, 2011), Sodalis glossinidius (Belda et al.,
2012; Hall et al., 2019), Portiera aleyrodidarum (Ankrah et al., 2017), Hamiltonella
defensa, (Ankrah et al., 2017) and strains of Blattabacterium (Gonzéalez-Domenech
et al., 2012). There are also models published for the Synechocystis species used in
the study of artificially induced symbiosis (Sgrensen et al., 2016; Shastri and Morgan,
2005; Nogales et al., 2012; Knoop et al., 2010, 2013). FBA is useful in this instance,
as experiments that would not be possible empirically, due to culturability issues,
can be performed in silico. Furthermore, the genomes of symbiotic bacteria are often
unusual, with large pathway deletions or widespread pseudogenisation (Shigenobu
et al., 2000; Toh et al., 2006; Goodhead et al., 2018; Dale and Maudlin, 1999).
Analysis of the resulting metabolic network via FBA can suggest whether these
biosynthetic pathways are active, and predict which external metabolites might be

required to support growth in vitro.

Studies of symbiont metabolism can be limited by the lack of a well-defined close
relative with which to compare. Several bacterial symbionts, including B. aphidicola
and Wigglesworthia glossinidia, are closely related to Escherichia coli (Shigenobu
et al., 2000; Riley et al., 2006). The E. coli genome has been annotated exten-
sively and a large proportion of its proteome has been characterized experimentally.
Inferences from these symbiont genomes can therefore be made with reasonable con-
fidence via direct comparison to E. coli orthologues (Thomas et al., 2009). Others,
including Uzinura diaspidicola from Diaspididae scale insects (Sabree et al., 2013)
and Ishikawaella capsulata from stinkbugs (Nikoh et al., 2011), do not have close
relatives described to the same degree. The study of the relationship that these
symbionts have with their host must therefore be conducted without access to a

comparator organism.

A free-living organism within the Sodalis genus has been characterised and sequenced
recently (Clayton et al., 2012; Chari et al., 2015). Sodalis praecaptivus was isolated
from a human wound, caused by an impalement by a crab apple tree. It is assumed
that the tree was the likely source of the S. praecaptivus infection. S. praecaptivus is
a prototroph, capable of growth in minimal media and at 37°C (Chari et al., 2015).
The annotated genome sequence for S. praecaptivus is also available (Clayton et al.,
2012). This organism therefore provides a rich set of data from which to begin

investigations into the origin of, and adaptations within, the tsetse-S. glossinidius
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symbiosis.

It was shown in Chapter 2 that S. glossinidius has adapted metabolically to its
microenvironment. It is important to improve upon current knowledge of the
metabolism of its free-living relative, in order to understand how these adaptations
have arisen. To this end, we present a metabolic model for S. praecaptivus. This
model, 1RH830, is a prototrophic model that can grow on rich and minimal media.
Through the testing of {RH830, unusual pathways for the metabolism of xylitol and
N-acetyl-D-galactosamine (GalNAc) were uncovered. This model can subsequently
provide an ideal starting point from which to investigate the spectrum of possible
evolutionary trajectories that S. glossinidius may have taken during its process of

internalisation within its tsetse host.

3.2 Methods

3.2.1 Bacterial strains, growth conditions and reagents

S. praecaptivus was obtained from DMSZ. Working stocks were established by incu-
bating starter cultures on LB (Sigma-Aldrich) (Table 3.1) agar plates overnight at
37°C. A single colony was then sub-cultured on to a fresh LB plate and incubated
overnight at 37°C. A single colony was selected with a sterile pipette tip and used
for downstream experimentation as per Biolog, Inc manufacturer protocol. Briefly,
the colony was vortexed in IF-0 media before a redox dye was added (Biolog). Phe-
notypic microplates were used to screen for the ability of S. praecaptivus to grow
on a range of carbon sources, using PM1 and PM2A microplates (Biolog). A 100
1L bacterial suspension in the relevant media was added per well. Optical density
was measured at 590 nm and 730 nm in a microplate reader (Epoch), and incubated
with double orbital shaking at 37°C for 24 hours.

Discrepancies between wn silico and wn vitro Biolog results were reexamined by es-
tablishing individual cultures of S. praecaptivus in M9 salts (Table 3.1) in 96-well
microplates, and supplemented with the metabolite of interest at a range of con-
centrations from 25 mM to 50 uM. Cultures were incubated in a microplate reader
with double orbital shaking at 37°C for 36 hours.
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Table 3.1: Media used in Chapter 3. D-glucose not added to M9 if only the salts
were required.

Medium Recipe
10 g NaCl (Fisher), 10 g tryptone (Melford), 5 g yeast extract (Oxoid) in 1 L dH,O

LB 15 g of agar powder (Oxoid) added to make agar plates
MO pH 7 using NaOH

Autoclave, then once cool add:
2 mL 1M MgSOy (filter sterilised), 40 mL 500 mM D-glucose (filter sterilised)

3.2.2 Construction of the S. praecaptivus metabolic network

The annotated S. praecaptivus genome sequence, CP006569.1, was downloaded from
NCBI in GenBank format. Genes in S. praecaptivus with the same annotation as
genes in the E. coli str. K-12 substr. MG1655 genome (ASM584v2) were highlighted,
and the reactions encoded by these genes extracted from the BiGG Models database
(King et al., 2016). These processes were automated using custom scripts written

in Python.

FBA models of S. glossinidius (iLF517, Chapter 2) and E. coli (iJO1366 (Orth et al.,
2011; Orth and Palsson, 2012), iJR904 (Reed et al., 2003), iAF1260 (Feist et al.,
2007)) were then used to aid the identification of missing reactions. The reactions
and corresponding gene assignments in these published models were compared to
the draft S. praecaptivus model. These gene assignments were then used to guide
translated nucleotide and protein BLAST searches of the S. praecaptivus genome.
KEGG (Kanehisa and Goto, 2000; Kanehisa et al., 2019) and EcoCyc (Keseler et al.,
2017) databases were used to confirm the identity of the E. coli genes encoding each
reaction. S. glossinidius gene assignments were taken from iLF517, detailed in
Chapter 2. These orthologues in E. coli and S. glossinidius, with sequences taken

from UniProt (Bateman et al., 2019), were used as BLAST search queries.

KEGG, BiGG Models, and MetaCyc (Caspi et al., 2007) were used to assign re-
action stoichiometry. Candidate pseudogenes were aligned with known functional
orthologues using ClustalX 2.1 (Larkin et al., 2007). Those with sequences missing
or mutations in key residues were not included in the model. FBA and literature

searches were used to identify and fill gaps in metabolic pathways appropriately
(Thiele and Palsson, 2010).
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3.2.3 Flux balance analysis

To use FBA to simulate the metabolism of an organism, each reaction in the
metabolic network must first be represented mathematically. Each metabolite may
be found in either one or multiple reactions. The direction of the flux (/) of these

metabolites within the reactions is defined, and may be reversible or irreversible.

The objective function (Z) is then identified (Thiele and Palsson, 2010). Here, this
is the production of biomass. A biomass reaction is then defined. This model uses

the E. coli biomass reaction described by, for example, Reed et al. (2003), Feist
et al. (2007), and Orth et al. (2011).

The fluxes through the exchange reactions are then constrained, and upper and
lower limits are set for all other reactions (Thicle and Palsson, 2010). This limits

what can ultimately move in and out of the network. This can be depicted as:

Imin S I S Imax (31)

The flux through the biomass reaction is then maximised, an additional constraint
(ZI), and the stoichiometric matrix defined (S) (Thiele and Palsson, 2010; Orth
et al., 2010). As this is a steady state model, the total flux through the network

must be equal to zero:

max(ZI) (3.2)

SI =0 (3.3)

This can then be solved using linear programming.

Here, the FBA solutions were generated using the GNA linear programming kit
(GLPK) integrated with custom software in Java (written by AJW).

3.2.4 Reaction constraints

Each reaction was given upper and lower bounds to specify the maximum and min-

imum fluxes allowable through the reaction (Thiele and Palsson, 2010; Orth et al.,
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2010). Oxygen uptake was constrained to 20 mmol gr DW-! hr'!, comparable to
other models of free-living Gram negative bacteria (Orth et al., 2011; Orth and
Palsson, 2012; Reed et al., 2003; Feist et al., 2007). The uptake of ammonia, water,
phosphate, sulphate, potassium, sodium, calcium, carbon dioxide, protons, and es-
sential transition metals was unconstrained for all conditions. Cofactor constraints
were implemented by introducing these metabolites to the biomass function at small
fluxes (1 x 10 mmol gr DW-! hr!) (Thomas et al., 2009). iRH830 was supplied
with either a nutrient limited medium of 6 mmol gr DW-! hr* GleNAc, 1 mmol gr
DW-! hr'! thiamine, and selected cofactors (henceforth "famine"), or a tsetse-specific
blood media (henceforth "blood", full recipe detailed in Table 3.2 and adapted from
information in Stein and Moore (1954)). The phenotype was considered viable if

the biomass production rate was greater than 1 x 10 gr DW (mmol glucose)™ hrt.

Table 3.2: In silico blood medium for :RH830, showing the maximum permitted
and actual flux values for each metabolite (mmol gr DW-! hr!).

Metabolite Name Flux (permitted) Flux (actual)
acgam GlcNAc 6 6
ala_ L L-alanine 3.41 3.41
arg L L-arginine 1.54 1.14
asn_ L L-asparagine 0.58 0.58
asp_L L-aspartate 0.03 0.03
cys L L-cysteine 1.18 0
gln L L-glutamine 8.3 0
glu L L-glutamate 0.7 0.7
gly Glycine 1.54 1.54
his L L-histidine 1.15 0.11
ile L L-isoleucine 0.89 0.33
lew L L-leucine 1.69 0.52
lys L L-lysine 2.72 0.39
met L L-methionine 0.38 0.18
orn Ornithine 0.72 0
phe L L-phenylalanine 0.84 0.21
pro L L-proline 2.36 2.36
ser L L-serine 1.12 1.12
taur Taurine 0.55 0
thm Thiamine 1 0.00001
thr L L-threonine 1.39 0
trp_ L L-tryptophan 1.11 0.07
tyr L L-tyrosine 1.03 0.16
val L L-valine 2.88 0.49

To investigate the concordance between the in vitro screen and the in silico outputs,
1RH830 was, where possible, supplemented with the carbon sources analysed at an

exogenous concentration of 6 mmol gr DW™! hr't. A qualitative presence/absence of
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a positive biomass output was noted. Full description of the model is provided in
Supp. File 2.

3.2.5 Solving futile cycles

Futile cycles, closed loops of a number of reactions, were detected by the presence of
unsustainably large fluxes. Futile cycles often occur when several reversible reactions
are present in which the product (M) of one becomes the substrate of another
(Equations 3.4, 3.5, 3.6). These reactions were examined individually, and solved
by adjusting the reversability with guidance from EcoCyc (Keseler et al., 2017) and
BiGG Models (King et al., 2016).

My = M, (3.4)
My = M;y (3.5)
My = M, (3.6)

3.2.6 Robustness analysis

Robustness analysis of the tRH830 network was executed using COBRApy (Ebrahim
et al., 2013) to conduct single reaction deletions. i{RH830 was supplied with 6 mmol
gr DW- hr'! glucose under aerated conditions. The flux through reactions was set
to zero individually and the resulting effect on biomass output measured. Reactions
were categorised as essential if the resulting biomass output was less than 1 x 1073

gr DW (mmol glucose)™ hrl.
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3.3 Results

3.3.1 Construction of a metabolic model for S. praecaptivus

A metabolic model can provide intricate detail about the metabolism of an organ-
ism. A model for S. praecaptivus was therefore constructed in order to elucidate key
differences between this organism and the symbiotic S. glossinidius. A summary
of construction process can be found in Fig. 3.1. First, the metabolic genes were
extracted from the S. praecaptivus genome annotation and compared to known pro-
teins in F. coli K-12. This process was repeated using the S. glossinidius genome.
Reactions were collected from the BiGG Models database (King et al., 2016) and
compiled into a draft model. The draft model was then compared to FBA mod-
els of S. glossinidius (iLF517, Chapter 2) and E. coli (1JO1366 (Orth et al., 2011;
Orth and Palsson, 2012), iJR904 (Reed et al., 2003), :AF1260 (Feist et al., 2007)).
Where reactions were found in the pre-existing models but not in the draft model,
the S. praecaptivus genome was mined manually to assess whether that gene could
be found. Key pathways in central metabolism and for the biosynthesis of amino

acids were checked manually.

S. praecaptivus genome

|

Orthologues to S. glossinidius

and E. coli identified {BLASTN
BLASTp
Ad Uniprot
| Reactions identified | BiGG
KEGG
v EcoCyc
— | Draft model | ClustalX2
FBA
v Literature

| Gap filling |

| jRH830 |

Figure 3.1: Overview of the construction process for :RH830.
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3.3.2 A large scale, iterative process of model testing

Metabolic models are strengthened by thorough in wvitro testing. A large scale phe-
notypic screen of metabolite use by S. praecaptivus was therefore conducted us-
ing Biolog phenotypic microplates in order to confirm the predictions made by the
draft model. These plates are a qualitative measure of the ability of an organism
to use a metabolite as a sole source of carbon. The presence ("positive") or ab-
sence ("negative") of visible growth above that of the manufacturer’s reference was
recorded. S. praecaptivus was able to use 19 of the 128 metabolites tested as a sole
source of carbon (Table 3.3). Four metabolites produced borderline results and were
therefore considered inconclusive as per the manufacturer’s instructions (D-ribose,
L-rhamnose, mucic acid and D-glucuronic acid). S. praecaptivus was unable to grow
on 105 of the metabolites tested.

Table 3.3: Positive results from a phenotypic screen of individual metabolites.
iRH830, 1JO1366, and iLF517 Abiomass outputs (gr DW (mmol glucose)! hr!)
following the addition of these metabolites to models currently not supplied with a
sugar. Metabolites in bold initially did not produce a positive biomass output in
early iterations of the model.

Metabolite 1RH830 ¢JO1366 (LF517
a-D-glucose 0.557 0.584 0.211
D-fructose 0.557 0.584 0.211
D-galactose 0.550 0.578 0.131
D-galacturonic acid 0.440 0.470 0
D-gluconic acid 0.507 0.533 0.158
D-glucosamine 0.558 0.584 0.211
D-mannitol 0.600 0.628 0.193
D-mannose 0.557 0.584 0.211
D-melibiose 1.050 1.175 0
D-sorbitol 0.600 0.628 0
D-trehalose 1.065 1.181 0.413
D-xylose 0.430 0.478 0
Glycerol 0.188 0.332 0
L-arabinose 0.430 0.478 0
N-acetyl D-galactosamine 0.711 0 0
N-acetyl D-glucosamine 0.717 0.752 0.211
N-acetyl D-mannosamine 0.717 0.752 0.211
Pyruvic acid 0.181 0.211 0
Xylitol 0.502 0 0

The results of the phenotypic screen were then compared to the biomass outputs
generated by a draft of the S. praecaptivus model. The individual metabolites were

added to the draft model (including essential cofactors) at a flux of 6 mmol gr DW™!
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hr!, and the resulting biomass output recorded. Overall, there was 83.9% agreement
between the in vitro screen and the biomass outputs of the draft model. Of the
19 metabolites that produced a positive growth phenotype in wvitro, 17 resulted
in a matched phenotype in silico (Table 3.3). The remaining two, N-acetyl-D-
galactosamine (GalNAc) and xylitol will be discussed in more depth in Sections 3.3.3
and 3.3.4. There were 87 metabolites that produced a negative growth phenotype
both in silico and in vitro (Table 3.4).

Table 3.4: All metabolites that produced a negative in vitro phenotype as well as a
negative biomass output in silico.

Metabolite

1,2-propanediol
4-hydroxy benzoic acid
Adenosine
a-methyl-D-glucoside
[B-methyl-D-glucuronic acid
Chondroitin sulfate C
D-arabitol

D-fucose

D-raffinose
D,L-carnitine

Dulcitol

Inosine

L-histidine

L-leucine

Ornithine

L-threonine

M-tartaric acid
Mannan

Oxalic acid

2-aminoethanol
Acetamide

Adonitol

Arbutin

Butyric acid
Citraconic acid
D-aspartic acid
D-glucose-1-phosphate
D-serine

D,L-malic acid

Formic acid

Itaconic acid
L-homoserine

L-lysine
L-phenylalanine
L-valine

Malonic acid

Mono methyl succinate
p-hydroxy phenyl acetic acid

2-deoxyadenosine

Acetic acid

a-hydroxy butyric acid
-D-allose

Capric acid

Citramalic acid
D-cellobiose
D-glucose-6-phosphate
D-tagatose

Dextrin

Glycogen

L-arabitol

L-isoleucine

L-lyxose

L-sorbose

m-hydroxy phenyl acetic acid
Maltose
N-acetyl-L-glutamic acid
Palatinose

2-hydroxy benzoic acid
Acetoacetic acid
a-keto-glutaric acid
(B-methyl-D-glucoside
Caproic acid
D-arabinose
D-fructose-6-phosphate
D-malic acid
D-tartaric acid
Dihydroxyacetone
Glycyl-L-proline
L-glutamine

L-lactic acid
L-methionine
L-tartaric acid
M-inositol

Maltotriose
N-acetyl-neuraminic acid
Pectin

Phenylethylamine Propionic acid Quinic acid Salicin
Sebacic acid Stachyose Sucrose Thymidine
Tricarballylic acid Tyramine Uridine

The 18 metabolites that produced a positive biomass output and a negative in vitro
phenotype were checked by growing individually in universals with M9 plus the
added metabolite. All produced no growth in S. praecaptivus, confirming the Biolog
results (data not shown). Of these 18 metabolites, four were TCA cycle intermedi-
ates; citric acid, fumaric acid, malic acid, and succinic acid (Table 3.5). There are
five transporters in the draft model encoded by dcuB (Sant 2332). Using Ecocyc
as a guide, DcuB appears to function primarily during anaerobic respiration. S.
praecaptivus is grown aerobically. The transporters encoded by dcuB were there-
fore removed (SUCFUM¢t, ASPt2 3, FUMt2 3, MALt2 3, SUCCt2 3), reducing
the biomass output to zero on these TCA cycle intermediates. There are also nine
amino acids in this group; D-alanine, glycine, L-alanine, L-arginine, L-asparagine,
L-aspartic acid, L-glutamic acid, L-proline, and L-serine. The draft model is able to
produce a viable biomass output with the addition of these amino acids due to the
presence of functional transporters, but in vitro they may not provide sufficient en-

ergy to enable growth or the cells may not be able to import the metabolites at a high
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enough concentration. The glycolaldehyde dehydrogenase reaction (Sant _3710) was
made irreversible according to the data found in the BiGG Models database. This
prevented a positive output from being produced on glycolic acid alone, reflecting the
Biolog data. S. praecaptivus was also unable to grow on putrescine or D-saccharic
acid. There is a functional putrescine transporter as well as a complete pathway to
the TCA cycle, and a complete pathway from D-saccharic acid transport to pyru-
vate. These reactions were retained for completeness as there is no evidence from

the model or genome to support their removal.

Table 3.5: Metabolites that produced a negative result on the in vitro phenotypic
screen but a positive biomass output (gr DW (mmol glucose)™ hr!) in silico.

Metabolite Biomass output Reasoning

Citric acid 0.373 Anaerobic DcuB transporter in silico
Fumaric acid 0.226 Anaerobic DcuB transporter in silico
L-malic acid 0.226 Anaerobic DcuB transporter in silico
Succinic acid 0.243 Anaerobic DcuB transporter in silico
D-alanine 0.223 Possibly supply insufficient energy in vitro
Glycine 0.096 Possibly supply insufficient energy in vitro
L-alanine 0.223 Possibly supply insufficient energy in vitro
L-arginine 0.415 Possibly supply insufficient energy in vitro
L-asparagine 0.243 Possibly supply insufficient energy in vitro
L-aspartic acid  0.242 Possibly supply insufficient energy in wvitro
L-glutamic acid  0.381 Possibly supply insufficient energy in vitro
L-proline 0.435 Possibly supply insufficient energy in wvitro
L-serine 0.184 Possibly supply insufficient energy in vitro
a-D-lactose 1.050 Unknown, all pathways complete
D-saccharic acid 0.376 Unknown, all pathways complete

Glycolic acid 0.092 Incorrect reaction stoichiometry

L-fucose 0.533 Unknown, all pathways complete
Putrescine 0.423 Unknown, all pathways complete

3.3.3 8. praecaptivus can grow on the unusual sugar alcohol

xylitol

Through the phenotypic screen, it was found that S. praecaptivus was able to grow
on the sugar alcohol xylitol (Table 3.3), but xylitol was not initially included as
a metabolite in the draft model. Xylitol is not found in any prokaryotic model in
the BiGG Models database, hence it had not been considered for inclusion during

construction.

To investigate the use of xylitol as a sole carbon source by S. praecaptivus further,

cultures were established in a 96-well microplate with xylitol supplemented into M9
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minimal media at concentrations of 12.5 mM, 5 mM, and 500 uM. S. praecaptivus
was able to use xylitol equally well at 12.5 mM and 5 mM concentration (an optical
density of approximately 0.27 at 650 nm (ODgsg)), with a small amount of growth
observed at 500 M xylitol (a final ODgso of approximately 0.14) (Fig. 3.2). There
was no growth observed in the M9 salts with no added xylitol.

—— 12.5 mM xylitol
030 | = 5mMuxylitol
—+— 500 uM xylitol
No sugar
0.25
3
o 0.20
[a]
(e}
0.15
0.10

0 5 10 15 20 25 30 35
Time (hours)

Figure 3.2: Growth of S. praecaptivus on 12.5 mM (blue), 5 mM (green) and 500
pM (orange) xylitol, and in M9 salts with no added sugar (yellow) over 36 hours.
Measurements in sextuplicate, error bars SEM.

Due to the lack of pathways for xylitol degradation in the BiGG Models depository,
alternative organisms known to degrade this metabolite were identified and used as a
reference. KEGG was used to identify organisms with xylitol degradation pathways.
The sequence for a xylitol dehydrogenase from Morganella morganii (MU9 _3130)
was extracted from UniProt and used in a protein BLAST search against S. prae-
captivus. From this, a hypothetical xylitol dehydrogenase was identified (NCBI
reference AFW03778) with 79.7% sequence identify to MU9 3130 (Fig. 3.3). This
reaction converts xylitol into D-xylulose. The reaction to convert D-xylulose into
D-xylulose 5-phosphate, leading to the pentose phosphate pathway, was already in-
cluded in the draft model (Sant 3756). Orthologues to components of the xylitol
transporter XItABC were also identified in S. praecaptivus (Sant 3104-6), using the

periplasmic binding protein L580 2330 from Serratia fonticola as a search query.
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This discovery enabled the inclusion of two new reactions into the draft model,
XYLTD (xylitol dehydrogenase) and XYLTt (putative xylitol transporter) (Fig.
3.3).

Xylitol (xylt)
o Y Periplasm
XYLTt
[ Sant_3105-6
N Cytoplasm
v
Xylitol (xylt)

XYLTD

AFW03778

D-xylulose (xylu_D)
XYLK

Sant_3756

D-xylulose 5-phosphate (xu5p_D)

v
Pentose

phosphate
pathway

Figure 3.3: The putative xylitol degradation pathway in S. praecaptivus. Reaction
names and S. praecaptivus gene assignments are given in blue.

3.3.4 Use of N-acetyl D-galactosamine by S. praecaptivus

The in vitro screen found that S. praecaptivus was able to use the amino acid deriva-
tive of galactose, GalNAc, as a sole source of carbon (Table 3.3). Several key species
of free-living bacteria are not able to use GalNAc as an energy source, including
E. coli K-12, Klebsiella oxytoca, Klebsiella pneumoniae, and species of Salmonella
(Brinkkotter et al., 2000). This is as a result of not encoding functional phospho-
transferase systems (PTS) to import the metabolite. To confirm the phenotypic
screen quantitatively, S. praecaptivus was grown in a microplate reader for 36 hours
in M9 salts alone and with the addition of 25 mM GalNAc. S. praecaptivus, as
before, cannot grow in M9 salts alone, but reaches an ODgsy of approximately 0.39
after 36 hours when GalNAc is added as the sole carbon source (Fig. 3.5). This

confirms the qualitative observations of the large-scale screen.
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Figure 3.4: Growth of S. praecaptivus on 25 mM GalNAc (blue) and in M9 salts
with no added sugar (yellow) over 36 hours. Measurements in sextuplicate, error

bars SEM.

The ability of S. praecaptivus to metabolise GalNAc for use as a sole carbon source
had been confirmed, but the draft model did not match this in wvitro phenotype.
Manual gap filling of a putative pathway from GalNAc to glyceraldehyde-3-phosphate
(for the pentose phosphate pathway) was conducted using KEGG as a guide. Non-
specific BLAST searches were conducted against the S. praecaptivus genome using
sequences from the Enterobacteriaceae as queries. This identified a putative GalNAc
PTS transporter (Sant 0021-24), a GalNAc-6-phosphate deacetylase (Sant 2792),
a D-galactosamine-6-phosphate deaminase (Sant 2791), a kinase that converts D-
tagatose-6-phosphate to D-tagatose-1,6-bisphosphate (Sant 1415), and an aldolase
to then form glyceraldehyde 3-phosphate (Sant 2311, Sant 3725) (Fig. 3.5). The
inclusion of these reactions enabled the draft model to produce a viable biomass
output upon the addition of GalNAc.
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Figure 3.5: The putative GalNAc degradation pathway in S. praecaptivus. Reaction
names and S. praecaptivus gene assignments are given in blue.

3.3.5 A new model of S. praecaptivus metabolism, :RH830

After thorough testing, a final model for S. praecaptivus is presented, iRH830. Full
details are given in Supp. File 2. {RH830 contains 830 genes, 891 metabolites and
1248 reactions (excluding pseudoreactions). ¢{RH830 uses an oxygen uptake value
of 20 mmol gr DW™! hr!| reflecting the highly aerated conditions the organism is
grown in (Andersen and von Meyenburg, 1980; Varma et al., 1993) and to maintain
consistency with models of E. coli metabolism (Orth et al., 2011; Orth and Palsson,
2012; Reed et al., 2003; Feist et al., 2007). This model is prototrophic for all essential
amino acids and produces a range of biomass outputs when supplied with different

carbon sources.

The performance of :{RH830 was tested on gradient of oxygen concentrations. The
model was supplied with either famine (GleNAc and thiamine), blood (Table 3.2),
or D-glucose-only media. The highest biomass output is observed in blood, followed

by famine then D-glucose (Fig. 3.6). In D-glucose, the biomass output starts to
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plateau at 13 mmol gr DW! hr! of oxygen. In famine and blood, it reaches the
plateau at 18 and 40 mmol gr DW™! hr'! of oxygen, respectively. This represents
the level at which oxygen is no longer the limiting factor in biomass production and
when the nutrient availability is limiting instead. It is therefore higher in richer

media.
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Figure 3.6: Biomass output for a range of oxygen concentrations when :RH830
was supplied with famine (blue triangle), blood (green circle), and D-glucose-only
(orange square) media.

The xylitol and GalNAc degradation pathways included in {RH830 are unusual. It
is not known whether these pathways are absent in other organisms, or omitted as
a result of not testing for them. Models of E. coli (iJO1366 (Orth et al., 2011))
and S. glossinidius (1LF517, Chapter 2) metabolism were therefore compared to
1RH830 for their ability to produce a viable biomass output on the carbon sources
that tested positive with the in vitro screen. The change (A) in biomass output is
given as iLF517 cannot produce a viable biomass output on these sugars alone (Hall
et al., 2019). sRH830 produces a positive biomass output on all of these these carbon
sources, as expected from the construction process (Table 3.3). 1JO1366 is able to
produce a viable biomass output on all carbon sources tested, with the exception
of xylitol and GalNAc. This highlights the unusual nature of these metabolites in
iRH830. As expected, there are several metabolites that do not support iLF517 in

silico, due to the constraints of the smaller genome. It is unable to use D-galacturonic
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acid, D-melibiose, D-sorbitol, D-xylose, glycerol, L-arabinose, or pyruvic acid. As
with ¢JO1366, it is also unable to use xylitol or GalNAc.

To investigate whether FE. coli and S. glossinidius also have the genomic capacity
to metabolise xylitol and GalNAc, the E. coli str. K-12 substr. MG1655 and S.
glossinidius str. morsitans genomes were mined using translated nucleotide BLAST
searches with the S. praecaptivus proteins as queries. The E. coli genome does not
contain xylitol or GalANc degradation genes orthologous to S. praecaptivus (Table
3.6). There are candidate genes for all except Sant 3725, but most of these are of
low similarity. Two show a higher percentage identity, a deaminase (82.61%) and a
kinase (86.22%). It is likely that these are involved in the transport and metabolism
of other, similar carbon sources like GlcNAc. S. glossinidius appears to have retained
all components of the xylitol transporter, xylitol dehydrogenase and xylulose kinase
found in S. praecaptivus (Table 3.6). S. glossinidius contains many components for
GalNAc transport and degradation, but several (SGGMMB4 05687, PTS subunit
IIB, SGGMMB4 00446-7) are heavily truncated. There is also no orthologue for
Sant 0021, with the top tBLASTn hit for this S. praecaptivus protein being the
Sant 0022 orthologue (SGGMMB4 05685).

67



Table 3.6: Candidate components of the xylitol and GalNAc degradation pathways
in E. coli and S. glossinidius based on tBLASTn searches using S. praecaptivus

proteins. Percentage identity to S. praecaptivus sequences, predicted number of
amino acids (aa), locus tags (SGGMMBA4...) and NCBI descriptions (italics). Top

tBLASTn results are given.

S. praecaptivus

E. coli K-12 substr. MG1655

S. glossinidius

Sant 3104 RbsB SGGMMB4 01390
333 aa, SBP 30.69%, 281 aa 97.90%, 333 aa
Sant 3105 D-ribose transporter SGGMMB4 01389
345 aa, permease 41.64%, 308 aa 92.17%, 345 aa
Sant 3106 ATP binding protein SGGMMB4 01388
501 aa, ATP-binding 44.02%, 491 aa 96.81%, 501 aa
Sant 3107 Xylulose kinase SGMMBY4_ 01387
504 aa, xylulose kinase 29.70%, 483 aa 89.29%, 504 aa
AFWO03778 Alcohol dehydrogenase SGGMMB4 01386

344 aa, putative dehydrogenase

38.01%, 317 aa

92.73%, 344 aa

Sant 3756 Xylulokinase Xylulose kinase

484 aa 62.86%, 482 aa 27.27%, 417 aa

Sant 0021 PTS subunit IIA SGGMMB4 05685
144 aa 34.56%, 136 aa 76.24%, 101 aa

Sant 0022 PTS subunit IIC SGGMMB4 05685
297 aa 45.80%, 261 aa 78.55% 295 aa

Sant 0023 PTS subunit IIC component 1~ SGGMMB4 05687
255 aa 33.50%, 200 aa 53.85%, 86 aa

Sant 0024 PTS subunit IIB PTS subunit IIB

160 aa 57.69%, 156 aa 97.20%, 107 aa

Sant 2792 Deacetylase SGGMMB4 01931
380 aa 69.21%, 379 aa 92.37%, 380 aa

Sant 2791 Deaminase Deaminase

267 aa 82.51%, 263 aa 95.51%, 267 aa

Sant 1415 Kinase SGGMMB4 02147
312 aa 86.22%, 312 aa 90.12%, 324 aa

Sant 2311 Aldolase SGGMMB4 00446-7
284 aa 63.38%, 284 aa 64.78%, 156 aa
2;5“;;3725 No significant stmilarity No significant similarity

3.3.6 Robustness analysis of the S. praecaptivus metabolic

network

To test the ability of S. praecaptivus to grow on a range of metabolites, tRH830 was
run on a tsetse-specific nutrient limited medium ("famine") and a blood medium
simulating the internal tsetse environment and informed by S. glossinidius require-
ments (Hall et al., 2019) ("blood", Table 3.2). Robustness analysis was used to
examine reaction essentiality and therefore redundancy in the :RH830 network. Re-
actions were removed individually and the resulting effect on biomass output noted.

The same analysis was also run on :LF517 in blood as a comparison.

There are 282 essential reactions in {RH830 when the medium (famine) is nutrition-
ally limited, and 228 in the tsetse-specific blood medium (Fig. 3.7). The overall
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pattern for the two conditions is very similar. The subsystem most represented in
either condition is for cofactor and prosthetic group biosynthesis, with 88 and 87
essential reactions for the famine and blood media, respectively. The main difference
between blood and famine at the subsystem level can be attributed to amino acid
metabolism. Of the 228 reactions essential in blood, 15.8% are involved in amino
acid metabolism. In famine, which is not supplied with amino acids, 48 more es-
sential reactions and a greater proportion of the total (29.8%) are used for amino
acid metabolism. There are also three more essential transport reactions when the

medium is limited.
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12 Amino acid metabolism
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Figure 3.7: Robustness analysis of iRH830 in famine (top) and blood (bottom)
media. Essential reactions are categorised by subsystem.

1

The reactions involved in amino acid metabolism were then analysed further to
ascertain whether the two conditions differ in composition as well as size. Of the
84 essential reactions in the famine medium, the highest number (17) are involved
in the metabolism of L-arginine and L-proline, followed by L-threonine and L-lysine
(16) (Fig. 3.8, top). There are 13 essential reaction for the metabolism of L-valine,

L-leucine and L-isoleucine. There are two subsystems with the fewest essential
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reactions; L-glutamate (one), and glycine and L-serine metabolism (one). A single
reaction in {RH830 (GHMT?2r, glycine hydroxymethyltransferase) converts glycine

to L-serine via a reversible reaction.

There are fewer essential reactions for amino acid metabolism when iRH830 is sup-
plied with the blood medium, and the pattern of essentiality differs between the two
media (Fig. 3.8, bottom). In blood, the two subsystems with the highest propor-
tions mirror that seen in famine; L-threonine and L-lysine (eight), L-arginine and
L-proline (seven). The pathways for L-tyrosine, L-tryptophan and L-phenylalanine
also have seven essential reactions. The main difference is that there are no essential
reactions involved in the metabolism of L-valine, L-leucine and L-isoleucine when
+RHS830 is supplied with a blood medium, compared to the 13 counted in famine.
There is also only one reaction essential for L-histidine metabolism in blood, whereas

there are 10 under the famine conditions.

70



Famine
84 total

- Ala, Asp
Arg, Pro
B cys
- Glu
P aly, ser

His

BN Vet
Thr, Lys

Tyr, Trp, Phe

B 2, Leu, le

Blood
36 total

Figure 3.8: Essential reactions involved in amino acid metabolism in :RH830 in
famine (top) and blood (bottom) media.

Robustness analysis was then run for :LF517 in the blood medium in order to com-
pare to 1RH830. iLF517 is not viable in famine. The overall pattern of reaction
essentiality is highly similar for ;LF517 and i{RH830 (Fig. 3.9, top). For iLF517,
there are 253 total essential reactions, 25 more than for ;RH830 under the same con-
ditions, highlighting the has greater redundancy in the :RH830 metabolic network.
As with {RH830, the subsystem with the highest number of essential reactions in
iLF517 is for cofactor and prosthetic group biosynthesis (78). The second largest is

for amino acid biosynthesis (43), also mirroring iRH830.

Amino acid metabolism in :LF517 was then examined and compared to :RH830

(Fig. 3.9, bottom). There are seven more essential reactions involved in amino acid
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metabolism in :LF517 compared to tRH830. As with :RH830 in blood, there are
no essential reactions involved in L-valine, L-leucine and L-isoleucine metabolism in
1LF517. This indicates that this network has maintained redundancy throughout
its evolution. Unlike :RH830, the pathways for the metabolism of L-arginine and
L-proline have significantly more essential reactions than for any other amino acid,

with 13 compared to eight for the next largest (L-threonine and L-lysine).

" 3 Alternate carbon metabolism
253 total 43 Amino acid metabolism
21
N I Ce!l envelope biosynthesis

TCA cycle and OxPhos
Cofactor & prosthetic group biosynthesis
- Folate metabolism
Glycolysis/gluconeogenesis
- Inorganic ion transport & metabolism
LPS biosynthesis/recycling
- Membrane lipid metabolism

- Nucleotide salvage pathway
Pentose phosphate pathway

Purine & pyrimidine biosynthesis

Transport

Ala, A
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Gly, Ser [l ' 8
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val, Leu, lle | IEGN

43 total

Figure 3.9: Robustness analysis for :LF517 in blood, showing the essential reac-
tions grouped by subsystem (top) and those involved in amino acid metabolism
specifically (bottom).

3.3.7 Media provisioning affects individual reaction flux

After analysing reaction essentiality by subsystem, the flux through individual re-
actions was then examined. It was shown in Table 3.2 that several components
of the blood medium show zero flux through the uptake reactions; L-cysteine, L-
glutamine, ornithine, taurine, and L-threonine. This is in spite of transport reactions

being present for these metabolites. Overall, there are larger fluxes through reac-
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tions involved in central metabolism in the famine medium in comparison to the
blood medium (Fig. 3.10). Central metabolism may be required to not only pro-
duce ATP, but to synthesise the essential amino acids required for biomass that
are not provided in the medium. In famine, the greatest flux is seen through the
pathways for oxidative phosphorylation, particularly ATP synthase (ATPS4r), cy-
tochrome oxidase (CYTBO3), and NADH dehydrogenase (NADHG). In blood, the
greatest flux is through another NADH dehydrogenase reaction, NADH7. There are
greater fluxes through the reactions of the TCA cycle in famine than blood. The
phosphoglycerate kinase (PGK) and phophoglycerate mutase (PGM) reactions have

greater flux in blood than in famine.

There are small differences between fluxes through amino acid metabolism when
iRHS830 is provided with contrasting media (Fig. 3.11). The flux through reactions
in L-alanine and L-aspartate, L-threonine and L-lysine, L-cysteine, and L-valine,
L-leucine and L-isoleucine are comparable between the two media. There is greater
flux through the glucosamine 6-phosphate deaminase (G6PDA) reaction involved in
L-arginine and L-proline metabolism in famine than in blood. The pathways for
glycine and L-serine and for L-glutamate metabolism also carry more flux in famine
than in blood. For L-tyrosine, L-tryptophan and L-phenylalanine metabolism, the
flux patterns are broadly similar between the two media with the exception of high

flux through the enolase (ENO) reaction in famine.
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Figure 3.10: Flux (mmol gr DW-! hr!) through the central metabolism reactions of
+RH830 in famine and blood media.
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Figure 3.11: Flux (mmol gr DW-! hr'!) through the reactions involved in amino acid
metabolism in t{RH830 grown in famine and blood media.

3.4 Discussion

A flux balance model for S. praecaptivus metabolism has been presented here.
This prototrophic model, :RH830, can produce a positive biomass output in both
nutrient-limited and nutrient-rich conditions. As expected of a free-living organ-
ism, ‘RH830 exhibits a large amount of metabolic redundancy. The exact profile
of redundancy varies depending on nutrient provisioning. Through the robustness

analysis, it has been shown that more reactions are essential when the medium con-

5



tain fewer components. This is because more biosynthetic pathways, and therefore
more reactions, are required to produce the metabolites needed for the biomass reac-
tion as they cannot simply import them. There are also more essential reactions in
the pathways for amino acid metabolism in the famine medium. This medium does
not contain amino acids, and therefore the network is required to maintain more
reactions to synthesise these metabolites in the absence of exogenous provisioning.
Metabolic pathways for certain amino acids carry more flux in famine than in blood
media, namely L-glutamate, glycine and L-serine, and L-tyrosine, L-tryptophan
and L-phenylalanine. This suggests that these are key amino acids under nutrient-
limited conditions. L-glutamate is a crucial amino acid for S. glossinidius (Chapter
2), and is a keystone metabolite for supplementing the TCA cycle and synthesising
other amino acids. L-serine is also important for S. glossinidius (Chapter 2), and
a single reaction (GHMT2r, glycine hydroxymethyltransferase) coverts L-serine to
glycine. L-serine is also required to synthesise L-tryptophan (Keseler et al., 2017),
with this and the other aromatic amino acids forming from the shikimate pathway
via chorismate. Aromatic amino acid biosynthesis has been retained in other Sodalis
symbionts. Candidatus Sodalis pierantonius, for example, is thought to synthesise
L-tyrosine and L-phenylalanine for its weevil host (Vigneron et al., 2014). Main-
taining these pathways in S. praecaptivus, and with high flux, is an indication that

aromatic amino acids may be important to members of the Sodalis genus.

Exposure to the famine medium results in greater fluxes through reactions in :RH830
central metabolism compared to the blood medium. This is observed particularly in
reactions for glycolysis/gluconeogenesis, the TCA cycle and oxidative phosphoryla-
tion. This suggests that under the famine conditions, the network must synthesise
more of the components for the biomass reaction, increasing the flux through key
pathways. These in silico results can subsequently be applied to understanding the
pressures that may lead to a S. praecaptivus-like organism become symbiotic. In
nutrient-limited conditions, such as those that S. praecaptivus may be exposed to,
a large number of genes remain essential to synthesise a range of metabolites. Be-
coming internalised, and therefore experiencing a constant, nutrient-rich microenvi-
ronment, reduces the burden on central metabolism. This maintains the production
of biomass at a reduced cost to the organism. With a decrease in the number of
essential reactions, there are more candidate genes that could be lost as the genome

becomes streamlined over time.

The importance of thoroughly testing FBA models has been demonstrated. Only
through a large-scale phenotypic screen of carbon usage was the ability of S. praecap-
tivus to grow on xylitol and GalNAc alone identified. This had not been included in

early iterations of {RH830 as it is a carbon source not often present in FBA models
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of Gram negative bacteria. Xylitol is a polyol produced from the reduction of xylose
and found in plant tissue (Ylikahri, 1979; Prakasham et al., 2009). It is possible
that S. praecaptivus, due to the nature of its discovery, is able to metabolise compo-
nents of plant tissue. The differences in xylitol transport and degradation pathways
between E. coli and S. glossinidius are interesting. S. glossinidius appears to have
orthologues to the components of the S. praecaptivus xylitol transporter and degra-
dation pathway (Table 3.6). There were no orthologues identified in E. coli. The
results here suggest that E. coli K-12 cannot metabolise xylitol, but that S. glossini-
dius can. One xylulose kinase orthologue in S. glossinidius appears truncated. Once
becoming internalised by the tsetse, S. glossinidius would no longer require a trans-
porter or metabolic pathway for xylitol. It is possible therefore that the symbiont is
beginning to lose components of this pathway in the absence of an external supply

of this carbon source.

Care must be taken when attributing metabolic differences between S. praecaptivus
and S. glossinidius to symbiosis only. The assumption that S. glossinidius has
lost its orthologue to the S. praecaptivus xylulose kinase Sant 3756 as a result
of being internalised by the tsetse depends on the latter being a direct ancestor
of the symbiont. Whilst it is known that S. praecaptivus is a close relative of S.
glossinidius (Chari et al., 2015), it is in fact more closely related to other insect
symbionts, namely those of the phytophagous weevil Curculio sikkimensis and shield
bug Cantao ocellatus (Clayton et al., 2012). This is the only known free-living species
of the Sodalis genus to be identified. That does not mean that it is the only one,
nor that it is the closest ancestor to S. glossinidius. It is, however, still a useful
comparison from which to investigate several aspects of the tsetse-S. glossinidius
symbiosis. There is currently no information available about the route by which the
ancestor of S. glossinidius took to become internalised. Analysing the differences
between S. praecaptivus and S. glossinidius could provide interesting evolutionary

details about the key pseudogenisations that have occurred in the symbiont.
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Chapter 4

The 2n si2lico evolution of Sodalis

glossinidius

The work presented in this chapter was conducted in collaboration with Stephen
Thorpe, University of York. With Chapter 3, this work forms a submitted manuscript,
also available as a pre-print on bioRxiv (doi 10.1101/819946), as:

Hall RJ*, Thorpe S*, Thomas GH and Wood AJ. Simulating the evolutionary tra-

jectories of metabolic pathways for insect symbionts in the Sodalis genus.

RJH designed the experiments, conducted the data analysis and wrote the manuscript.
ST constructed the evolutionary algorithm and generated the evolution plots. GHT
and AJW supervised the project.

4.1 Introduction

Symbioses are both fundamental and ubiquitous in nature. Understanding their
evolution poses an ongoing challenge, as well as an expanse of unresolved research
questions. Bacterial symbionts of insects provide a range of benefits including stress
tolerance (Wilcox et al., 2003; Dunbar et al., 2007), protection from predation
(Wilcox et al., 2003; Oliver et al., 2003; Nakabachi et al., 2013), and the provision
of metabolites (Aksoy, 1995; Shigenobu et al., 2000; Thomas et al., 2009; Snyder
and Rio, 2015; Hrusa et al., 2015; Manzano-Marin et al., 2015). The latter forms
arguably the strongest link within the symbioses. Host and symbiont frequently

share metabolic substrates, as well as the products and components of individual
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biosynthetic pathways (McCutcheon and Moran, 2007; Thomas et al., 2009; Mc-
Cutcheon et al., 2009a,b; Wilson et al., 2010; McCutcheon and von Dohlen, 2011).
These relationships typically enable the host to survive on a nutritionally restricted
diet, such as the blood meal of the tsetse (Rio et al., 2003; Michalkova et al., 2014;
Snyder and Rio, 2015) or the plant sap that feeds the aphid (Baumann et al., 1995;
Akman Giindiiz and Douglas, 2009; Richards et al., 2010).

Understanding the evolutionary pressures that affect the organisms within a symbi-
otic relationship is essential. This includes deciphering how the symbioses develop
over time and the way in which the metabolism of the individuals is intertwined.
It is, however, often hindered by biological difficulties. Symbiotic bacteria undergo
genomic streamlining, have wn vitro cultivation difficulties, may no longer express
stress response genes and might lack a sound outer membrane (Nakabachi et al.,
2013; Wu et al., 2004; Pérez-Brocal et al., 2006; Moran et al., 2008; Akman et al.,
2002; Dale and Maudlin, 1999; Aksoy, 1995). It is therefore impossible in many cases
to test hypotheses about host-symbiont interactions in controlled experimental con-
ditions. In these circumstances, computational techniques offer a viable alternative.
Computational techniques, including FBA, can be used to investigate metabolic

potential and pseudogenisation in symbiotic bacteria.

FBA has been applied to several microbiological problems. Boolean logical operators
have been incorporated into E. coli metabolic models to investigate the impact of
gene regulation on a system (Covert and Palsson, 2002; Lee et al., 2006; Covert and
Palsson, 2003; Covert et al., 2001). Dynamic FBA, where a rate of change in flux
constraints is included, has successfully modelled diauxic growth in Fscherichia coli
(Mahadevan et al., 2002). FBA has been used to compare strains of Blattabacterium
from separate cockroach lineages to assess their divergence (Gonzélez-Domenech
et al., 2012), and to predict the evolution of metabolism from E. coli experimental
datasets (Harcombe et al., 2013). The evolution of metabolic networks in isolation
has also been simulated with the aim of identifying key metabolites (Pfeiffer et al.,
2005). FBA has not yet been harnessed to its full potential with regards to the
investigation of symbiont evolution. This is perhaps surprising given that several
models of E. coli metabolism are available as an evolutionary starting point (Ed-
wards and Palsson, 2000; Feist et al., 2007; Reed et al., 2003; Orth et al., 2011;
Orth and Palsson, 2012; Pal et al., 2006). The evolution of Buchnera aphidicola
and Wigglesworthia glossinidia from E. coli has simulated using FBA (P4l et al.,
2006). This work, whilst elegant, is limited two-fold. Primarily, reactions that are
lost at the start have no chance of being reintroduced. This limits the evolutionary
space that can be explored, as the loss of a key reaction at the start will fundamen-

tally affect which reactions can be lost subsequently. Second, it assumes that W.
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glossinidia, like B. aphidicola, is a subset of E. coli (Shigenobu et al., 2000), and
that its evolution can therefore be simulated from an FE. coli ancestor. This may
not be the case, and will be discussed in depth in Chapter 5. A similar approach to
that used by Pal et al. (2006) was used with dynamic FBA to study the evolution
of cooperation and cross-feeding in F. coli (McNally and Borenstein, 2017). Using
FBA in isolation to remove reactions successively may not therefore be the optimal

way to simulate the evolution of symbiosis.

In silico evolution has been used increasingly in recent years to complement in vivo
experimental evolution (Hindré et al., 2012). In silico evolution benefits from being
able to test widely different ecological conditions whilst controlling key variables
(Batut et al., 2013). For example, it allows the investigation of groups of mutations
that lead to a specific phenotype, or mutations that are difficult to induce in vitro
(Frangois and Hakim, 2004). This has enabled the study of many aspects of evo-
lution, including simulating the reduction of genome size in an individual (Batut
et al., 2013). Multi-objective evolutionary algorithms (MOEA) have been used in
many disciplines for solving problems that have two or more conflicting objectives.
The use of MOEA in combination with metabolic models has been implemented for
the design of minimal genomes (Wang and Maranas, 2018) and for the production
of industrially relevant molecules (Fong et al., 2005; Garcia and Trinh, 2019). It
has however seen only limited use for in silico evolution. The evolution of symbiosis
can be considered as a multi-objective optimisation, as symbiotic bacteria undergo

genome reduction whilst trying to maximise their individual growth.

There are metabolic models available for the free-living Sodalis praecaptivus (Chap-
ter 3) and the tsetse-associated Sodalis glossinidius (Chapter 2). These models,
tRH830 and LF517, respectively, represent adaptations of the organisms to their
contrasting environments. The Sodalis system is therefore an excellent candidate
for assessing the ability of FBA to describe the evolution of symbioses. Here, a
MOEA has been used to evolve :RH830 under various biological conditions. The
alm was to investigate computationally the route that S. glossinidius may have
taken in its transition to symbiosis. It is not known whether the solutions found
by S. glossinidius, described in ¢LF517, are the only possible outcomes given the
metabolic constraints of the microenvironment, or whether the symbiont’s unusual

metabolic network evolved by chance.

The application of the algorithm to {RH830 enabled the observation that certain
key pseudogenisations may have occurred earlier in the symbiosis than previously
thought. The effect of exposing the ancestral Sodalis to contrasting diets was also

modelled, mirroring the different trajectories that this genus has taken within blood-
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and sap-feeding insects. It is hoped that the techniques used here can be applied to

other symbiotic systems to drive forward the discovery of novel relationship criteria.

4.2 Methods

4.2.1 Flux balance analysis

FBA solutions were generated as per Chapter 3. :RH830 was supplied with either
the famine medium or blood medium detailed in Chapter 3, or a sap-inspired media
(from Krishnan et al. (2011), henceforth "sap"). The phenotype was considered vi-
able if the biomass production rate was greater than 1 x 10 gr DW (mmol glucose)™

hrl.

4.2.2 Implementation of multi-objective evolutionary

algorithm

A MOEA was used to explore possible evolutionary trajectories in the Sodalis genus.
This was constructed by Stephen Thorpe, University of York. An overview of the
process is provided in Fig. 4.1. The non-dominated sorted genetic algorithm (NSGA-
IT) (Deb et al., 2002) from the Distributed Evolutionary Algorithms in Python
(DEAP) package was used in combination with the COBRApy package (Ebrahim
et al., 2013) for FBA evaluation. Equal weight was placed on reducing the number

of reactions used in the model whilst maximising the biomass output.
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Figure 4.1: Process of the MOEA. A starting population of individuals is initialised,
and the fitness calculated by solving the FBA model to calculate biomass output and
the number of active reactions. The population is then copied, allowed to mutate
and the fitness evaluated again. A new population is selected from the original and
copy populations. Green boxes represent the start and final populations, pink boxes
represent the iterative process of mutation and selection.

Population initiation

Prior to starting an evolutionary run, reactions essential to growth were identified
using a single reaction knockout. Essential reactions were defined as those produc-
ing a biomass output of less than 1 x 10 gr DW (mmol glucose)! hr!. Reactions
that were identified as essential were not included in the subsequent mutation strat-
egy, therefore reducing the solution space and computational time taken to run
the MOEA. The essential reactions were added back to the evolved populations for

downstream analysis.

A population of 100 genotype clones, where all non-essential reactions are active,

was created (Fig. 4.1). Each genotype consisted of a binary number, where a 1
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or 0 corresponded to the reaction being active or inactive, respectively. This is a
proxy for gene loss, where a one-to-one gene-protein-reaction mapping is assumed.

All post-evolution analysis focused on the reactions lost or retained.

Mutation

Mutation was performed on each genotype by flipping the value of each reaction
with a probability of 0.005 (Fig. 4.1). The fitness of each individual is evaluated by
solving the FBA model to calculate both its biomass output and the sum of number

of active reactions.

Fitness evaluation and selection

The population was first evaluated for non-dominated individuals. This gave a pop-
ulation of individuals that has the highest biomass output for their current number
of active reactions (Fig. 4.1). From the non-dominated population, the Euclidean
distance between each individual was calculated. A greater priority was given to
selecting individuals with a larger Euclidean distance. This prevented the clustering
of similar potential solutions, thereby reducing the likelihood of becoming trapped
in sub-optimal local minima within the search space. The resulting population max-
imised the convergence on the highest biomass output, lowest number of reactions,
and the distribution of those solutions. There will be a set of solutions whereby the
number of reactions cannot be minimised further without also reducing the corre-
sponding biomass output. This set of solutions is known as a Pareto front. The
algorithm was repeated for 3000 generations to produce genotypes that converged.
This indicated that minimal new solutions were being found. The biomass output
from the slim optimisation COBRApy function and the summation of the number

of active reactions was used to evaluate the fitness.

4.2.3 MOEA variations

The MOEA was run under several conditions in order to investigate aspects of
symbiont evolution. Full details are provided in Table 4.1. Scenario A investigated
the trajectories taken when the S. praecaptivus model was provided with blood,
sap, and famine growth media. In Scenario B, gene knockouts were simulated by

removing individual reactions from the S. praecaptivus model prior to commencing
the evolution. The reactions chosen were ASPTA, PDH, and PPC. In Scenario C,
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the MOEA was applied to the model of S. glossinidius metabolism presented in
Chapter 2, iLF517. Here, iLF517 was supplied with the blood medium for 3000
generations. In Scenario D, the S. praecaptivus model was exposed to cycling media
conditions with the aim of simulating the possible fluctuation of nutrient availability
inside the insect. Here, both the essential and non-essential reactions were available
for mutation. The model was exposed to three conditions, each lasting for ten
generations and repeated for a total of 3000 generations; five generations in blood
and five in famine, nine generations in blood and one in famine, and the reverse of
the latter.

Table 4.1: Conditions under which ‘RH830 and ¢LF517 were evolved, including
wild-type (WT) or reaction knockouts, and media type.

Scenario  Test Model Media

A Effect of growth media tRH830 (WT) Blood, sap, famine
B Effect of gene loss iRH830 (AASPTA, APDH, APPC) Blood

C Future of S. glossinidius  iRH830 (WT), sLF517 (WT) Blood

D Fluctuating nutrients i{RH830 (WT) Blood:famine

9:1, 1:9, 5:5

4.2.4 Analysis of evolved populations

To identify key reactions in the evolved populations, individuals were selected from
each condition and the remaining non-essential reactions extracted. The subset of
reactions that were present in every individual selected were designated as "core
non-essentials", and will be referred to hereafter as such. When examining the
similarity between evolved models, exchange reactions and reactions carrying zero
flux were discounted. To analyse the effect of cycling the growth media (Table 4.1,
Scenario D), individuals from the evolved populations that experienced 90% of their
generations in blood were selected. These individuals were then compared to evolved
populations in the standard blood medium (Table 4.1, Scenario A) in order to assess

the similarity between the results of the two conditions.

4.3 Results

4.3.1 Media provisioning affects evolutionary trajectories

Species of the Sodalis genus have been found in insects that feed on a variety of
contrasting diets, including blood (e.g. tsetse (Dale and Maudlin, 1999) and ticks
(Novakova and Hypsa, 2007; Chrudimsky et al., 2012; Boyd et al., 2016)) and plant
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tissue (e.g. weevils (Oakeson et al., 2014)). To replicate Sodalis evolution in different
environments, the MOEA was applied to i{RH830 that was supplied with a tsetse-
specific blood medium, a medium that mirrors plant sap, and a nutritionally limited
"famine" medium (Table 4.1, Scenario A). The algorithm underwent ten runs of

3000 generations and the resulting solutions collated.

In all conditions, the models evolved to completion, demonstrated by the conver-
gence of solutions to the left of the plots (Fig. 4.2). The number of reactions
decreases over evolutionary time, with the majority of solutions clustering at the
maximum biomass output. This is an indication that sub-optimal solutions are be-
ing removed successfully. After 3000 generations, there are a range of solution sizes
at the maximum biomass output found in sap, whereas in blood and famine all so-
lutions at this time point cluster at the minimum number of reactions. The two rich
media, blood and sap (Fig. 4.2, top, centre), produce a lot of metabolic flexibility,
with a complete range of possible biomass outputs produced by the smallest models.
When grown in the nutritionally limited famine medium, there is significantly less
flexibility in terms of possible solutions found (Fig. 4.2, bottom). Here, the majority
of the solutions cluster at the minimum reactions/maximum biomass output. This is
as expected, given the fitness function of the MOEA. In blood and sap, the biomass
outputs reach near zero, made possible by the variety of available substrates. In
famine, the options for streamlining are limited, resulting in few solutions that are

able to deviate away from what is selected by the fitness function.
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Figure 4.2: iRHS&30 evolved under different media conditions; a tsetse-species blood
medium (top), a medium mimicking plant sap (centre), and a nutritionally limited
famine medium (bottom). The algorithm was run for 3000 generations, with the
plot depicting new populations every 50 generations (blue to green). Black boxes
indicate individual solutions selected for further analysis.

A number of individual solutions from each of these simulations were then selected
(Fig. 4.2, black boxes). The raw, binary data were translated back into reaction
names and this was subsequently processed to produce a list of "core non-essential

reactions". These reactions are found in all individuals selected, and do not produce
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a lethal phenotype when removed. A full list of all core non-essential reactions de-
scribed in this Chapter can be found in Supp. File 3. There are 14 core non-essentials
reactions found in all 1194 of the individuals examined when {RH830 was supplied
with blood; AGDC, ARGabc, ASNt2r, GGPDA, H20t, HISt2r, ILEt2r, NH4t, RPE,
TKT1, TKT2, TMK, TRPt2r and TYRt2r. In sap, only one non-essential reaction
is found in all 1888 individuals; the L-arginine ABC transporter reaction ARGabc.
As anticipated, when grown in the limited famine medium there are a higher num-
ber of core non-essential reactions (22 found in each of the 2989 individuals tested);
ATPS4r, CO2t, ENO, FORt, GAPD, GHMT2r, GLUDy, ORNDC, PAPSR, PGCD,
PGK, PGM, PPPGO3, PSERT, PSP L, RPE, TALA, THRAi, TKT1, TPI, TRDR
and TRPS1. The rare core non-essential reactions were then calculated. In famine,
there are 73 unique reactions that occur in less than 0.1% of the 2989 evolved mod-
els. This is significantly more than for sap (13 in less than 0.1% of 1888 models)
and blood (five in less than 0.1% of 1194 models).

These core non-essential reactions were then analysed by subsystem to assess themes
across the different conditions. In blood, over half (eight of 14) of these are secondary
transporter reactions (Fig. 4.3, top). This reflects what is observed in S. glossini-
dius, which has retained, for example, secondary amino acid transporters (Table
S10). The loss of metabolic pathways and the maintenance of functional trans-
porters is characteristic of symbiotic bacteria that are able to scavenge metabolites
from their microenvironment. As mentioned previously, the only core non-essential
reaction in sap is a transport reaction (Fig. 4.3, centre). In contrast, the set of
core non-essentials are more varied when metabolites are limited (famine), with a
particular emphasis towards central metabolism and amino acid metabolism (Fig.
4.3, bottom).

87



Blood

Alternate carbon metabolism

Sap Amino acid metabolism

Cofactor & prosthetic group biosynthesis
1 Glycolysis/gluconeogenesis

Pentose phosphate pathway

TCA cycle & OxPhos

Transport

Famine

Figure 4.3: The proportion of core non-essential reactions per conditions by subsys-
tem when the ancestral iRH830 is exposed to blood (top), sap (centre), or famine
(bottom) media.

4.3.2 Temporal gene loss can be predicted

A characteristic of S. glossinidius and other symbiotic bacteria is their propensity
to accumulate pseudogenes. It is not known whether key genes are lost early in the
tsetse-Sodalis symbiosis to enable the initiation, or whether their loss is an inevitable
consequence of genomic streamlining. To investigate the effect that pseudogenising
key genes early in evolutionary time has on the trajectory of a symbiont, the MOEA
was run on tRH&830 with one of three reactions removed at the start, with the result-

ing solutions compared to wild-type (WT) (Table 4.1, Scenario B). The reactions
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selected were PPC (phosphoenolpyruvate carboxylase), as a key pseudogenisation in
S. glossinidius central metabolism (Chapter 2), and PDH (pyruvate dehydrogenase)
and ASPTA (aspartate transaminase) as two other reactions that feed the TCA

cycle.

When considering the population plots, there is minimal qualitative difference be-
tween APDH and APPC (Fig. 4.4, centre, bottom). AASPTA, in contrast, pro-
duces solutions with a much lower biomass output and with fewer individuals that
deviate away from the optimum as defined by the fitness function (Fig. 4.4, top).
A selection of individuals were then selected and the number of core non-essential
reactions in the evolved models were then analysed as described previously (Fig.
4.4, black boxes). There are one, 11 and nine core non-essential reactions in the
WT, APDH and APPC solutions, respectively, whereas there are 61 in AASPTA.
These 61 reactions function in a variety of subsystems, particularly transport, cen-
tral metabolism, amino acid metabolism and nucleotide salvage pathways. There
are minimal differences between the core non-essential reactions at the subsystem
level between APDH and APPC (Fig. 4.5, centre, bottom). The main difference of
note is the presence of reactions involved in amino acid metabolism in the AASPTA
(Fig. 4.5, top) but not the APDH or APPC solutions.
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Figure 4.4: 1RH830 evolution with the reactions ASPTA (top), PDH (centre), and
PPC (bottom) removed at the start. MOEA was run for 3000 generations (blue
to green).
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Figure 4.5: Core non-essential reactions in AASPTA (top), APDH (centre), and
APPC (bottom) :RH830 models in a blood medium, grouped by subsystem.

4.3.3 A prediction of the evolutionary future of S.

glossinidius as a symbiont

S. glossinidius is a secondary symbiont. Both bacterium and insect can survive in-
dependently of one another, and the former is likely a more recent acquisition. It is
however unclear how recently S. glossinidius was captured, or, given the pseudogeni-
sations already present, how much more streamlined its genome can become. The
algorithm was therefore applied to :LF517 in a blood medium with the aim of evalu-
ating potential future evolutionary trajectories within the bounds of its relationship

with host and primary symbiont (Table 4.1, Scenario C).

There are a spread of biomass outputs found at the end of the evolution (Fig. 4.6),

as observed when ‘RH830 was evolved in blood. The smallest solutions contain
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approximately 300 reactions. The evolved solutions were then compared to the
evolved ¢RH830 models to assess their similarity. Ten evolved models for both
+RH830 and ¢LF517 were analysed. All exchange reactions and those that carried

zero flux were removed from further analysis.
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Figure 4.6: Evolution of iLF517 in a blood medium. MOEA was run for 3000
generations (blue to green).

Full evolved models with fluxes can be found in Supp. File 4. Of the 383 unique
reactions that carry flux in the evolved {RH830 models, 289 (75.5%) are found in all
ten. For the (LF517 solutions, 301 of the 316 (95.3%) unique reactions that carry
flux are found in all ten. This suggests that the smaller S. glossinidius model has
fewer viable trajectories compared to the larger S. praecaptivus model. Of the 441
unique reactions across the 20 evolved models, 225 (51%) were found in all of the
1RH830 and :LF517 evolved solutions. The biomass outputs for the evolved :RH830
and 1LF517 solutions range from 0.064 to 0.281 (gr DW (mmol glucose)! hr!), and
0.075 to 0.331 (gr DW (mmol glucose)! hr!), respectively (Fig. 4.7).
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Figure 4.7: Biomass output and the numbers of reactions carrying flux in evolved
iRH830 (blue triangle) and evolved iRH830 (yellow circle) models. The evolved
solutions produce comparable biomass outputs. Ten evolved solutions are given for
each, some duplicates are present.

The use of the in silico blood medium by ten evolved :RH830 and ten evolved :LF517
models in comparison to the ancestral models was then examined. Full details are
given in Tables S11 and S12, and an overview in Fig. 4.8. GlcNAc (acgam) uptake
shows the maximum allowed flux (6 mmol gr DW™! hr!) in the ancestral {RH830,
ancestral {LF517, and four evolved tRH830. All evolved iLF517 models had zero
flux through the GlcNAc uptake reaction. Two evolved :RH830 models have zero
uptake of L-alanine (ala). For the evolved iLF517 models, six show the maximum
uptake (3.41 mmol gr DW-! hr!) of L-alanine observed in the ancestral model. The
remaining four have zero flux. All evolved ‘{RH830 and :LF517 maintain flux of
varying values through the L-arginine (arg), L-histidine (his), L-isoleucine (leu), L-
leucine (leu), L-lysine (lys), L-methionine (met), L-phenylalanine (phe), L-serine,
L-tryptophan (trp), L-tyrosine (tyr), and L-valine (val). The ancestral and evolved
1RH830 models all have flux through the L-asparagine (asn), glycine (gly), and L-
proline (pro) uptake reaction, whereas there is zero flux for these amino acids in
the ancestral and evolved ¢LF517 models. For L-proline, only three of the evolved
iRH830 models have ancestral-like uptake fluxes (2.36 mmol gr DW™ hr!'). L-
cysteine (cys) is used in the ancestral and evolved iLF517 models, but none of
the sRH830 models. L-aspartate (asp) shows similar patterns between the two
species, with uptake seen in both ancestral and three each of the evolved models.
L-glutamate (glu) is used in both ancestral models, but by only six of the evolved

iRH830 models. None of the ancestral or evolved models have any flux through
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the uptake reactions for L-glutamine (gln), L-ornithine (orn), taurine (taur) or L-

threonine (thr).
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Figure 4.8: Fluxes through the uptake reactions for components of the blood medium
in ancestral i{RH830 (black triangle) and sLF517 (black circle), and evolved :RH830
(blue triangle) and ‘LF517 (yellow circle). Ten evolved solutions for iRH830 and
1LF517 are given.

4.3.4 Fluctuating the nutrient availability affects the

trajectory and final population

In order to simulate S. glossinidius evolution accurately, it is important to consider
that insect feeding may result in the availability of metabolites fluctuating. To
reflect this, the MOEA was modified in order to cycle the medium between blood
and famine over different generational times (Table 4.1, Scenario D). The MOEA
was run on ¢RH830 under three different, cycling conditions for a total of 3000
generations; (i) nine generations in blood, one in famine, (ii) five generations in
blood, five generations in famine, and (iii) one generation in blood, nine in famine.
The evolved models were then put back into both blood and famine to assess their

fitness in the different media.

The three conditions produce three different evolutionary profiles (Fig. 4.9). There

are a spread of solutions that are viable in blood, whereas there are only a spread of
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solutions viable in famine when the model is exposed to at least equal numbers of
generations in famine. When 90% of the generations are exposed to blood (Fig. 4.9,
top), the majority of the solutions are adapted to this and have minimal flexibility
when given the famine medium, finding only the maximum biomass outputs in the
latter. When given an equal numbers of generations in each medium (Fig. 4.9, cen-
tre), there are a spread of solutions that are viable in both blood and famine media.
Additionally, only the earliest generations are able to produce a high biomass out-
put in the famine medium. This may represent some organisms that are averagely
adapted to both conditions, without optimising for one. When 90% of the genera-
tions are in famine (Fig. 4.9, bottom), however, there are more possible solutions
found that are successful in famine, as well as producing high biomass outputs in
blood. This may represent some organisms becoming specifically adapted to one

type of medium.

To examine whether cycling the medium increases the similarity of evolved :RH830
to evolved ‘LF517 models, ten evolved models from the condition exposed to blood
for 90% of the generations were compared to the ten evolved iLF517 solutions. Full
details can be found in Supp. File 4. The individual reactions were compared
as before, and it was discovered that providing :RH830 with the cycling medium
increased the number of reactions in all 20 models from 51% to 52.4% (222 reactions
of a possible 424). Fluctuating the media may therefore produce solutions that have

a higher degree of similarity to S. glossinidius.
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Figure 4.9: Cycling the media provided to :RH830 during its evolution. MOEA was
run for a total of 3000 generations, with cyclical repeats of ten generations as: nine
blood one famine (top), five blood five famine (centre), one blood nine famine
(bottom).

4.4 Discussion

Classical studies of microbial evolution, whilst useful, are ultimately limited by

their inherent inability to replicate adaptations over large evolutionary time scales.
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Here, we describe a solution to this issue and present a computational approach, by
combining a MOEA with FBA. We present the Sodalis system as a model for this.
The Sodalis genus is ideal for the study of the evolution of symbiosis in this way,
as within the genus are a free-living and a host restricted species, both well defined

with complete genome sequences and existing protocols for culture.

The work here demonstrates the power of evolutionary algorithms in the study of
symbiont evolution. A strength of this system is that removal of a reaction from
the model is not irreversible; it is possible for a reaction to be added back into an
individual at any point. Whilst there is no evidence currently for horizontal gene
transfer within S. praecaptivus, the NSGA-II algorithm is only intended to be used
as a tool to explore the possible evolutionary space rather than as a biologically accu-
rate model of genome reduction. Previous examples of evolving minimal metabolic
networks do not allow for full exploration of the possible evolutionary space (Pal
et al., 2006). Decisions that are made at the start of process persist which, whilst
biologically relevant, do not allow the full complement of evolutionary routes to be
examined. It is not possible to know at what point during the transition to sym-
biosis the genes in S. glossinidius became pseudogenised. It is therefore valid, using
the technique described here, to not attach significance to the temporal sequence in

which the mutations occur.

Supplying the ancestral tRH830 with contrasting growth media demonstrates the
effect that nutrient provisioning may have on evolutionary trajectories of symbiotic
bacteria. Exposure to famine reflects what might be expected in a nutrient-limited
environment in vivo, in which evolutionary pressures result in the retention of path-
ways to synthesise key, essential metabolites. Here, this has shown to be particularly
evident in the pathways retained for glycolysis/gluconeogenesis, the pentose phos-
phate pathway, and amino acid metabolism. This indicates that key pathways in
central metabolism and for the synthesis of biomass components are being retained
when the external environment is nutrient limited. The evolved solutions therefore
reflect what is observed in symbiotic bacteria; the retention or loss of pathways can

be used to inform about the microenvironment it resides within.

It was discussed in Section 4.3.1 that the evolved famine solutions contain a much
greater number of core non-essential reactions that are present in a small percentage
of the solutions. This suggests a lack of flexibility in the evolved network; either
the reaction is found repeatedly, or not at all. This is not observed in the solutions
provided with rich media (blood or sap), where a greater degree of flexibility is
demonstrated by more reactions being included repeatedly across the evolutionary

space. This implies that, in vivo, there are many possible trajectories for an early
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symbiont if there are sufficient nutrients in the microenvironment.

This tool can produce biologically relevant simulations that accurately reflect the
metabolic pressures that symbionts are exposed to. An example of this was demon-
strated by the investigation of key knockouts in S. glossinidius. The symbiont has
a pseudogenisation in ppc, a key gene in central metabolism (Chapter 2). It is not
possible to deduce when this loss occurred from the genome annotation alone. By
removing the PPC reaction from S. praecaptivus at the start of the in silico evolu-
tion, the resulting trajectories can be analysed and compared to W'T. The loss of
PPC appeared to have minimal effect on the resulting evolved populations compared
to WT, in contrast to what was observed when the ASPTA reaction was removed at
the start (Fig. 4.4). This would indicate that, in vivo, the loss of the gene encoding
the ASPTA reaction would have a greater impact on a bacterial symbiont if it was
lost early in the relationship in comparison to the lower burden that the loss of the
genes encoding PDH or PPC would have. This is interesting when considered in
the context of the tsetse-S. glossinidius symbiosis. S. glossinidius has lost the ppc
gene, whereas it has retained the genes encoding the PDH (SG0467-9) and ASPTA
(SG10006) reactions (Hall et al., 2019; Dale and Maudlin, 1999). As the profile of
APPC evolution is similar to that of WT, it could be suggested that the ppc gene
could have been lost early in evolutionary time without heavily bottlenecking S.
glossinidius evolution subsequently. The gene encoding the ASPTA reaction may
have been retained by S. glossinidius because of the detrimental impact that its loss
may have caused. This is therefore a useful tool for making general predictions about

the temporal occurrence of key pseudogenisations in insect-bacterial symbioses.

It has been shown here that is it possible for S. glossinidius to reduce its metabolic
network to approximately half of the size that it is currently. This provides sup-
port for the published hypothesis that S. glossinidius is a recent acquisition by the
tsetse (Dale and Maudlin, 1999). The number of reactions remains slightly higher
in evolved ‘RH830 models compared to evolved :LF517 solutions, possibly due to
difficulties in finding the minima from a larger starting point. :{RH830 can however
be reduced down to look phenotypically similar to :LF517 at the level of biomass
output, but with differences at the individual reaction level. Cycling the growth
media to include a short period of low nutrient availability increased the similarity
between evolved {RH830 and evolved :LF517 models. These results suggests there-
fore that the route that S. glossinidius has taken within the tsetse is perhaps just
one of several possible routes. The differences also indicate that S. praecaptivus may

not be the ancestor that initiated the tsetse-S. glossinidius symbiosis.

The Sodalis genus, with a well-characterised free-living organism and symbiont rel-
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ative, is a useful system to investigate the evolution of symbiosis. Previous uses of
metabolic models to simulate evolution have focused on E. coli as a proof of con-
cept. The tool described here has augmented knowledge about the temporal loss
of key genes in S. glossinidius central metabolism. It has also investigated how S.
glossinidius may have adapted to fluctuations in nutrient availability over time. It is
not limited to this system, however. Combining FBA with a MOEA could be used
for any organism for which a well-annotated genome is available. It could be applied
not only to the evolution of symbiosis but to the directed evolution of, for example,
industrially relevant microorganisms or to the study of rapid genome evolution in

pathogenic bacteria.
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Chapter 5

Phylogenetic and experimental
analysis of amino acid transporters

in Wigglesworthia glossinidia

5.1 Introduction

Wigglesworthia glossinidia is the primary symbiont of the tsetse, localising intra-
cellularly in bacteriocytes in the anterior gut (Aksoy, 1995). It is essential for the
host (Nogge, 1978, 1976), demonstrated by the production of W. glossinidia-free
tsetse by treatment with the antibiotic ampicillin (Pais et al., 2008). This clears the
W. glossinidia population from the milk glands, resulting in progeny that do not
have this symbiont. The female offspring were found to be infertile, highlighting
the importance of W. glossinidia for the tsetse (Pais et al., 2008). W. glossinidia is
also thought to influence the competency of the tsetse as a disease vector. This re-
lationship has been shown to vary depending on the species of Glossina tested (Rio
et al., 2019). W. glossinidia is therefore of scientific interest as a primary symbiont,

as well as of medical importance.

The genomes of two subspecies of W. glossinidia have been published at the time
of writing, from Glossina morsitans morsitans and Glossina brevipalpis. These sub-
species are thought to be highly similar. The genomes of the two subspecies differ
slightly in size, at 719,535 bp for W. glossinidia morsitans (Rio et al., 2012) and
703,004 bp for W. glossinidia brevipalpis (Akman et al., 2002). Both subspecies

retain the capacity to synthesis the B vitamins biotin, thiamine, riboflavin, pan-
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tothenate, and pyridoxal 5’-phosphate, and neither appear able to synthesise cobal-
amin or nicotinamide (Akman et al., 2002; Rio et al., 2012). There are 21 genes
unique to W. glossinidia morsitans compared to W. glossinidia brevipalpis, and 19
in the latter compared to the former (Rio et al., 2012). Arguably the key difference
between the two lies in the pathway for folate biosynthesis. This is complete in W.
glossinidia morsitans, but absent in W. glossinidia brevipalpis (Rio et al., 2012).
As with the tsetse, Trypanosoma brucei is also unable to synthesise folate, instead
encoding a transporter that enables the parasite to scavenge this vitamin from its
microenvironment (Berriman et al., 2005; Rio et al., 2012). This demonstrates the
complex metabolic network within the tsetse microbiome, and the importance of
fully understanding the role that W. glossinidia plays within this network. A deeper
understanding of the metabolism of W. glossinidia is essential for elucidating the

interactions between host, symbiont, and parasite.

It has been thought previously that, like Buchnera aphidicola, the W. glossinidia
genome is a subset of the Escherichia coli genome (Shigenobu et al., 2000). It has
been presumed that all metabolic genes present in the W. glossinidia genome would
have an orthologue in E. coli. There are currently no studies that investigate this
assumption. This may be due in part to the difficulties in studying an unculturable
primary symbiont. A genome comparison could be used, but this relies on there
being a high degree of sequence similarity between W. glossinidia and E. coli, and
any predictions made can not be easily tested in vitro. A confirmation that the W.
glossinidia genome is indeed a subset of E. coli would allow a well-annotated E. coli
genome to be used as a reference with confidence. An inability to support it will,

however, provide intriguing new insights into the phylogeny of W. glossinidia.

Metabolic modelling and FBA could be used to investigate the role of W. glossinidia
in its ecosystem. Reconstructing its metabolic network would enable its intricacies
to be explored in detail. It would also allow in silico experiments into the future
of W. glossinidia as an obligate symbiont to be investigated, via analysis of the
robustness of the network. A draft metabolic model of W. glossinidia brevipalpis has
been developed by Sandy Macdonald and Gavin Thomas (University of York, data
unpublished). When investigated by FBA, it was discovered that the amino acid L-
proline could serve as the sole carbon, nitrogen, and energy source for W. glossinidia.
In E. coli, exogenous L-proline is transported into the cell and is subsequently used
in the downstream biosynthesis of L-glutamate and L-arginine (Fig. 5.1). There is

also a direct route from L-proline and L-glutamate to the TCA cycle.
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Figure 5.1: L-proline and L-glutamate transport and catabolism in E. coli. L-
glutamate is imported using the GItIJKL ABC transporter and L-proline through
ProXWYV. Transporters for L-glutamate and L-proline have not been characterised
in W. glossinidia.

Using FBA, L-proline alone was also found to be sufficient to redox balance nicoti-
namide adenine dinucleotide phosphate (NADP) and its reduced form (NADPH).
W. glossinidia does not encode the oxidative branch of the pentose phosphate path-
way. This branch, for the conversion of glucose-6-phosphate to ribulose-5-phosphate,
produces two molecules of NADPH per molecule of glucose (Fig. 5.2). In the ab-
sence of the oxidative branch, the method of redox balancing by W. glossinidia was
previously unknown. The use of L-proline provides a theoretical solution to this,
via the conversion of L-proline and NADP to 1-pyrroline 5-carboxylate and NADPH
(Fig. 5.1).
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Figure 5.2: The oxidative branch of the pentose phosphate pathway.

L-proline is an integral metabolite within the tsetse microenvironment. It is essential
for the insect as it is the main energy source for flight (Bursell, 1963, 1978; Hargrove,
1976; Dyer et al., 2013). The pyridoxal 5’-phosphate produced by W. glossinidia
is thought to be critical for maintaining L-proline homeostasis within the tsetse
(Michalkova et al., 2014; Rio et al., 2012). It is used as a cofactor by the enzyme
alanine-glyoxylate aminotransferase, responsible for the conversion of L-alanine to
L-proline in the fat bodies for use in flight (Michalkova et al., 2014). This therefore
provides a clear metabolic link between host and symbiont. L-proline is also essential
for the survival of T. brucei within the tsetse (Mantilla et al., 2017). That L-proline

may also be essential for W. glossinidia is both intriguing and perhaps unsurprising.

It is believed that L-proline is being taken into the W. glossinidia cell by a trans-
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porter as yet uncharacterised. Initial investigation identified one candidate trans-
porter, annotated as FIiY. In FE. coli, FIiY is a binding protein ATP binding cas-
sette (ABC) transporter with a specificity for L-cystine (Butler et al., 1993). The
specificity of this protein in W. glossinidia is not known. It is proposed that this
transporter may import the L-proline that W. glossinidia can subsequently convert
to L-glutamate, producing NADPH (Fig. 5.1).

ABC transporters are a large superfamily of proteins that couple transport to ATP
hydrolysis (Higgins et al., 1986). Almost 5% of the E. coli genome is involved in en-
coding components of ABC transporters, reflecting their importance and abundance
(Linton and Higgins, 1998). ABC uptake systems consist of five subunits (Higgins
et al., 1986; Higgins, 2001) (Fig. 5.3). There are two transmembrane domains con-
sisting of a-helices that span the membrane and two ATP-hydrolysing nucleotide
binding domains (Hollenstein et al., 2007b). These transporters also associate with
substrate binding proteins (SBPs) (Hollenstein et al., 2007a) that bind a variety
of ligands at a range of affinities (Quiocho and Ledvina, 1996). It is often simpler
to express, purify and characterise soluble proteins in comparison to those that are
membrane-bound. Investigating SBPs is therefore a useful proxy for elucidating the

role of the transporter as a whole.

Substrate
binding protein

Transmembrane
domains

Cytoplasm
Nucleotide‘ '

binding domains

Periplasm

Figure 5.3: Schematic of the structure of ABC transporters.

Here, phylogenetics was used to investigate the relatedness of the two sequenced W.
glossinidia subspecies, W. glossinidia brevipalpis and W. glossinidia morsitans. A
large phylogenetic tree of amino acid binding proteins in the Enterobacteriaceae was
constructed to assess the similarity of the W. glossinidia F1iY to other SBPs. W.
glossinidia F1iY was found in a cluster with no E. coli orthologues, suggesting that
W. glossinidia may not a subset of E. coli as previously thought. This candidate W.
glossinidia L-proline SBP was expressed and purified, with the aim of establishing

its binding specificity to provide in wvitro support for the in silico FBA predictions.
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This work provides a greater understanding of the phylogenetics of an important pri-
mary symbiont, as well as highlighting issues with using standard molecular biology

techniques in the study of symbiotic bacteria.

5.2 Methods

5.2.1 Phylogenetics

Protein sequences were collected by conducting protein BLAST searches against
the Enterobacteriaceae. E. coli K-12 sequences for ArgT, HisJ, Artl, ArtJ, GInH,
GltI, FLiY, ProX and YhdW were collected from the UniProt database (Bateman
et al., 2019) and used as search queries. These proteins were selected as they are
all of the amino acid SBPs in E. coli. All BLAST hits that produced full length
proteins were collated. Any duplicates discovered through more than one search were
removed, with only a single copy kept for further analysis. Locus tags were used as
identifiers where possible. A sequence alignment was performed on the resulting 503
protein sequences using ClustalX 2.1 (Larkin et al., 2007). A maximum likelihood
phylogenetic tree was then constructed in MEGA X (Kumar et al., 2018) using the
resulting alignment file. The tree was constructed using the Jones-Taylor-Thornton
matrix-based model (Jones et al., 1992). The bootstrap consensus tree was inferred
from 100 replicates (Felsenstein, 1985). Branches corresponding to less than 50%
of reproduced bootstrap replicates were collapsed. Further downstream processing
of the tree was conducted using Interactive Tree of Life (iTOL) (Letunic and Bork,
2007).

5.2.2 Gene cloning

A W. glossinidia gene encoding a candidate SBP was identified, with the protein
annotated as FIiY (WIGMOR_ 0593). Phobius (K&ll et al., 2004) and SignalP v5.0
(Juan et al., 2019) were used to establish that a signal peptide was present. The
signal peptide was removed and the gene purchased pre-cloned into a pET100/D-
TOPO (Thermo Fisher Scientific) expression vector. This included an N-terminal

hexa-histidine tag, a T7 promoter, and a gene enabling resistance to ampicillin.
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5.2.3 Transformation

The pET100/D-TOPO plasmid containing the WIGMOR_ 0593 gene was trans-
formed into calcium competent BL21 (DE3) E. coli cells (Agilent) using a standard
heat shock protocol (Sambrook et al., 1989). Briefly, 100 uM competent cells were
thawed on ice for 30 minutes before 10 ng plasmid was added and incubated on ice
for an additional 30 minutes. Cells were heat shocked at 42°C for 90 seconds then
900 uL of LB (Table 5.1), pre-warmed to 37°C, was added. Cells recovered at 37°C
for one hour at a shaking speed of 220 rpm. A 50 uL. sample was then spread on
to LB plates containing 100 pg/mL of ampicillin and incubated overnight at 37°C.
Cultures were stored in 50% glycerol at -80°C until required.

Table 5.1: Buffers and media used in Chapter 5.

Buffer/medium Recipe

LB 10 g NaCl (Fisher), 10 g tryptone (Melford), 5 g yeast extract (Oxoid) in 1 L. dH,0

AIM 5% v/v glycerol, 500 mg D-glucose, 2 g a-lactose, 3.3 g (NH,)2SO4, 6.8 g KHPO,
7.1 g NayPOy, 1.2 mg MgSO, in 1 L dH,O

1 M KPi (pH 7.8) K,HPO,, KH,PO,

Tris 50 mM Tris-HCI (pH 8), 200 mM NaCl

TBE (5x) 54 g Tris, 27.5 g boric acid, 20 ml 500 mM EDTA (pH 8)

Coomassie blue 450 mL methanol, 2.5 g Brilliant Blue, 100 mL acetic acid, 450 mL dH,O
Destain 10% v/v ethanol, 10% v/v acetic acid, 80% dH2O

5% 12 g glycerol, 3 mL dH,0, 10 mL 10% SDS, 1 mL 1M Tris pH 7.2,

60 mg Bromophenol Blue. Add 3 L S-mercaptoethanol per 100 puL before use
Running buffer 30 g/L Tris, 140 g/L glycine, 10 g/L SDS

Lysis buffer 2.5 mM KPi, 10 mM NaCl, 20% glycerol

Denaturing wash 50 mM KPi, 200 mM NaCl, 20% glycerol, 40 mM imidazole, 2 M GHCI

KPi wash buffer 50 mM KPi, 200 mM NaCl, 20% glycerol, 40 mM imidazole

Elution buffer 50 mM KPi, 200 mM NaCl, 20% glycerol, 500 mM imidazole

Storage buffer 20 mM KPi, 50 mM NaCl

Sample buffer

5.2.4 Colony polymerase chain reaction

Five colonies were screened for successful transformation by polymerase chain reac-
tion (PCR). Individual colonies were picked using a sterile pipette tip and mixed
in 25 pL Milli-Q ultrapure water (Merck Millipore). Samples were boiled for 10
minutes at 95°C then stored on ice. The following primers were prepared at a 10

uM working stock concentration:

Forward primer: 5-ATGGATAAGCTGAACGAC-3’
Reverse primer: 5-TTACTGTTTGTATTTGTTGC-3’

PCR reaction mixtures were prepared as per Table 5.2. Positive control was 1 ulL
pET100-D/TOPO plasmid with WIGMOR_ 0593 insert, negative control was 1 pL
Milli-Q water. PCR was run in a thermal cycler (Bio-Rad) as per conditions detailed
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in Table 5.3.

Table 5.2: Colony PCR reaction mixture.

Component Volume (pL)
5x GoTaq reaction buffer (Promega) 10

Forward primer (10 pM) (IDT) 1

Reverse primer (10 pM) (IDT) 1

Milli-Q water 35.75

ANTP (10 mM) (Invitrogen) 1

GoTaq polymerase (Promega) 0.25

Colony in Milli-Q 1

Table 5.3: Colony PCR cycle. Denaturation, annealing and extension cycle repeated
35 times.

Stage Temperature (°C) Time
Initial denaturation 95 2 minutes
Denaturation 95 30 seconds
Annealing 55 30 seconds
Extension 72 1 minute
Final extension 72 5 minutes

5.2.5 Agarose gel electrophoresis

A 1% agarose gel was made using 500 mg agarose (Melford) and 50 mL Tris-Borate-
EDTA (TBE) buffer (Table 5.1). The solution was microwaved for one minute
to dissolve the agarose, then 5 pl SYBR Safe (Invitrogen) was added when the
solution was warm to touch. Solution was poured into a gel tank to set before 50
mL TBE buffer was poured on top. Five ulL of PCR product was added per well.
A 5 uL volume of 1 Kb Plus ladder (Bioline) was used. PCR products were then
separated using gel electrophoresis (Bio-Rad), run at 75 V for 50 minutes. Bands

were visualised under ultraviolet light.

5.2.6 Sodium dodecyl sulfate polyacrylamide gel

electrophoresis

A 1 mL sample from the expression trials was centrifuged for five minutes at 10,000
rpm in a microcentrifuge. A solution of BugBuster (Millipore) was made using 100
L of 10x BugBuster and 900 uL. PBS. The pellet was resuspended in BugBuster,
with the pellet that had the midpoint OD value resuspended in 200 uL. BugBuster
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and the other pellets resuspended in a volume corrected to their OD. Samples were
gently agitated for 30 minutes before being centrifuged for 10 minutes at 10,000
rpm in a microcentrifuge. The soluble and insoluble fractions were split, with 9 uL
of the soluble fraction sample added to 3 uL of sample buffer (Table 5.1). For the
purified samples, 9 L. of sample was added to 3 L of sample buffer with no prior

processing.

Sodium dodecyl sulfate (SDS) polyacrylamide gels were made according to the
recipes in Table 5.4. Briefly, 4.5 mL resolving gel was pipetted between clean glass
gel moulds and 1 mL ethanol added on top. The resolving gel was left to polymerise,
then the ethanol was removed and the gel washed with Milli-Q water. Stacking gel
was then added to just below the surface, a comb inserted, and the gel allowed to

polymerise.

A 10 puL volume of the sample was loaded into each well and the tank filled with
running buffer (Table 5.1). A 5 uL volume of PageRuler pre-stained protein ladder
(Thermo Scientific) was also used. SDS polyacrylamide gel electrophoresis (SDS-
PAGE) at 200 V for approximately 60 minutes on a Bio-Rad powerpack was used
to separate the protein. After SDS-PAGE, the gels were stained with Coomassie
Brilliant Blue (Table 5.1) and incubated on an orbital shaker for 45 minutes. The
stain was removed and a detain (Table 5.1) added until the gel had destained and

the bands were visible.

Table 5.4: Recipes for two SDS polyacrylamide gels.

Component Volume
Resolving gel
30% w/v acrylamide/0.8% w/v bisacrylamide 4 mL

1.5 M Tris (pH 8.8) 2.5 mL
10% SDS 100 pL.
Milli-Q) 3.4 mL
10% w/v APS in Milli-Q 100 pL
TEMED 10 L

Stacking gel
30% w /v acrylamide/0.8% w/v bisacrylamide 650 pL

500 mM Tris (pH 6.8) 1.25 mL
10% SDS 50 pl.
Milli-Q 3.05 mL
10% w/v APS in Milli-Q 50 pL
TEMED 5 ul
Sample buffer (Table 5.1) 10 puL
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5.2.7 Expression of WIGMOR 0593

Cultures of the transformed BL21 (DE3) cells from a glycerol stock were set up in 10
mL LB with 100 pg/ml ampicillin and incubated overnight at 37°C with aeration.
This was used to inoculate 1 L LB/ampicillin to an ODgsq of approximately 0.05.
To optimise the expression of WIGMOR 0593, the plasmid was transformed into
competent BL21 (DE3) and Tuner strains of E. coli and grown at either 30°C or
37°C in LB. Expression was induced by the addition of 1 mM isopropyl §-D-1-
thiogalactopyranoside (IPTG) once the cells had reached an ODgso of 0.2. Cells
were harvested after three hours and centrifuged at 5000 rpm for 25 minutes using
the JLA-8.1000 rotor on a Avanti J26 ultracentrifuge, before being resuspended in
35 mL lysis buffer (Table 5.1). Cells were then frozen at -80°C.

5.2.8 Sonication

Cells stored at -80°C were thawed, and 36 pL. MgCly (1000x stock), 360 uL. PMSF
protease inhibitor (100x stock), and a small amount of DNase powder (Merck) were
added. Cells were incubated on ice prior to and during sonication. The sample was
sonicated at 60 W for three seconds process and seven seconds rest for a total of
three minutes using a Sonicator 3000 (Misonix). Cells were then centrifuged at 4°C
for 25 minutes at 15,000 rpm using a Avanti ultracentrifuge and the JA 25.50 rotor,

and stored on ice until purification.

5.2.9 Native purification

Protein was purified using a nickel affinity column on an AKTA Pure chromatogra-
phy system (GE Life Sciences) using the method described in Table 5.5. Samples
were separated by SDS-PAGE to confirm the presence of purified protein.
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Table 5.5: Native nickel affinity purification of a his-tagged protein. CV = column
volume, FV = fraction volume. Buffer compositions are defined in Table 5.1.

Method AKTA setting

Transfer lines into 20% ethanol, perform a system wash Standard manufacturer setting
Transfer all lines into dH,O, perform a system wash Standard manufacturer setting
Line 1 into KPi wash buffer N/A

Line 2 into sample N/A

Line B into elution buffer N/A

Load 5 mL column, dripping dH,O through the sample line 3 mL/min, 0.5 MPa
Equilibrate using KPi wash buffer (line 1) 5 mL/min, 0.5 MPa, 20 CV
Load sample on to the column (line 2) 5 mL/min, 0.5 MPa

Wash unbound protein using KPi wash buffer (line 1) 5 mL/min, 0.5 MPa, 10 CV
Elute bound protein with elution buffer (line B) 5 mL/min, 0.5 MPa, 3 mL FV, 5-10 CV

5.2.10 Denaturing purification

Denaturing purification was carried out on a nickel affinity column using an AKTA
Pure chromatography system (GE Life Sciences) and guanidine hydrochloride gra-
dient. The process is detailed in Table 5.6.

Table 5.6: Denaturing nickel affinity purification of a his-tagged protein. CV =
column volume, FV = fraction volume. Buffer compositions are defined in Table
5.1.

Method AKTA setting
Transfer lines into 20% ethanol, perform a system wash Standard manufacturer setting
Transfer all lines into dH20, perform a system wash Standard manufacturer setting

Line 1 into KPi wash buffer

Line 2 into sample

Line B into elution buffer

Load 5 mL column dripping dH5O through the sample line 3 mL/min, 0.5 KPa

Equilibrate using KPi wash buffer (line 1) 5 mL/min, 0.5 MPa, 20 CV

Load sample on to the column (line 2) 5 mL/min, 0.5 MPa

Line 1 into denaturing wash buffer

Wash with a gradient of denaturing wash buffer (line 1) 5 mL/min, 0.5 MPa, 30 CV

Elute bound protein with elution buffer (line B) 5 mL/min, 0.5 MPa, 3 mL FV, 5-10 CV

5.2.11 Buffer exchange

Buffer exchange was carried out on a 10 mL desalting column using the AKTA Pure
chromatography system. A 2 mL sample loop was cleaned with 20 mL ethanol and
20 mL distilled water. A 2 mL volume of protein sample was loaded and fractionated

into 500 pL volumes using storage buffer (Table 5.1).
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5.2.12 Calculating protein concentration

Protein was concentrated using 10 kDa MWCO centrifugal filters (Sartorius). Filters
were washed with 1 mL storage buffer (Table 5.1) at 4500 rpm and 4°C for 10
minutes, using the 19776-H rotor of a Sigma centrifuge. The flow through was
removed and the elution fractions added. Samples were centrifuged at 4500 rpm
and 4°C until concentrated sufficiently. The absorbance of the sample at 280 nm
was measured and used with the protein extinction coefficient to calculate final

concentration.

5.2.13 Circular dichroism spectrophotometry

Circular dichroism (CD) was performed under the supervision of Andrew Leech
(York Technology Facility) to confirmed the correct refolding of WIGMOR._ 0593 fol-
lowing denaturing purification. A concentration of 0.2 mg/mL of WIGMOR 0593
in storage buffer (Table 5.1) was used. CD spectra were calculated at room tem-
perature using a 1 mm path length quartz cuvette. A J810 CD spectrophotometer
(Jasco) was used to measure CD spectra from 195 - 260 nm with a 1 nm data pitch,
2 nm band width, 2 second detector response time and a scanning speed of 100 nm

per minute.

5.2.14 Peptide mass fingerprinting

Protein bands of interest were cut from an SDS-PAGE gel using a scalpel. The iden-
tity was confirmed by peptide mass fingerprinting (PMF), performed by the Rachel
Bates (York Technology Facility). Briefly, a trypsin digest was used to generate
peptide fragments. The fragments were analysed by matrix-assisted laser desorp-
tion ionization and tandem time-of-flight (MALDI-TOF /TOF) to calculate masses
from which to compare to the reference WIGMOR 0593 sequence. The sequences
were analysed in MASCOT (Matrix Science).

5.2.15 Crystallisation trials

PEG/Ion and JCSG crystal trays (Hampton Research) were set up under the su-
pervision of Reyme Herman (University of York) using 10 pg/mL and 5 pug/mL of
WIGMOR 0593 that had been dialysed overnight in Tris buffer (Table 5.1). Sam-
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ples were centrifuged for one minute at 14,000 g in a microcentrifuge to remove
any precipitate. A 3 uL. sample of protein was added into eight guide wells, then
150 nL of sample and 150 nL Tris buffer (Table 5.1) was added per well of pre-set
crystal trays (Hampton Research). Wells were checked periodically for the presence
of crystallised protein. Candidate crystals were fished, and x-ray diffraction to as-
sess candidate protein crystals performed by York Structural Biology Laboratory
(YSBL) staff.

5.2.16 Ligand binding assays

Thermal shift assays were used to investigate amino acid binding. WIGMOR 0593
was dialysed overnight in potassium phosphate (KPi) buffer (Table 5.1) and tested at
3 uM concentration with 3 mM ligand (L-proline, L-arginine, L-serine, L-glutamate).
SYPRO Orange dye (Applied Biosystems) was used. Assay was run for one hour
using a StepOnePlus real-time PCR machine (Thermo Fisher Scientific). Fight
replicates were taken for each conditions. D-glucose was used as a non-amino acid

ligand control. Protein-only, ligand-only, and buffer-only controls were also used.

5.3 Results

5.3.1 Identification of significant genetic drift within the W.

glossinidia species

A candidate SBP was identified in W. glossinidia. This protein is annotated as FIiY
in W. glossinidia brevipalpis, and WIGMOR 0593 in W. glossinidia morsitans. The
E. coli F1iY is specific for L-cystine (Butler et al., 1993), but it is not known whether
it has been annotated correctly in W. glossinidia. It was discovered using protein
BLAST that there is only 66.8% identity between F1iY and WIGMOR _0593. Tt
was not known whether this low sequence identity was unique to this protein, or

whether it is indicative of genetic drift between the two subspecies.

To investigate this, the protein sequences of a group of core proteins, including DNA
and RNA polymerase subunits and components of the flagella biosynthesis path-
way, were used in a set of two-way comparisons; W. glossinidia morsitans against
W. glossinidia brevipalpis, Sodalis glossinidius against Sodalis praecaptivus, E. coli

against F. fergusonii, and E. coli against Salmonella enterica subspecies enterica

112



serovar Typhi. A selection of inner membrane, outer membrane, and cytoplas-
mic proteins were selected. It was hypothesised that the protein sequence identity
between the W. glossinidia subspecies would be greater than the intra-genus com-

parisons.

As anticipated, the protein similarity between Sodalis species and between FEs-
cherichia species is high overall, with proteins involved in the formation of RNA
polymerase conserved at over 97% identity (Fig. 5.4). Intriguingly, the protein
sequence identity between W. glossinidia morsitans and W. glossinidia brevipalpis
was found to be both low and variable. Some, like the elongation factor Tu (TufA),
have a high sequence identity (94%). The RNA polymerase subunit proteins have
sequence identities ranging from 75-90% between the two W. glossinidia subspecies,
whereas the lowest value for any other comparison within this group is 98% (RpoA
and RpoH for the Sodalis comparison, and RpoD for the comparison of E. coli to
Salmonella ser. Typhi). In contrast, proteins that form DNA polymerase subunits
(DnaENQX, HolAB, PolA) have low sequence identities between the W. glossinidia
subspecies. These values range from 64% (DnaQ) to as low as 40% (HolA). They
are variable in the other three comparisons, but the lowest value there is calculated
to be 77% (DnaX between S. glossinidius and S. praecaptivus). The sequence for
the outer membrane protein OmpF is highly conserved between S. glossinidius and
S. praecaptivus, and between F. coli and FE. fergusonii, with percentage identities
of 96% and 94%, respectively. There is 59% sequence identity between E. coli and
Salmonella ser. Typhi OmpF, but the identity between the two W. glossinidia
subspecies is even lower than this inter-genus comparison, with only 40% sequence
identity. These data suggest that the W. glossinidia strains, at the protein level,

are not as similar as had been anticipated previously.
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Figure 5.4: Protein sequence similarity depicted as percentage identity. Key protein
pathways are highlighted. Comparisons between W. glossinidia morsitans and W.
glossinidia brevipalpis (blue), S. glossinidius and S. praecaptivus (pink), E. coli and
E. fergusonii (green), and E. coli and Salmonella ser. Typhi (orange).

5.3.2 Phylogenetic analysis of ABC transporters in the

Enterobacteriaceae

A candidate amino acid binding protein is required in order to provide evidence for
the ability of W. glossinidia to use L-proline as a sole energy source. W. glossinidia,
however, lacks an obvious orthologue to known L-proline ABC transporters. It may
be possible to use the sequences of F1iY and WIGMOR 0593 to predict their bind-
ing specificity. A maximum likelihood phylogenetic tree was therefore constructed to
investigate the phylogeny of amino acid binding proteins in the Enterobacteriaceae
(Fig. 5.5). Known FE. coli K-12 sequences served as protein BLAST search queries
and their positions on the tree are indicated (*). The 503 proteins come from 35
different species. Some genera have multiple representations, including Klebsiella,
Sodalis, and Citrobacter. In all instances, the closest orthologue of the E. coli pro-
teins was found to be from Shigella flexneri. This is unsurprising as the Shigella
genus is thought to be a subclade of E. coli (Luria and Burrous, 1957; Sims and
Kim, 2011). YhdW is a putative E. coli binding protein of unknown specificity.
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The YhdW clade is small, containing several highly similar proteins from S. flexner:
and a putative S. praecaptivus protein, amongst others. The FE. coli GInH protein
binds to L-glutamine, and it clusters close to a group of 11 identical proteins. The
clade that contains the L-proline binding protein ProX also displays similar proteins
found in the three species of the Sodalis genus, but intriguingly, given the premise
of this work, not in the W. glossinidia subspecies. F1iY (also called TcylJ) is an E.
coli cystine binding protein (Butler et al., 1993). There are similar proteins found
in Klebsiella and Citrobacter species. The three Klebsiella species also have highly
similar proteins to the E. coli L-glutamate binding protein Gltl. This protein was
also a candidate of interest given the reversible relationship between L-glutamate
and L-proline (Fig. 5.1). HisJ (L-histidine) and ArgT (L-lysine, L-arginine, L-
ornithine) cluster closely to each other and to Artl (putative). This is perhaps
unsurprising, given the close sequence similarity between HisJ, ArgT, Artl, and the
L-arginine binding protein ArtJ. This therefore serves as a reference from which to

infer binding specificities of amino acid binding proteins.
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Figure 5.5: A maximum likelihood phylogenetic tree of amino acid binding proteins

in the Enterobacteriaceae, found using protein BLAST with FE. coli K-12 proteins
as the search query. The position of the E. coli proteins are highlighted with an

asterisk (*) and protein name. The cluster containing the W. glossinidia proteins is

highlighted (and expanded in Fig. 5.6), with the node containing the W. glossinidia

proteins labelled in bold.
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5.3.3 The W. glossinidia SBPs are within a clade of

unknown binding specificity

The clade containing the W. glossinidia proteins was then examined. If the W.
glossinidia genome is indeed a subset of E. coli, it can be assumed that an E. coli
SBP protein will be present within the W. glossinidia clade. The E. coli proteins lo-
cate around the tree, but several clades show no F. coli orthologues. This illustrates
the diversity of subfamilies within the Enterobacteriaceae. One of these clades con-
tains the candidate binding proteins from the two W. glossinidia subspecies (Fig.
5.6). The confidence in this varies between the sequences, but bootstrap values of
one are calculated for the W. glossinidia sequences. This clade contains several
other species of interest, including orthologues in Candidatus Sodalis pierantonius
and S. praecaptivus, but not S. glossinidius. The NCBI entries for several pro-
teins suggest a range of possible amino acid specificities, including L-glutamine (the
S. flexneri protein SF123566 9857, WP 043866282 from Atlantibacter hermannii
and WP _ 047612453 from Rahnella aquatilis) and L-cysteine (KOXM 05562 from
Klebsiella oxytoca). Other proteins in this clade are accompanied by minimal infor-
mation, with many described only as ABC transporter binding proteins. These W.
glossinidia proteins therefore define a clade of SBPs with unknown binding speci-

ficity.
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Figure 5.6: The cluster containing the candidate W. glossinidia SBPs.

labels indicate bootstrap values from 100 replicates.
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5.3.4 Expression and purification of the SBPs from W.

glossinidia

Phylogenetics suggested that the SBPs in W. glossinidia morsitans and W. glossini-
dia brevipalpis are likely to be amino acid-specific. It was however unable to assist
in identifying which amino acids they may be specific for. One of these proteins,
WIGMOR._ 0593 from W. glossinidia morsitans, was subsequently selected for in
vitro characterisation. Its orthologues in W. glossinidia brevipalpis and Ca. Sodalis
pierantonius were also evaluated, producing comparable results. Only data from
the WIGMOR 0593 investigation is presented here. WIGMOR 0593 is predicted
to be a small SBP consisting predominately of a-helices (Fig. 5.7, top), with 264

amino acid residues (Fig. 5.7, bottom).
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Figure 5.7: The predicted structure of the small periplasmic binding protein WIG-
MOR_ 0593 produced by Phyre2 (top). Reference sequence for WIGMOR _ 0593
SBP. (bottom). Predicted signal peptide is underlined, matched peptides in PMF

MFTKFFLNLS  RQITLLIILL IPLKIVFADK
FGKIDFKSHQ IIGYDADIAQ ELAKMLKVQL
LIADITITP ERKKVINFSI PYFSTKQKIL
KGTTGQQTLS HRFPEAKIIA YNDIPMAFSA
FGAPDRNQYK ILSNSISEET IGIGVKKGEE
NIYNKWFNLN  KYKQ

highlighted in red.

Phobius (Kéll et al., 2004) and SignalP (Juan et al., 2019) programmes established
that WIGMOR 0593 contained a signal peptide (Fig. 5.8). There are no cysteine
residues found in the sequence. The signal peptide was therefore removed during the
design of the synthetic gene. This enabled it to be expressed in high concentrations
in the cytoplasm of the expression strain of E. coli (Magbool et al., 2011). The

resulting peptide contained 237 amino acid residues, and had a predicted molecular

weight of 26.7 kDa.
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Figure 5.8: WIGMOR 0593 signal peptide prediction by Phobius (top) and Sig-

nalP (bottom).

The pre-cloned WIGMOR 0593 protein was transformed into BL21 (DE3) and
Tuner strains of E. coli and expressed under different conditions. BL21 (DE3) E.
coli was grown at 37°C in LB, and 37°C and 30°C in autoinduction media (AIM)
(Table 5.1). The Tuner strain of E. coli was grown at and 37°C and 30°C in AIM.
Samples were collected at various time points and analysed for the presence of
WIGMOR_ 0593. The expression trials did not produce large amounts of proteins
under any of the conditions tested (representative SDS-PAGE images shown in Fig.

5.9).

T T
20

Protein sequence

121

60



kDa

95
72

55
43

34

26

17

BL21 (DE3)

FELD

kDa

180
130

95
72

55

43

Figure 5.9: Expression of WIGMOR _ 0593, expected molecular weight 26.7 kDa.
An SDS-PAGE gel representative of expression trials in various conditions. BL21
(DE3) in LB growth medium at 37°C (top). Samples taken pre-induction with
IPTG then at one, two, and three hours post-induction. An overnight sample was
also taken. BL21 (DE3) at 30°C and 37°C in AIM (middle), and Tuner at 30°C
and 37°C in AIM (bottom). Samples taken at three and six hours post-induction,
and following an overnight incubation. Estimated position of the SBPs are marked
with arrows.
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It was hypothesised that a small amount of protein, not clear on the SDS-PAGE
gels, was being produced. Purifying the sample on a nickel affinity column could
isolate the his-tagged protein, even at low concentrations. A large-scale, 1 L trial
was therefore conducted in LB using the BL21 (DE3) strain at 37°C. The cells were
induced by the addition of 1 mM IPTG, harvested at three hours post-induction,
and purified by nickel affinity purification. Purified protein at a molecular weight of
approximately 26 kDa was then observed (Fig. 5.10, top). FLiY from W. glossinidia
brevipalpis and a close orthologue from Ca. Sodalis pierantonius, found using the
phylogenetic tree (Fig. 5.6), were also expressed and purified using the same protocol
(Fig. 5.10, centre, bottom). The functional assays for these two proteins were
inconclusive, and therefore for clarity only the downstream data for WIGMOR __ 0593

will be presented here.
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Figure 5.10: An SDS-PAGE gel showing purified protein from W. glossinidia mor-
sitans (top), W. glossinidia brevipalpis, (centre), and Ca. Sodalis pierantonius
(bottom) in five elution fractions following nickel affinity purification. Expected
molecular weight 26.7 kDa, 26.7 kDa, and 26.2 kDa, respectively. FT = flow through,
WT = wash through.
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To confirm the identity of the protein, the band of interest was cut from the SDS-
PAGE gel (Fig. 5.10, top) and peptide mass fingerprinting (PMF) subsequently
performed by the York Technology Facility. This achieved 33% coverage of the
WIGMOR 0593 reference sequence (Fig. 5.7, bottom, residues marked in red),
producing seven peptide fragments (Table 5.7). From this, it was predicted that the

eluted protein was a match to the candidate W. glossinidia morsitans SBP.

Table 5.7: PMF results showing the start and end amino acid from the reference
sequence, and the observed, expected (expt) and calculated (calc) relative molecular
mass (Mr) of the peptide fragment. The sequence of the fragment is given, with bold
type indicating the oxidation of a residue.

Start residue  End residue Observed  Mr (expt) Mr (calc)  Peptide

42 53 1291.6151  1290.6078  1290.6608 K.VAIFDSNPPFGK.I

78 90 1469.7402  1468.7330  1468.7998 K.VQLQLISTNPSNR.I

99 112 1568.8246  1567.8173  1567.8821 K.VDLIIADITITPER.K

129 144 1804.8098  1803.8025  1803.9003 K.ILTHISSSDNLQDYAK.E

168 182 1694.8124  1693.8051  1693.8861 K.IIAYNDIPMAFSALR.N

168 182 1710.8146  1709.8073  1709.8810 K.ITAYNDIPMAFSALR.N

188 206 2016.9541  2015.9468  2016.0528 K.AITQDSTILEGLIFGAPDR.N

To ensure that the purified protein was folded correctly and to release any pre-
bound ligand, a 1 L expression was performed as described previously, but with
a denaturing purification achieved by a guanidine hydrochloride (GHCI) gradient
(Fig. 5.11, top). A buffer exchange was then performed to remove the glycerol and
imidazole (Fig. 5.11, bottom). This refolded protein was then analysed by circular
dichroism (CD) to compare the refolded structure to the native protein sample. The
a-helices and (-sheets that form the structure of a protein lead to characteristic
signatures, known as CD spectra, when exposed to circularly polarised light. The
CD spectra are highly similar between the two samples (Fig. 5.12). Both show
traces at 210 - 220 nm that are characteristic of a protein with several a-helices,
reflecting the structure predicted by Phyre2 from the protein sequence (Fig. 5.7,
top). This suggests that they have the same structure, and that denaturing and

refolding the protein does not impact its structure.
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Figure 5.11: SDS-PAGE gel showing WIGMOR,_ 0593 purified under native condi-
tions (top, left), and following denaturing with a GHCI gradient and subsequent
refolded (top, right). SDS-PAGE gel showing the refolded WIGMOR 0593 in four
elution fractions following buffer exchange (bottom).
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Figure 5.12: CD spectra of native (green) and refolded (blue) WIGMOR _0593. HT
= high tension.

5.3.5 No evidence of L-proline binding by WIGMOR 0593

The potential of this protein to bind a selection of amino acids n wvitro was then
examined. Thermal shift assays were used as other techniques require the sequence
to contain several tryptophan residues, whereas WIGMOR,_ 0593 contains only one
(Fig. 5.7, bottom). The melting temperature of the protein was measured. It was
expected that the melting temperature would increase upon ligand binding as the

protein becomes more stable (Huynh and Partch, 2015).

The melting temperature of WIGMOR 0593 was approximately 77.9°C in the ab-
sence of added ligand (Fig. 5.13). When L-proline, L-glutamate, L-arginine, or D-
glucose were added at 1000 times the concentration of WIGMOR 0593, there was
no difference in melting temperature, indicating an absence of ligand binding. The
average melting temperature increased to approximately 79.5°C following the addi-
tion of L-serine, a shift of 1.6°C, suggesting the protein had become more stable. The
theoretical use of L-serine by W. glossinidia was then examined. Sequences for the
L-serine transporter SdaC, and the L-serine deaminases that can convert L-serine to
pyruvate (TdcG, SdaA, TdeB, SdaB) in E. coli were taken from UniProt (Bateman
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et al., 2019) and used as queries against W. glossinidia morsitans in a translated
nucleotide BLAST search. An orthologue to SdaC was found, WIGMOR _ 0265.
There was however no orthologues to any of the four L-serine deaminases. This
suggests that W. glossinidia may not be able to metabolise L-serine, and therefore

the thermal shift results should be treated with caution.
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Figure 5.13: Melting temperature profile of WIGMOR 0593 in the presence of
L-proline, L-glutamate, L-serine, L-arginine, and D-glucose. No-ligand controls
(NLC), no-protein controls (NPC), and buffer-only controls are used. Dashed grey
line shows approximate melting temperature of NLC (left) and of WIGMOR _ 0593
with added L-serine (right). Measurements an average of eight replicates.

5.3.6 Crystallisation trials

It is sometimes possible to determined the specificity of a binding protein by crys-
tallising the native sample and analysing any co-crystallised, pre-bound ligand (Schlicht-
ing, 2005; Bhatt et al., 2010). An attempt was therefore made to crystallisation
native samples of WIGMOR _0593. The protein was added to pre-cast JCSG and
PEG /Ion crystallisation trays (Hampton Research). Protein crystals were observed
in the JCSG (Fig. 5.14, top) and PEG/Ion (Fig. 5.14, centre, bottom) trays. These
wells contain 10% w/v polyethylene glycol (PEG) 1000 with 10 pug/mL protein (top
left), 4% v/v Tacsimate pH 6.0, 12% w/v PEG 3350 with 5 ug/mL protein (top
right), and 200 mM ammonium citrate tribasic pH 7.0, 20% w/v PEG 3350 with
10 pg/mL protein (bottom). These crystals were fished, and initial in-house x-
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ray diffraction subsequently performed by YSBL staff. None of the crystals tested
diffracted at a high enough resolution to be sent for further testing. It has therefore
not been possible to elucidate the binding specificity of this protein via crystallisa-

tion.

Figure 5.14: Examples from WIGMOR 0953 crystallisation trials in JCSG (top
left) and PEG/Ion (top right, bottom) trays, from a starting concentration of
10 pg/mL (top left, bottom) and 5 ug/mL (top right) in Tris buffer.

5.4 Discussion

The association of W. glossinidia with the tsetse is ancient and obligate (Chen et al.,
1999; Snyder and Rio, 2013). The symbiont is thought to provide B vitamins to its
host (Michalkova et al., 2014; Snyder and Rio, 2015), but the exact nature of its own
metabolic network remains to be elucidated. Building upon current knowledge of
W. glossinidia metabolism and phylogeny will further not only the understanding of
the tsetse microbiome, but also of the role of primary symbionts within their insect
hosts.

The W. glossinidia genome was previously assumed to be a subset of the E. coli
genome, as seen in the aphid primary symbiont B. aphidicola (Shigenobu et al.,
2000). This assumption has not been tested previously, and places limits on under-
standing the metabolic adaptations of W. glossinidia fully. It is possible that by

assuming it is highly similar to E. coli, important differences that have arisen as
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a result of its association with the tsetse may be overlooked. It has been deduced
here that the genome of W. glossinidia is not entirely a subset of E. coli. The can-
didate W. glossinidia amino acid binding proteins, when analysed phylogenetically,
do not cluster with an F. coli orthologue. This contradicts what would have been

anticipated if it was indeed a true E. coli subset.

It was also initially presumed that there would be minimal differences between the
two subspecies of W. glossinidia. By comparing a range of cytoplasmic, periplasmic,
and membrane-bound proteins from W. glossinidia morsitans and W. glossinidia
brevipalpis, it was found that, at the protein sequence level, these two organisms are
more dissimilar than equivalent comparisons between FE. coli and Salmonella ser.
Typhi (Fig. 5.4). This indicates that significant genetic drift has occurred between
the W. glossinidia subspecies during their spatial separation. The association of
W. glossinidia with the tsetse is estimated to be 80 million years old (Chen et al.,
1999; Snyder and Rio, 2013). Population bottlenecking over prolonged periods of
evolutionary time may have allowed the W. glossinidia subspecies to diverge (Moran,
1996; Muller, 1964; Pettersson and Berg, 2007). It also suggests that caution needs

to be taken when extrapolating results from one subspecies to the other.

The first published expression and purification of a protein from W. glossinidia has
been demonstrated here. Unpublished work has purified the W. glossinidia choris-
mate mutase/prephenate dehydratase PheA (Thomas lab, unpublished). Here, a
pre-cloned synthetic gene was used due to the unculturable nature of the symbiont.
The protein encoded by this gene, WIGMOR 0593, did not diffract to a high enough
resolution to elucidate its structure. The binding assays suggest that, under these
conditions, this protein is not able to bind L-proline and therefore cannot provide
experimental support for the W. glossinidia FBA model. There is however tentative
evidence that it might bind L-serine, highlighted in the small shift in melting tem-
perature in the presence of this amino acid (Fig. 5.13). The protein that converts
L-serine to pyruvate is missing in W. glossinidia morsitans. The lack of this reac-
tion suggests that W. glossinidia may not be able to use L-serine as a sole source
of carbon, nitrogen, and energy. It is however possible that in situ this protein may

be capable of promiscuous binding to other amino acids.

This work highlights the issues with using standard microbiology and molecular bi-
ology tools to studying symbiotic bacteria. The use of synthetic genes circumvents
the standard vector cloning route of using PCR to extract a gene of interest, some-
thing that is not possible without being able to grow the organism in wvitro. This
gene was pre-cloned into an expression vector, and although small-scale expression

trials did not indicate protein over-expression there was evidence of this when a large
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volume was used (Fig. 5.10). The CD spectra suggest that the refolded protein has
the same structure as the native sample. If this was a standard protein from a
free-living species of bacteria, it could be logical to assume that this reflects correct
refolding. There are however possible issues with expressing symbiont proteins in
E. coli. For example, high concentrations of the molecular GroEL produced by W.
glossinidia have been measured in the tsetse midgut (Haines et al., 2002). GroEL
assists protein refolding. It is possible that the lack of binding seen in the thermal
shift assay is as a result of this SBP requiring an abundance of W. glossinidia chap-
erone to fold correctly. The CD spectra indicate that the refolded WIGMOR 0593
is similar to the native sample, not that it is in the conformation found in wvivo.
This should be considered in future work investigating symbiont proteins, and per-
haps the co-expression of a symbiont chaperone to aid correct refolding should be
investigated. The co-expression of E. coli GroEL has been suggested previously as

a technique to improve the production of symbiont proteins (Fares et al., 2002).

The work presented in this chapter furthers current understanding about the phy-
logeny of SBP specificities in the Enterobacteriaceae. It highlighted the diversity of
SBPs found in this family. Future computational work investigating the metabolism
of W. glossinidia morsitans may uncover additional differences between the sub-
species. Here, work has built upon the foundation provided by a W. glossinidia
brevipalpis metabolic model. W. glossinidia morsitans is however arguably the more
medically-relevant subspecies. G. brevipalpis is thought to be refractory to T. bruce:
infection (Moloo et al., 1994; Rotureau and Van Den Abbeele, 2013), whereas G.
morsitans morsitans is susceptible. One of the key differences between W. glossini-
dia brevipalpis and W. glossinidia morsitans is that it is only the latter that can
produce the vitamin folate (Snyder and Rio, 2015). Exposing G. brevipalpis to folate
has been shown to increase the susceptibility of these insects to trypanosome infec-
tion (Rio et al., 2019). Constructing a metabolic model for W. glossinidia morsitans
in order to compare to W. glossinidia brevipalpis may uncover additional differences
between the two subspecies. Furthermore, the application of the evolutionary tool
presented in Chapter 4 may enable the future of W. glossinidia as a symbiont to be
examined. This is crucial for the tsetse microbiome as a whole, when the pivotal

role played by W. glossinidia is considered.
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Chapter 6

Discussion

The work presented in this thesis describes metabolic adaptations that have evolved
within the tsetse microbiome. The response to metabolite availability, and how this
has subsequently influenced the evolutionary trajectory of the symbionts, has been
discussed in detail. In this chapter, key questions that have arisen as a result of the

research presented here will be examined.

6.1 The Spectrum of Secondary Symbioses: A
study in Sodalis

Classical definitions of primary and secondary symbionts have been discussed in
depth. If considering Sodalis glossinidius in isolation, it is tempting to categorise
it as an exemplar secondary symbiont. The Sodalis genus however, when viewed
as a whole, exhibits huge variability in infection type and preference. This will
be discussed in this chapter, and it raises several questions. Is S. glossinidius a
typical secondary symbiont? If not, how does one define a secondary symbiont?
Importantly, how is the Sodalis genus capable of existing not only within hugely

variable insects, but externally in the environment as well?

When addressing these questions, of immediate note are the variable diets of the
insects in which Sodalis-like symbionts have been identified, summarised in Chapter
1. Several, like the tsetse, are blood feeders, including the hippoboscoid fly Cra-
terina melbae (Novakova and Hypsa, 2007) and the sheep ked Melophagus ovinus
(Chrudimsky et al., 2012). A Sodalis-like symbiont has been found in the slen-
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der pigeon louse Columbicola columbae (Fukatsu et al., 2007), an insect that feeds
on a keratin-rich diet of avian feathers. The majority identified to date, however,
have been identified in insects with plant-based diets. Some are sap feeders, such
as the stinkbug Cantao ocellatus (Kaiwa et al., 2010), the scale insect Puto super-
bus, (Szklarzewicz et al., 2018) or the green leathopper Cicadella viridis (Michalik
et al., 2014). Others gain nutrition from different parts of the plant, like the chest-
nut weevil Curculio sikkimensis (Toju et al., 2010; Toju and Fukatsu, 2011) or the
longhorned beetle Tetropium castaneum (Griinwald et al., 2010). It is not yet known
whether Sodalis infects plant feeders preferentially, or whether the interest in crop
pests has skewed the available data. This is particularly pertinent when considering
the phylogeny described by Boyd et al. (2016). They suggest that the closest relative
to S. glossinidius was, at the time of writing and based on groEL, ftsZ and dnaJ
sequences, a Sodalis-like symbiont they term PSPU, of the froghopper Philaenus
spumarius. These symbionts must have shared a recent common ancestor, but their
host insects have diets that are entirely different nutritionally. Interestingly, the
vector of T. cruzi, causative agent of Chagas disease (American trypanosomiasis),
is not thought to be infected by a Sodalis-allied organism (Gumiel et al., 2015; Diaz
et al., 2016; da Mota et al., 2012). The Arsenophonus genus is also able to infect
a broad array of insects with contrasting diets (Novakova et al., 2009), including
blood (Hypsa and Dale, 1997, Sorfova et al., 2008; Grindle et al., 2003; Dale et al.,
2006; Trowbridge et al., 2006), plant components (Ly Thao and Baumann, 2004a;
Spaulding and Von Dohlen, 2001; Subandiyah et al., 2000; Hansen et al., 2007;
Babendreier et al., 2007; Zreik et al., 1998; Karimi et al., 2019), and other insects
(Gherna et al., 1991; Dunn and Stabb, 2005). This suggests that this feature is not
unique to Sodalis, and that the ability to infect hosts with a broad range of diets

could therefore be a key criterion to defining a secondary symbiont.

S. glossinidius is found extracellularly throughout the tsetse, whereas the obligate
symbiont Wigglesworthia glossinidia is bacteriocyte-associated (Aksoy, 1995). In
contrast to S. glossinidius, there are several Sodalis-like symbionts that have been
found within the bacteriome. These insects include P. superbus (Szklarzewicz et al.,
2018), M. ovinus (Chrudimsky et al., 2012), Ommatidiotus dissimilis (Michalik
et al., 2018), C. columbae (Fukatsu et al., 2007) and C. viridis (Michalik et al., 2014).
In taking this route and becoming intracellular, the symbionts are likely to be more
restricted in their ability to survive ez vivo and may therefore become obligate. Can-
didatus Sodalis melophagi, however, is bacteriome-associated but can be cultured in
vitro, in contrast to W. glossinidia (Chrudimsky et al., 2012). Some of these sym-
bionts co-localise within the bacteriocytes with primary symbionts (Michalik et al.,

2014). This hints at metabolite sharing between the two organisms, or the replace-
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ment of a pre-existing primary symbiont. Comparing these Sodalis-like symbionts to
the extracellular S. glossinidius suggests several points about the tsetse symbiont.
S. glossinidius may be a more recent acquisition than those that are bacteriome-
associated and may become intracellular later in evolutionary time. The evidence
of Candidatus Sodalis pierantonius, symbiont of the rice weevil Sitophilus oryzae,
implies however that Sodalis-allied symbionts can be both primary and a recent
acquisition (Oakeson et al., 2014; Heddi et al., 1997). Alternatively, S. glossinidius
may, as with the symbiont of P. fluctus (Boyd et al., 2016), provide the replacement
for W. glossinidia. An argument against this lies in the dependence of S. glossini-
dius on W. glossinidia for the vitamin thiamine that the latter produces for the
tsetse (Snyder et al., 2010). S. glossinidius is unable to synthesise thiamine but has
retained an intact transporter (Chapter 2). Consequently, is not certain whether S.
glossinidius would be capable of becoming the sole primary symbiont for the tsetse.
It might instead progress down a spectrum of secondary symbioses as its genome
becomes increasingly streamlined. It may not therefore be possible to define a sec-
ondary Sodalis-allied symbiont based on extracellular locality within the insect, or

on the timing of its capture.

An alternative characteristic of secondary symbionts that might be used is their
genome structure. S. glossinidius has a genome size comparable to free-living or-
ganisms, but a high proportion of pseudogenes (Dale and Maudlin, 1999). It has
not yet undergone the extreme genome streamlining observed in typical obligate
symbionts like W. glossinidia or the aphid primary Buchnera aphidicola (van Ham
et al., 2003; Munson et al., 1991; Moran and Mira, 2001; Thomas et al., 2009). Cu-
riously, Ca. Sodalis pierantonius has a genome size and structure consistent with S.
glossinidius, but is believed to play the role of a primary symbiont. S. glossinidius
also does not display an A+T bias in nucleotide composition, nor evidence of accel-
erated molecular evolution. Genetic information is not available for all Sodalis-like
symbionts but there is no evidence for A+T biases for those that have been se-
quenced. An A+T bias is indicative of obligate symbiosis (Moran and Wernegreen,
2000). The symbionts identified at the time of writing may therefore be classified
as secondary in this respect. It is however difficult to extrapolate the conclusions
made from analysis of a limited number of genes (16S rRNA, groEL). Without com-
plete genome sequences it is not possible to identify whether these organisms have

undergone, or are in the process of, genome reduction.

Without using genetics to characterise a secondary Sodalis symbiont, another option
is to examine their physiology and the role they play within their ecosystem. S.
glossinidius has retained its ability to grow ex vivo in both rich and defined media
(Dale and Maudlin, 1999; Toh et al., 2006; Hall et al., 2019; Beard et al., 1993;
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Welburn et al., 1987). The benefit of S. glossinidius acquisition for the tsetse has
not yet been elucidated (Toh et al., 2006); it is not thought to play a role in nutrient
provisioning, for example. There may be a link between S. glossinidius and T. brucei
infection, although this theory is still under construction (Farikou et al., 2010; Dale
and Welburn, 2001; Geiger et al., 2006). An interesting observation of the Sodalis-
like symbionts is the variation in their infection frequencies. The symbionts of
C. sikkimensis and C. ocellatus have, for example, very low infection frequencies,
indicating they may not provide an indispensable benefit to the insects (Kaiwa et al.,
2010; Toju et al., 2010; Toju and Fukatsu, 2011). The pigeon louse C. columbae, in
contrast, has a Sodalis-allied symbiont with over 95% infection frequency (Fukatsu
et al., 2007), suggesting a more important role. From this, it cannot be said whether
bacterial physiology or function could be used to define a secondary Sodalis symbiont

explicitly.

S. glossinidius has been described previously as a model organism (Novakova and
Hypsa, 2007). But a model for what is not clear. By comparing S. glossinidius to
other Sodalis-like organisms, it is evident that S. glossinidius is neither a typical
secondary symbiont nor a typical Sodalis. It is able to infect insects with completely
contrasting diets, but it is not known what genomic or metabolic characteristics allow
this promiscuity. The trajectory of Sodalis symbioses also remain to be elucidated.
Sodalis may always begin its symbioses as a secondary, or extremely rapid genome
reduction may result in the immediate occurrence of a primary symbiosis. It may
be time to consider secondary symbiosis as a spectrum, rather than a discrete label.
Acknowledging that so-called secondary symbionts may occupy different points on
a continuous scale opens up possible roles within an ecosystem that may not have

been considered otherwise.

6.2 When is a pseudogene not a pseudogene?

Through this work it has become clear that it is vital to test metabolic models
thoroughly to avoid making incorrect assumptions about an organism. An example
of this was shown in Chapter 3, with the discovery of the unusual ability of S.
praecaptivus to metabolise xylitol and GalNAc. It is particularly important for
symbiotic bacteria that have unusual genetic compositions. Through the testing
of 1LF517 detailed in Chapter 2, a key conclusion was made that genes assumed
previously to be pseudogenised in fact appear to be part of functional pathways.
This was underlined by the discovery that S. glossinidius could grow in the absence

of L-arginine, in spite of an initial genome annotation categorising key genes in the
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pathway from L-glutamate to L-arginine as pseudogenes (Toh et al., 2006; Belda
et al., 2012).

This then raises the interesting question of how to characterise a pseudogene in sym-
biotic bacteria. It may be particularly challenging given the fast mutation rate and
subsequent unusual genetic compositions in symbionts (Moran, 1996). Additionally,
not all pseudogenes are created equally. Pseudogenes may be completely absent,
or identifiable only by scars in the genome. This may be evidence of a gene lost
early in the association, with a long period of time available for its erasure. Others
may have become inactive as a result of single mutations, or several insertions or
deletions. This may suggest that this particular pseudogenisation is a more recent
one. Genes lost at an intermediate stage of the symbiosis may display large portions
of the sequencing missing, either at the ends or in the middle. There have also
been examples documented in B. aphidicola and Blochmannia pennsylvanicus in
which the presence of frameshift mutations in poly(A) tracts, repeating occurrences
of adenines within a sequence, can result in a gene being incorrectly annotated as
a pseudogene (Tamas et al., 2008). This serves to highlight the care needed when
analysing symbiont genomes. Determination of the completeness should not rely
on the genome annotation but should instead use alignments to known full length
genes. This should then be supported, where possible, by in vitro investigations, as

demonstrated in Chapters 2 and 3.

It has been discussed here how symbiotic bacteria may be less amenable to genetic
manipulation. One of the most widely used methods to investigate the function of
a gene is to knock it out and measure the resulting phenotype. This requires the
organism to be transformed, a process that may not be survivable for symbionts.
Alternative techniques or proxies should therefore be considered. Here, the E. coli
Keio collection (Baba et al., 2006) was used to examine whether the loss of single
genes in the L-arginine biosynthesis pathway could cause an auxotrophic pheno-
type. It was found that the absence of argD did not prevent E. coli from growing
without exogenous L-arginine. This suggested that there must be some redundancy
in this role in E. coli, something that was then also discovered bioinformatically
in S. glossinidius via the presence of alternative genes; bio A (SG0902) and hemL
(SG0500). Another possible avenue for confirming pseudogenisations in symbiotic
bacteria may be to synthetically clone the symbiont gene of interest into a knockout
strain of E. coli. If the symbiont gene is unable to complement the lost gene, then

this suggests a true pseudogenisation.

When the first S. glossinidius FBA model, 1EB458, was published by Belda et al.

(2012), it omitted several genes, presumed to be pseudogenised, that were subse-
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quently proven functional following in vitro experimentation (Chapter 2). This then
raises the possibility that other FBA models of symbiont metabolism may also have
made incorrect assumptions about pseudogenes. This may be particularly true if the
models have not been fully validated experimentally. For example, multiple models
of the cyanobacterium Synechocystis sp. PCC 6803 have been published (Shastri
and Morgan, 2005; Nogales et al., 2012; Knoop et al., 2010, 2013). Of these, one
has used in vitro data to confirm gene essentiality in the network (Knoop et al.,
2010). This is useful for verifying the reactions already included in the model, but
does not directly consider those excluded during the construction process. This was
improved in a model published more recently that uses transcriptome analysis for
verification (Knoop et al., 2013). There is also a metabolic model for the aphid sym-
biont B. aphidicola (Thomas et al., 2009), as well as publications detailing the B.
aphidicola genome and its evolution (Shigenobu et al., 2000; van Ham et al., 2003;
Wilson et al., 2010). It is not possible to grow the obligate B. aphidicola in vitro in
order to thoroughly test what has been inferred from its genome. In particular, the
description of "pseudogene" by van Ham et al. (2003) is not defined. Some of the
predictions made could be strengthened by using alternate techniques to verify key

pseudogenisation. This could be done via the cloning of synthetic genes as discussed.

Only once metabolic models are tested and validated in depth can the predictions
that they make be acknowledged with confidence. This is only possible when pseudo-
genes in symbionts have been classified accurately. This then leads to a subsequent

consideration of the appropriateness of FBA when applied to symbiotic bacteria.

6.3 How good a tool is FBA?

FBA is a useful tool for laboratory strains and industrially relevant bacteria. It
enables a spectrum of experiments that would not otherwise be feasible (Edwards
et al., 2002; Lewis et al., 2012). An example of this has been presented Chapter
4, where it has been used to predict evolutionary trajectories within the Sodalis
genus. It may however be limited intrinsically by its own assumptions when applied

to symbiotic bacteria.

FBA uses linear programming to achieve an objective function. For prokaryotes,
the objective function is often the production of biomass (a "biomass output")
(Varma and Palsson, 1994). Through this, the metabolites within the system are
converted to biomass (Segré et al., 2002). By defining the objective function as

biomass production, FBA assumes that the organism has maximised growth over
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evolutionary time. Segreé et al. (2002) argue that this assumption is not appropriate
for genetically engineering organisms, or for those that have not yet been exposed
to evolutionary pressure for a long period of time. To overcome this, they developed
the method of minimization of metabolic adjustment (MOMA) as an alternative
(Segre et al., 2002). MOMA is more suited for knockout mutants as it takes into
consideration that a genetically modified organism may have flux distributions that
are sub-optimal. In doing so, MOMA finds intermediate solutions that are less op-
timal than for wild-type organisms. This technique was developed in the context of

genetically modified organisms, but it poses interesting questions about symbionts.

The symbiotic bacteria of insects are arguably not adapted to maximise biomass
production. Insects actively control the size of their symbiont population (Login
et al., 2011), and symbionts must avoid being immunogenic to prevent elimination
(Weiss et al., 2008). This suggests that the objective function for symbionts may
not be biomass production. Some symbionts have also not been exposed to pro-
longed periods of evolutionary pressure. W. glossinidia has been within the tsetse
microenvironment for 80 million years (Chen et al., 1999; Snyder and Rio, 2013), and
other primary symbionts are thought to have established over 200 million years ago
(Moran et al., 1993; van Ham et al., 2003; Bennett and Moran, 2013). Other sym-
bionts, like S. glossinidius, are more recent associations (Dale and Maudlin, 1999).
It cannot be said therefore that all symbionts have been exposed to the prolonged

evolutionary pressures that may be required to fulfil the assumptions of FBA.

Incorporating an allowance into the objective function may be a possible way to
ensure that FBA is as applicable to symbiotic bacteria as possible. One possible
way to do this is through regulatory on/off minimization (ROOM) (Shlomi et al.,
2005). This algorithm predicts the steady state flux through a metabolic network
following gene removal, and therefore may be more appropriate for symbionts that
are undergoing extensive and rapid genome reduction. Alternatively, the objec-
tive function could be modified to reflect in vitro phenotypes, either measured or
predicted (Schuetz et al., 2007). Acknowledging that symbiotic bacteria need to be
treated differently from standard, free-living species of bacteria would hopefully lead

to metabolic models that are more reflective of the symbionts.

6.4 The initiation of symbiosis

Symbioses are being studied increasingly intensively in insects that are of importance
for disease control (Holt et al., 2002; Nene et al., 2007; Mellor et al., 2000) or
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food security (Oerke, 2006). The majority of the research naturally focuses on
the relationships as they appear in nature. This is largely due to the technical
difficulties in altering essential relationships for the purpose of experimentation.
Arguably, the events that led to the initiation of the symbiotic relationship are of
equal importance. This includes estimating the nature of the earliest symbiotic
ancestor, and understanding what adaptations host and symbiont would need to
enable the relationship to progress and persist. Elucidating these details may open

new avenues of research into harnessing these relationships for pest or vector control.

The model system for studying symbiosis induction is the Hawaiian bobtail squid
Fuprymna scolopes and the symbiotic, luminescent Vibro fischeri found in its light
organ (Nyholm and McFall-Ngai, 2004). The colonisation by V. fischeri is advan-
tageous from a technical perspective in that it is rapid and without co-infection by
other microorganisms (Nyholm and McFall-Ngai, 2004). All interactions are there-
fore squid- V. fischeri-specific, allowing the roles of host and symbiont to be des-
ignated specifically (Koropatnick et al., 2007). The induction of symbiosis in this
system has been split into three events; initiation, accommodation, and persistence
(Ruby, 1996). This information is key to understanding this particular symbiotic

relationship, but whether it can be extrapolated to other systems is unclear.

Symbiosis initiation has also been studied in microbe-microbe symbioses. The uni-
cellular marine protozoan Paramecium bursaria harbours large numbers of symbi-
otic algae of the species Chlorella in its cytoplasm (Kodama and Fujishima, 2010b;
Reisser, 1980). The discovery of a naturally aposymbiotic strain of P. bursaria
(Tonooka and Watanabe, 2002) enabled subsequent experimentation that artificially
induce a relationship between alga and protozoan (Kodama and Fujishima, 2009).
This research identified some of the steps involved in the induction of symbiosis,
and the requirement of Chlorella to have resistance to P. bursaria digestive enzymes
(Kodama and Fujishima, 2010a).

Research into symbiosis initiation is in its infancy in insects. The study of insect-
bacterial symbioses often only considers the established relationship. There is gen-
erally a practical reason for this. It is simpler to study a system that is already in
place, and use this to make inferences about why these organisms came together,
than it is to investigate the initiation of the relationship. Existing research into
the tsetse microbiome focuses on W. glossinidia and S. glossinidius as they are
currently. It is difficult to determine what may have caused the initial interaction
between the tsetse and the infective symbiont ancestors. For W. glossinidia, this
event is thought to have occurred 80 million years ago (Chen et al., 1999; Snyder
and Rio, 2013). Prior to the work presented in Chapter 5, the W. glossinidia was
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thought to be highly similar to that of Escherichia coli. The latter was considered
to be a potential ancestor for the symbiont (Pal et al., 2006). It was demonstrated
here however that there are proteins within W. glossinidia that do not appear to
have an orthologue in E. coli. This suggests that more work needs to be undertaken
to firmly establish the nature of the organism that first infected the tsetse. This
could then be used in subsequent in vivo work to infect aposymbiotic tsetse. There
are however additional difficulties with this. It is possible to produce tsetse that
are W. glossinidia-free in order to reinfect with possible ancestral species (Dale and
Welburn, 2001), but this antibiotic treatment has been shown to result in insects
that are in poor health (Nogge, 1976). This problem is not specific to tsetse (Wilkin-
son and Douglas, 1995a), and can subsequently limit research into the initiation of

symbiosis.

The discovery of S. praecaptivus (Clayton et al., 2012; Chari et al., 2015) provided
an opportunity to study the trajectory that the Sodalis genus has taken from free-
living to host-restricted. As a close relative of S. glossinidius, this species presents a
possible starting point from which to investigate the changes that may have occurred
within the symbiont genome. Genes that are present in S. praecaptivus but absent
in S. glossinidius may be interpreted as not being required within the tsetse. Con-
versely, genes retained in the symbiont may be categorised as either being essential,
or possibly as potential targets for future pseudogenisation. We have demonstrated
here how this organism can be used to investigate the evolutionary trajectory of
the Sodalis genus. We have shown in silico that certain genes can be lost early
in the relationship with minimal effect, whereas others have severely detrimental
outcomes for the symbiont if they become pseudogenised close to initiation. This
tool has therefore opened up more avenues for studying the symbiosis initiation
and evolution in silico. It is not however a perfect solution to the difficulties in
studying symbiosis initiation. The ancestor that started this interaction may not
be S. praecaptivus, but another relative. Infecting S. glossinidius-free tsetse with
S. praecaptivus may enable the subsequent effects on the insects to be studied in
comparison to wild-type. Not all species of tsetse contain S. glossinidius at 100%
infection frequency (Dennis et al., 2014). It may therefore be possible to select a
species with naturally lower levels of S. glossinidius for this, reducing or removing
the need for antibiotic treatment. If this is successful then it may become a useful

tool for investigating the events and requirements at the start of the symbiosis.
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6.5 To primary symbiosis and beyond

Existing symbioses are merely snapshots in evolutionary time, and care should be
taken when interpreting the nature of these relationships. It is challenging to de-
cipher exactly what transitions each relationship has undergone historically, and
even more so to predict what may happen in the future. It is not clear whether
all species begin their symbioses as secondary symbionts, existing in a commensal
state without a notable effect on the insects. Some species may remain as commen-
sal symbionts for large periods of evolutionary time, as demonstrated by species of
lactic acid bacteria that have lived in symbiosis with the Apidae family of bees for
approximately 80 million years (Cardinal et al., 2010). Others progress to becoming
mutualistic and then obligate primary symbionts relatively rapidly. Ca. Sodalis
pierantonius is an example of this. It is thought that it lost over 50% of its genome
over a short period of time (Clayton et al., 2012). It is also not known whether
all symbionts, at the start of an association, have the potential to become obligate

primary symbionts.

S. glossinidius is at an earlier stage in its symbiotic evolution than the primary W.
glossinidia. Its genome, with the vast complement of pseudogenes, is undergoing
large-scale reduction (Dale and Maudlin, 1999). Whether S. glossinidius provides a
benefit to its host remains to be elucidated. It is unlikely, however, that S. glossini-
dius could become an obligate symbiont. It has been demonstrated in Chapter 2
that S. glossinidius likely relies on W. glossinidia for thiamine in the absence of its
own complete biosynthetic pathway. This suggests that unless S. glossinidius was
to horizontally acquire thiamine biosynthesis genes from W. glossinidia, it would be

unable to exist in the absence of the tsetse’s primary symbiont.

Studies into insect-microbe symbioses invariably conclude at the primary symbionts.
Examples have been given here of how the symbionts become replaced when there
are other organisms more capable of provisioning that particular benefit. There
are also examples of two bacterial symbionts merging within an insect, specifically
the nested symbiosis observed in the mealybug (von Dohlen et al., 2001). Here,
a [-proteobacterium appears to have engulfed a ~-proteobacterium. The authors
hypothesise that this may enable the exchange of genetic material, thus slowing the
genome degradation process. It is not known how common this is in nature, but it
nevertheless implies that at least one of the symbionts is performing its role sub-
optimally. Less attention is directed towards what may happen if a primary symbiont
continues to undergo genomic degradation whilst maintaining its essential benefit

to the insect. W. glossinidia, for example, has a highly reduced genome (Akman
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et al., 2002; Rio et al., 2012). Prior to this work, the benefits of W. glossinidia to its
host, namely in the provision of B vitamins, was already known (Michalkova et al.,
2014; Snyder and Rio, 2015). The benefit to S. glossinidius, via the production
of thiamine, was presented in Chapter 2. This suggests that W. glossinidia is a
keystone species within the tsetse microbiome, and therefore a possible candidate

for unusual strategies to ensure its maintenance.

The earliest and most ancient symbiosis has been described here; the association be-
tween an a-proteobacterium and an archaeon that persisted and formed modern day
eukaryotes. Bacteria undergo a transition within an insect, from a free-living species
with a large genome that retains an extensive coding capacity and redundancy, to
an obligate symbiont with a highly reduced genome and an inability to survive in
isolation (Moran, 1996). Mitochondria, by comparison, retain a small amount of
DNA that allows a rapid response to changes in energy demand. They cannot be
separated from their hosts, have transferred DNA to the host chromosome, and are
inherited maternally. This then raises the question of whether, at a certain point,

an obligate symbiont may be defined as an organelle.

W. glossinidia could be on the path to being defined not as a symbiont, but as
an organelle. As discussed, its genome is highly reduced (Akman et al., 2002; Rio
et al., 2012) and it provides an essential function for both the tsetse (Michalkova
et al., 2014; Snyder and Rio, 2015) and S. glossinidius (Chapter 2) (Akman et al.,
2002). It is also maternally inherited (Aksoy, 2000). There is however no evidence
of a transfer of genetic material from symbiont to host. The tsetse genome does
display hallmarks of horizontal transfer events from Wolbachia (Attardo et al., 2014),
indicating that DNA from W. glossinidia could conceivably become integrated into
the tsetse genome in the future. This may enable the W. glossinidia genome to
become reduced further, to the point of either elimination and eventual replacement,

or persistence as an organelle.

Looking outside of the tsetse to other insects may provide clues as to whether the
ultimate end-point of symbiosis is to become an organelle. Ca. Sodalis pieranto-
nius, for example, is thoroughly intertwined within the biology of its host (Heddi
et al., 1997). It provides an essential function, producing vitamins and amino acids
for its weevil host. It is inherited maternally. Crucially, there is thought to be a
form of genetic interaction between symbiont and host (Heddi et al., 1997). These
characteristics that describe Ca. Sodalis pierantonius are also those used to describe
organelles like mitochondria. Conversely, Ca. Sodalis pierantonius still retains a rea-
sonably large genome size (4.5 Mb) that distinguishes it from an organelle (Oakeson

et al., 2014).
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It is therefore not clear what the final destination of insect symbionts is. Some may
progress from secondary to primary, whereas others may never become the latter.
What is evident however is that future research should focus not only on symbioses
as they are currently, but also on what might happen to the symbionts in the future.
In silico tools such as the FBA evolver developed in Chapter 4 are one such method

to do so.

6.6 Conclusions

Insect-bacterial symbioses are widespread and borne out of necessity. Insects have
health and economic importance as disease vectors and crop pests. Methods of
control that do not involve pesticides and that can reach rural areas are desirable.
For this to be achieved, a greater understanding of the biology of the insect is
essential. This includes the insect’s microbiota. The insects and their symbionts are
intertwined metabolically and physiologically, and as such should be considered as

a whole.

To this end, we have sought to enhance current understanding of the tsetse mi-
crobiome using a combination of computational and empirical techniques. First,
metabolic adaptations that occur as a result of insect-microbe symbioses were inves-
tigated. We have discovered, using a new FBA model and in vitro testing, that S.
glossinidius has unusual adaptations to the metabolism of W. glossinidia, and the
physiology and hematophagic diet of their host (Chapter 2). It relies on W. glossini-
dia for a supply of the B vitamin thiamine due to multiple pseudogenisations in its
biosynthetic pathway. The maintenance of two PTS transporters that can import
GlcNAc, and an improvement of growth on this metabolite in vitro, suggests that S.
glossinidius may be using a secreted chitinase to break down the tsetse’s peritrophic
membrane into monomers of GlcNAc that it can use as an energy source. S. glossini-
dius has also adapted to scavenge the amino acids found in the blood meal. It uses
L-glutamate from this to supplement the TCA cycle, required as a result of a key

pseudogenisation in the gene ppec.

This pseudogenisation, and other key events in the tsetse-S. glossinidius symbiosis
have been investigated here through the use of FBA and a multi-objective evo-
lutionary algorithm. The construction and testing of a model for S. praecaptivus
metabolism uncovered pathways for the metabolism of xylitol and GalNAc not fre-
quently observed in models of prokaryotes, including E. coli (Chapter 3). Apply-

ing the evolutionary algorithm to this model allowed the possible trajectories of S.
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glossinidius once it became internalised to be simulated (Chapter 4). It was discov-
ered that the loss of ppc in the symbiont could have occurred early in the symbiosis
with minimal effect of the resulting trajectories. In contrast, it was found that had
S. glossinidius lost the gene encoding the ASPTA reaction early, instead of retain-
ing it, the resulting trajectories could have been poorer. This tool could be used in
other symbioses for which a well-annotated relative is available, or to improve the

directed evolution of industrially relevant microorganisms.

We have used extensive phylogenetics to dispute the previously held views that the
W. glossinidia genome is a subset of E. coli (Chapter 5). We also highlighted the
low level of sequence similarity between W. glossinidia brevipalpis and W. glossinidia
morsitans. To our knowledge, this work is the first published example of a purified
protein from W. glossinidia. This protein did not show any evidence of binding to
L-proline, but this work did serve to highlight the difficulties in expressing symbiont

proteins outside of their original host.

The work presented in this thesis furthers the understanding of insect-microbe sym-
bioses, specifically the metabolic adaptations that arise as a result. It also provides
a new way to examine the evolution of symbiosis. Future work applying this knowl-
edge to other symbioses may help to harness the power of symbionts in the control

of disease.
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Chapter 7

Appendices

7.1 Appendix A - Chapter 2
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Figure S1: Flow cytometer gating for DAPI-stained S. glossinidius cell count.
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Table S1: Pantothenate biosynthesis capabilities. BLASTp results showing ortho-
logues of S. praecaptivus vitamin biosynthesis proteins in S. glossinidius.

Gene Reaction BiGG reaction S. glossinidius S. praecaptivus
panB  3-methyl-2-oxobutanoate hydroxymethyltransferase MOHMT SG0488 Sant_ 3309
panFE  2-dehydropantoate 2-reductase DPR SG0661 Sant 3012
panC  Pantothenate synthase PANTS SG0487 Sant_ 3310
coaA  Pantothenate kinase PNTK SG0126 Sant 3935
dfp Phosphopantothenate-cysteine ligase PPNCL2 SG2209 Sant_ 0420
dfp Phosphopantothenoyl-cysteine decarboxylase PPCDC SG0299 Snat_ 0420
coaD  Pantetheine-phosphate adenylyltransferase PTPATi SG2205 Sant_ 4015
coaEl Dephospho-CoA kinase DPCOAK SG0461 Sant_ 3340
panF  Pantothenate sodium symporter PNTOt4pp — Sant_ 0493

Table S2: Biotin biosynthesis capabilities. BLASTp results showing orthologues of
S. praecaptivus vitamin biosynthesis proteins in S. glossinidius.

Gene Reaction BiGG reaction S. glossinidius S. praecaptivus
bioF'  8-amino-7-oxononanoate synthase AOXSr SG0904 Sant_ 2734
bioA  Adenosylmethionine-8-amino-7-oxononanoate transaminase AMAOTr SG0902 Sant_ 2736
bioD  Dethiobiotin synthase DBTS SG1466 Sant_ 2732
bioB  Biotin synthase BTS2 SG0903 Sant_ 2735
bioC' Malonyl-CoA methyltransferase MALCOAMT  SG0905 Sant_ 2733
bioH Pimeloyl-|[ACP| methyl ester esterase PMEACPE SG2324 Sant_ 0363

Table S3: Riboflavin biosynthesis capabilities. BLASTp results showing orthologues
of S. praecaptivus vitamin biosynthesis proteins in S. glossinidius.

Gene Reaction BiGG reaction S. glossinidius S. praecaptivus
ribA  GTP cyclohydrolase 11 GTPCIIL SG1410 Sant_ 1871
ribD  5-amino-6-(5-phosphoribosylamino) uracil reductase APRAUR SG0651 Sant 3023
ribEl  Riboflavin synthase RBFSb SG1439 Sant 3022
ribC Riboflavin synthase RBFSa SG1439 Sant_ 2045
ribB  3,4-dihydroxy-2-butanone-4-phosphate synthase DB4PS SG0263 Sant_ 3614

Table S4: Protoheme biosynthesis capabilities. BLASTp results showing orthologues
of S. praecaptivus vitamin biosynthesis proteins in S. glossinidius.

Gene Reaction BiGG reaction S. glossinidius S. praecaptivus
hemA Glutamyl-tRNA reductase GLUTRR SG1877 Sant_ 2113
hemL Glutamate-1-semialdehyde aminotransferase GISAT SG0500 Sant_ 3285
hemB Porphobilinogen synthase PPBNGS GS1529 Sant_ 2301
hemC Hydroxymethylbilane synthase HMBS SG2366 Sant_ 0327
hemD Uroporphyrinogen-III synthase UPP3S SG2367 Sant_ 0326
hemE Uroporphyrinogen decarboxylase UPPDC1 SG0138 Sant_ 3913
hemY Protoporphyrinogen oxidase PPPGO SGO0121 Sant_ 0261
hemH Ferrochelatase FCLT SG0694 Sant_ 2970
cemABCDE  Protoheme transport via ABC system PHEMEabcpp SG1635-7 Sant_ 1288-92

Table S5: PLP biosynthesis capabilities. BLASTp results showing orthologues of S.
praecaptivus vitamin biosynthesis proteins in S. glossinidius.

Gene Reaction BiGG reaction S. glossinidius S. praecaptivus

dzs 1-deoxy-D-xylulose 5-phosphate synthase DXPS SG0656 Sant 3017

gapA Erythrose 4-phosphate dehydrogenase E4PD SG1347 Sant_ 1815

pdzB Erythronate 4-phosphate dehydrogenase PERD SG1621 Sant_ 1314

serC' O-phospho-4-hydroxy-L-threonine: 2-oxoglutarate aminotransferase ~ OHPBAT SG0990 Sant_ 2634

pdzA, pdzJ Pyridoxine 5’-phosphate synthase PDX5PS SG0425, SG1784 Sant 3384, Sant_ 1101
pdzH Pyridoxine 5’-phosphate oxidase, pyridoxamine 5’-phosphate oxidase PDX5POi, PYAM5PO SG1447 Sant_ 2034
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Table S6: Thiamine biosynthesis capabilities. BLASTp results showing orthologues
of S. praecaptivus vitamin biosynthesis proteins in S. glossinidius.

Gene Reaction BiGG reaction S. glossinidius S. praecaptivus
thiC 4-amino-2-methyl-5- phosphomethylpyrimidine synthetase AMPMS2 — Sant_ 3961
thiE Thiamine-phosphate diphosphorylase TMPPP Sant_ 3917
thiF Sulfur carrier protein adenylyltransferase THZPSN Sant_ 3918
thiS Sulfur carrier protein THZPSN — Sant_ 3919
thiG Thiazole synthase THZPSN — Sant_ 3920
thill 2-iminoacetate synthase THZPSN — Samt_ 3921
thiD Hydroxymethylpyrimidine kinase, phosphomethylpyrimidine kinase HMPK1, PMPK — Sant 1177
thil tRNA sulfurtransferase THZPSN SG0659 Sant_ 3014
thiM Hydroxyethylthiazole kinase HETZK SG1739 Sant_ 1176
thil Thiamine-phosphate kinase TMPK SG0654 Sant_ 3020
thiK Thiamine kinase TMK SG1071 Sant_ 2466
iscS Cysteine desulfurase THZPSN, ICYSDS SG1769 Sant_ 1125
tbpAthiPQ Thiamine transport via ABC system THMabcpp SG0431-3 Sant 3371-3

Table S7: Tetrahydrofolate biosynthesis capabilities. BLASTp results showing or-
thologues of S. praecaptivus vitamin biosynthesis proteins in S. glossinidius.

Gene Reaction BiGG reaction S. glossinidius  S. praecaptivus
folM  Dihydromonapterin reductase DHMPTR — —

folA  Dihydrofolate reductase DHFR SG0421 Sant_ 3388
folC' Dihydrofolate synthase DHFS SG1616 Sant_ 1319
folP Dihydropteroate synthase DHPS2 SG0372 Sant_ 3460
folK  6-hydroxymethyl-dihydropterin pyrophosphokinase HPPK2 SG0489 Sant_ 3308
folB  Dihydroneopterin aldolase, dihydroneopterin epimerase DHNPA2r, DHNPTE SG0256 Sant_ 3622
nudB  Dihydroneopterin triphosphate pyrophosphatase DNTPPA SG1258 Sant_ 1683
folE GTP cyclohydrolase I GTPCI SG0957 Sant_ 1427

Table S8: Cobalamin biosynthesis capabilities. BLASTp results showing orthologues
of S. praecaptivus vitamin biosynthesis proteins in S. glossinidius.

Gene Reaction BiGG reaction S. glossinidius ~S. praecaptivus
btuR  Cobinamide adenyltransferase, cob(I)alamin adenosyltransferase CBIAT, CBLAT Sant_ 1862
cobT  Nicotinate-nucleotide dimethylbenzimidazole phosphoribosyltransferase NNDMBRT — —

cobC' Alpha-ribazole 5-phosphate phosphatase RZ5PP

cobU  Adenosyl cobinamide phosphate guanyltransferase, adenosyl cobinamide kinase ACBIPGT, ADOCBIK — —

cobS  Adenosylcobalamin 5’-phosphate synthase ADOCBLS — —

Table S9: Nicotinamide biosynthesis capabilities. BLASTp results showing ortho-
logues of S. praecaptivus vitamin biosynthesis proteins in S. glossinidius.

Gene Reaction BiGG reaction S. glossinidius S. praecaptivus
nadB  L-aspartate oxidase ASPO6 SG1794 Sant_ 1091
nadA  Quinolinate synthase QULNS SG0889 Sant_ 2754
nadC  Quinolinate phosphoribosyltransferase NNDPR SG0464 Sant 3335
nadD Nicotinate-mononucleotide adenylyltransferase NMNAT SG0800 Sant_ 3420
nadE NAD+ synthetase NADS1 SG1866 Sant_ 2100
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Table S10: Amino acid biosynthesis and transport capabilities. Transporter fam-
ilies (TransportDB); dicarboxylate/amino acid:cation symporter (DAACS), amino
acid-polyamine-organocation family (APC), branched chain amino acid symporter
(LIVSC), alanine or glycine:cation symporter (AGCS), hydroxyl/aromatic amino
acid permease (HAAAP). *Cystine is the oxidised form of cysteine and transported
via the specific F1iY, of which there is no apparent orthologue in S. glossinidius or
S. praecaptivus. 'This is in contrast to Toh et al. (2006) who state that the pathway
of alanine biosynthesis is not complete.

Amino acid Pathway completeness Reaction Family  Gene S. praecaptivus transporter
Glutamate From a-ketoglutarate GLUt2r DAACS SG2121 gig;irc ((S Sa;;tt__ 32884142_ 7)
Glutamine From a-ketoglutarate
Arginine Incomplete ARGabc ABC SG1093-6 ARGabe (Sant_1325-8/Sant_ 2659-62)
Proline From a-ketoglutarate — — ggg:ﬁ; ((SSa;Eti 00092452 46-7)
Lysine From aspartate LYSt2r  APC SG0955 LYSt2r (Sant_1419)
Asparagine From aspartate — — — —

ASPt3_3 (Sant_2332)
Aspartate From oxaloacetate ASPt2 DAACS SG2121 ASPt2r (Sant_ 3844)

ASPabc (Sant_ 2814-7)
Isoleucine From aspartate ILEt2r LIVCS  SG0640 ILEt2r (Sant_3037)
Threonine From aspartate — — —
Methionine From aspartate METabc ABC SG1915-7 METabe (Sant_0923-5)
Valine From pyruvate VALt2r LIVCS  SG0640 VALt2r (Sant_3037)
Leucine From pyruvate LEUt2r LIVCS  SG0640 igggfc ((Sse;r;tt__ 3;3:’3773)_7)
Alanine From pyruvate’ ALAt2r AGCS  SG0408  ALAt2r (Sant_3406/Sant_ 2281)
Serine From 3-phospho D-glycerate SERt2r HAAAP S5G0922 SERt2r (Sant_2673)
Cysteine* From 3-phospho D-glycerate

Glycine From 3-phospho D-glycerate

GLYt2r (Sant_ 3406/Sant_ 2281)

- = (
Phenylalanine From D-erythrose 4-phosphate PHEt2r  APC SG0465 PHEt2r (Sant_3330)
Tryptophan From D-erythrose 4-phosphate TRPt2r APC SG0465 TRPt2r (Sant_3330)
Tyrosine From D-erythrose 4-phosphate TYRt2r APC SG0465  TYRt2r (Sant_3330)
Histidine From ribose 5-phosphate HISt2r APC SG0465 HISt2r (Sant_3330)

HISabc (Sant_ 1325-8)
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Figure S2: Effects of L-arginine biosynthesis gene deletions on E. coli growth in vitro.
Wild-type E. coli strain BW25113 (blue) was grown in M9 medium alone (solid
line) or with added L-arginine (dashed line), L-glutamate (solid line, circle marker)
or 5x concentration L-glutamate (dashed line, triangle marker) for 24 hours in a
microplate reader. This was compared to growth in the same medium combinations
for argA (pink), argD (orange), and argG (green) gene deletion mutants from the
Keio collection (Baba et al., 2006). Two isolates for each mutant are shown. The
argD knockout strain is able to grow under all conditions, whereas strains lacking
argA and argG can grow only when exogenous L-arginine is provided. Measurements
for triplicate experiments are shown; error bars depict SEM. The graph was produced
using Plate Whisperer software for microplate data analysis, developed by Stephen

Thorpe.
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7.2 Appendix B - Chapter 4

Table S11: Fluxes (mmol gr DW-! hr'!) through the uptake reactions for components
of the blood medium for ancestral iRH830 and ten evolved (E1-E10) models.

Metabolite ‘RH830 E1 E2 E3 E4 E5 E6 E7 E8 E9 E10
acgam 6 6 5.49 6 5.39 5.39 024 038 6 6 0.24
ala 3.41 0.44 341 0.44 341 3.41 0 341 099 099 0
arg 1.14 0.25 0.26 0.25 0.26 0.26 0.09 0.14 026 0.26 0.09
asn 0.58 0.57 0.58 0.57 0.57 0.57 0.06 0.1 018 0.18 0.06
asp 0.03 0 0.03 0 0.03 0.03 0 0 0 0 0
cys 0 0 0 0 0 0 0 0 0 0 0
gln 0 0 0 0 0 0 0 0 0 0 0
glu 0.7 0.46 0.49 0.46 0.49 0.49 0 0.7 0 0 0
gly 1.54 0.26 0.28 0.26 0.28 0.28 032 05 093 093 0.32
his 0.11 0.07 0.07 0.07 0.07 0.07 0.02 0.04 0.07 0.07 0.02
ile 0.33 0.21 0.22 0.21 0.22 0.22 0.08 0.12 0.22 0.22 0.08
leu 0.52 0.33 0.34 0.33 0.34 0.34 0.12 0.18 034 034 0.12
lys 0.39 0.25 0.26 0.25 0.26 0.26 0.09 0.14 0.26 0.260 0.09
met 0.18 0.11 0.12 0.11 0.12 0.12 0.04 0.06 0.12 0.12 0.04
orn 0 0 0 0 0 0 0 0 0 0 0
phe 0.21 0.13 0.14 0.13 0.14 0.14 0.05 0.08 0.14 0.14 0.05
pro 2.36 0.16 0.17 0.16 0.17 0.17 236 226 127 127 236
ser 1.12 1.07 1.12 1.07 1.12 1.12 0.11 0.17 032 032 0.11
taur 0 0 0 0 0 0 0 0 0 0 0
thm 0.00001  0.000008 0.000008 0.000008 0.000008 0.000008 0O 0 0 0 0
thr 0 0 0 0 0 0 0 0 0 0 0
trp 0.07 0.04 0.04 0.04 0.04 0.04 0.01 0.02 0.04 0.04 0.01
tyr 0.16 0.1 0.1 0.1 0.1 0.1 0.04 0.06 0.11 0.11 0.04
val 0.49 0.31 0.32 0.31 0.32 0.32 0.11 0.17 032 032 0.11

Table S12: Fluxes (mmol gr DW-! hr'!) through the uptake reactions for components
of the blood medium for ancestral ;LF517 and ten evolved (E1-E10) models.

Metabolite LF517 El E2 E3 E4 E5 E6 E7 E8 E9 E10
acgam 6 0 0 0 0 0 0 0 0 0 0
ala 3.41 0 3.41 0 3.41 3.41 3.41 0 0 3.41 3.41
arg 0.15 0.02 0.11 0.04 0.1 0.11 0.11 0.02 0.04 0.1 0.11
asn 0 0 0 0 0 0 0 0 0 0 0
asp 0.03 0 0.03 0 0 0.03 0.03 0 0 0 0
cys 0.04 0.01 0.03 0.01 0.03 0.03 0.03 0.01 0.01 0.03 0.03
gln 0 0 0 0 0 0 0 0 0 0 0
glu 0.7 0.7 0.7 0.7 0.49 0.7 0.7 0.7 0.7 0.48 0.7
gly 0 0 0 0 0 0 0 0 0 0 0
his 0.04 0.01 0.03 0.01 0.03 0.03 0.03 0.01 0.01 0.03 0.03
ile 0.13 0.02 0.09 0.03 0.08 0.09 0.09 0.02 0.03 0.08 0.09
leu 0.2 0.03 0.14 0.05 0.13 0.14 0.14 0.03 0.05 0.13 0.14
lys 0.15 0.02 0.11 0.04 0.1 0.11 0.11 0.02 0.04 0.1 0.11
met 0.07 0.01 0.05 0.02 0.05 0.05 0.05 0.01 0.02 0.05 0.05
orn 0 0 0 0 0 0 0 0 0 0 0
phe 0.08 0.01 0.06 0.02 0.05 0.06 0.06 0.01 0.02 0.05 0.06
pro 0 0 0 0 0 0 0 0 0 0 0
ser 1.12 0.12 1.12 1.12 1.12 1.12 1.12 0.12 1.12 1.12 1.12
taur 0 0 0 0 0 0 0 0 0 0 0
thm 0.000005 0.0000007 0.000003 0.000001 0.000003 0.000003 0.000003 0.0000007 0.000001 0.000003 0.000003
thr 0 0 0 0 0 0 0 0 0 0 0
trp 1.14 0.004 0.02 0.01 0.02 0.02 0.02 0.004 0.01 0.02 0.02
tyr 0.06 0.01 0.04 0.02 0.04 0.04 0.04 0.01 0.02 0.04 0.04
val 0.19 0.03 0.13 0.05 0.12 0.12 0.12 0.03 0.05 0.12 0.13
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7.3 Appendix C - Chapter 5

ORF frame 2
Bcll (5217)
lacl

pBRrevBam_primer
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T7_leader
Xpress_EK

Sacl (415)
T7_Terminal_primer
T7_terminator
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ORF frame 2 Aatll (823)
Hpal (4729) AmpR_promoter
ORF frame 3 Ampicillin
ORF frame 1
5764 bp
Eagl (4163)
ORF frame 3 Pstl (1500)
tet (611-0)
Nrul (4132)
Mscl (3660)

ROP
pGEX_3_primer pBR322_origin

Figure S3: Vector map for pET100/D-TOPO (Thermo Fisher Scientific) expression
vector, accessed via the Addgene repository.
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Chapter 8

Abbreviations

ABC
ANOVA
APS
ATP
BHI

bp

CD
DNA
FBA
GalNAc
GlcNAc
HAT
IPTG
Kb

kDa
KPi

LB

Mb
(m)L
(m)M
MOEA
MOMA
NaCl
NAPD
NADPH
nm
NSGA-II
NTD
OD
PAGE
PCR
PMF
PTS
RNA
rpm
SBP
SDS
SEM
TCA
TEMED
TMP

A%

W

WT

ATP-binding cassette

Analysis of variance

Ammonium persulfate

Adenosine triphosphate

Brain heart infusion

Base pair

Circular dichroism

Deoxyribonucleic acid

Flux balance analysis
N-acetyl-D-galactosamine
N-acetyl-D-glucosamine

Human African trypanosomiasis
Isopropyl B-D-1-thiogalactopyranoside
Kilobase

Kilodalton

Potassium phosphate

Luria-Bertani

Megabase

(Milli)litre

(Milli)mole

Multi-objective evolutionary algorithm
Minimization of metabolic adjustment
Sodium chloride

Nicotinamide adenine dinucleotide phosphate
Reduced NADP

Nanometer

Non-dominated sorting genetic algorithm-II
Neglected tropical disease

Optical density

Polyacrylamide gel electrophoresis
Polymerase chain reaction

Peptide mass fingerprinting
Phosphotransferase system
Ribonucleic acid

Revolutions per minute

Substrate binding protein

Sodium dodecyl sulfate

Standard error (of the) mean
Tricarboxylic acid
Tetramethylethylenediamine
Thiamine monophosphate

Volts

Watts

Wild-type
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