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Abstract

Symbiosis is defined as the close and long relationship between two organisms.
Establishment of new symbioses, or redefining relationships underpins much of the
ecological diversity found in the natural world. Microbial symbionts, being some of the
longest living organisms on the planet with the largest distribution, offer the best
opportunity to understand the complex mechanisms behind host-symbiont interactions and
evolutionary processes. The insect kingdom, comprised of over 1.2 million described
species, is an ideal sample group in symbiont research as over 50% of them harbour
microbial symbionts. Glossina spp., the viviparous, obligate blood feeding (tsetse) flies that
populate sub Saharan Africa, are of interest within symbiont research as they play host to at
least four bacterial symbionts, with diverse phenotypes: Wigglesworthia, Wolbachia,
Spiroplasma and Sodalis. Sodalis glossinidius — a secondary endosymbiont - is interesting as
sequencing of its genome suggests S. glossinidius has undergone less genome reduction
than its primary symbiont counterparts such as Wigglesworthia, and therefore has a more
recent association with its host than the other symbionts. The benefit of this reduced rate of
genome reduction is the ability to culture S. glossinidius in vitro, a feature that most
bacterial symbionts lack. Culture of two Sodalis species — S. glossinidius and a related
species, S. praecaptivus, was performed to compare the viability of S. glossinidius to free
living bacteria to determine its potential as a laboratory model of symbiosis. This was
studied via growth curves in different laboratory media, resistance to oxidative stress,
antibiotic susceptibility and survival in an experimental host — Galleria mellonella. The
difficulties in culturing bacterial endosymbionts is highlighted; the ability, with care, to

culture S. glossinidius, and the potential to compare to closely-related, free-living species



such as Sodalis praecaptivus is vital as a research model for studying symbiosis and host-

interaction.



Introduction

The importance of symbiosis in nature

Symbiosis is defined as “the close and long-term relationship between two organisms”. The
term “symbiosis” is often misconstrued or misused by scientists and the public alike. Most
conflate “symbiosis” with “mutualism”, that is to say that both organisms benefit as a
consequence of their close association, however it is more appropriate to define symbiosis
as above. Symbiosis is split into three or four broad sub-definitions, which includes
parasitism (where one symbiont is harmed), commensalism (where one symbiont benefits,
while the other is essentially unaffected in any significant way) and mutualism (as described
above). A fourth definition: neutralism — is controversial and defined as neither symbiont
affecting the other in any way, however these are unlikely to exist in any meaningful way in
nature (Martin and Schwab, 2012).

Together these definitions come together on the “symbiosis spectrum”, as shown in figure

1, below:
THE SYMBIOSIS SPECTRUM
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Figure 1-The symbiotic spectrum which describes the effects of symbiotic bacteria in relation to the fitness
advantages/disadvantages to the host- taken from Gerardo (2015)



These classifications are very fluid; one organism can interact differently depending on the
other organism it is in symbiosis with. Wolbachia, for example, is a symbiotic bacterium that
has an association with both arthropods and nematodes, but its effects on the host species
vary. Within arthropods, Wolbachia largely acts a parasite which manipulates the
reproductive capabilities of the host through four phenotypes; male killing, feminisation,
parthenogenesis and cytoplasmic incompatibility (Warren et al, 2008). In nematodes,
however, Wolbachia act in mutualistic association and provide their host with some fitness
advantage necessary for reproduction and survival if the nematode (Foster et al., 2005). This
was further proven in a further study by Taylor et al.( 2005) where nematode worms given
doxycycline (200mg daily over an eight week period) experienced detrimental effects in

fertility and viability.

Symbiotic relationships can be the driving force for evolutionary novelty and ecological
diversity found on the planet and is therefore an important area in evolutionary research
(Wernegreen, 2004). Microbial symbionts, due to the wide distribution of bacteria through
various ecosystems and long-standing ancestry (~4 billion years), have had a catalytic effect
on the evolution of many organisms (Wernegreen, 2004).

A good example of the effect of microbial symbionts are the Rhizobia species and their
relationship with leguminous plants. Rhizobia are Gram negative nitrogen-fixing bacteria
that reside within soil and are the only nitrogen-fixing bacteria to form a symbiotic
relationship with legumes. The symbiotic relationship formed between the two organisms
involves the signal exchange of flavonoids secreted from the roots of the host plant which
lead to the accumulation and attachment of Rhizobia to root hair cells (Maj et al., 2010).

The flavonoids trigger the secretion of nod factors by Rhizobia which causes developmental



changes within the root hairs, leading to the formation of root nodules (Gage, 2004). Within
the root nodules, Rhizobia fix atmospheric nitrogen into ammonium which is used to
synthesise amino acids in their host. In return, the legumes provide carbohydrates to the
bacteria as well as oxygen via leghaemoglobins for cellular respiration. The mutualism
between the two species has developed over 66 million years (Zharan, 1999) to the point
where Rhizobia cannot express the genes used in nitrogen fixation without the presence of
the legumes.

The relationship between coral and Symbiodinium (symbiotic dinoflagellates) is interesting
from the point of symbiosis. Coral reefs exist in many marine ecosystems and are home to
millions of species (Knowlton, 2001). It is widely known that Symbiodinium plays a key role
in the survival of coral in harsh marine environments (Liu et al, 2018). Symbiodinium species
colonise the tissue of the coral and photosynthesise and provide the photosynthates (water,
glucose and oxygen) to the coral. The coral will metabolise the photsynthates to form a
calcium carbonate skeleton strong enough to withstand harsh conditions. The waste
inorganic nutrients and CO; generated by the coral is recycled by the dinoflagellates
(Muscatine and Porter, 1977). Similar to the leguminous plants and Rhizobia, the interaction
between the coral and Symbiodinium is initiated by the secretion of chemical signals by the
coral which attract free living dinoflagellates (Davy, Allemand and Weis, 2012). The coral
undergoes dynamic remodeling of its cytoskeleton and membrane to allow entry of the
dinoflagellate via phagocytosis (Davy, Allemand and Weis, 2012). The association between
the two is very interesting as it was thought to be a ‘pure’ symbiotic relationship, meaning
that the two were reliant on each other for survival, however some research has found
evidence to the contrary. Wooldridge (2010) found that the dinoflagellates are capable of

survival outside of their host, however, when they enter their host, there is a negative



impact on their reproductive success and in essence become “trapped” within the coral. The
coral, on the other hand, seem to pay no cost for this relationship and as such, it can be
asserted that the relationship between the two is not a mutualistic one, but rather a more
parasitic relationship in favour of the coral.

The aforementioned examples of symbiosis are instances where there is one bacterial
symbiont present, however, there are many host organisms that form symbiotic
relationships with several microorganisms. This can be said to be most prevalent within the

insect kingdom.

Symbiosis and Insects

The insect kingdom is comprised of over 1.2 million described species, and of that number,
over 50% of them are estimated to harbour microbial symbionts, dubbed endosymbionts.
(Hirose, Panizzi and Prado, 2012).

Bacterial endosymbionts of insects can be categorised as either primary or secondary (Raina
et al, 2005) and could be found intra- or intercellularly within the host body. Primary or P-
endosymbionts have been in a long association with its host, forming an obligate association
and displaying phylogenetic congruence with the host (Clark, Baumann and Baumann,
1992). P-endosymbionts provide nutrients that their host is unable to acquire themselves
and can metabolise waste products generated by the host into less harmful substances
(Baumann, 2005) Secondary or S-endosymbionts have a comparatively shorter evolutionary
history with their host (Dale and Moran, 2006) and thus exhibits a more facultative
relationship. S-endosymbionts are reported to confer a variety of functional benefits to the
host. Acyrthosiphon pisum (pea aphid) holds interest as it is host to both primary and
secondary endosymbionts. The P-endosymbiont of the pea aphid is Buchnera aphidicola. B.

aphidiciola is found within specialised cells within A. pisum known as bacteriocytes (Clark et
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al., 2000). The symbiotic relationship is primarily a nutritional one; the aphid’s diet typically
consists of plant phloem sap which is insufficient in essential amino acids ((Douglas, 2006).
Buchnera aphidicola can synthesise and provide these amino acids for their hosts in return
for the other nutrients their host provides (Baumann et al., 1995).

One of the more intriguing S-endosymbionts of A. pisium is Hamiltonella defensa. H. defensa
is distributed within the sheath cells and haemolymph. While it is not essential for host
survival, H. defensa confers protection to their host from parasitoid wasps such as Aphidius
ervi and Aphidius eadyi by preventing the larval development of the wasps within the host
(Oliver, Moran and Hunter, 2005). Despite this benefit, H. defensa is found irregularly within
A. pisium and its presence within its host is tied to the intensity of parasitoid pressure

(Oliver et al., 2008).

Symbiosis and the Tsetse Fly

Tsetse (Glossina spp.; Diptera: Glossinidae) are viviparous, obligate blood-feeding flies found
across sub-Saharan Africa. Around 37 species of Tsetse exist across various ecological niches
in Africa, ranging from savannah to tropical forest areas having the largest distribution. The
adult flies of both sexes feed exclusively on largely sterile blood meals from livestock,

wildlife and humans (Figure 2).
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Figure 2- The distribution of the different species of tsetse fly across Africa. The prevalence of tsetse flies within the area is
correlated to the spread of African trypanosomiasis. The distribution of the tsetse and areas where sleeping sickness is most
prevalent are intrinsically linked, taken from https.//blog.wellcome.ac.uk/2012/03/01/developing-the-atlas-of-human-
infectious-diseases/

Tsetse Life Cycle

The life cycle of the tsetse fly is rather unusual; female tsetse flies after mating produce one
egg which is retained within the uterus. The larva hatches from the egg and undergoes its
first three developmental stages internally whilst feeding on the milk produced by the milk
glands of its mother; this process is known as adenotrophic viviparity (Leak, 1999). The larva
is then birthed on the ground and burrows into the earth to pupariate for around a month

until eclosion.

Trypanosomiasis and the Tsetse Fly

Tsetse are of clinical and veterinary interest as they are the only arthropod vectors of
African trypanosomes, responsible for human African trypanosomiasis (HAT) and animal
African trypanosomiasis (AAT). The two common parasitic agents that cause
trypanosomiasis are Trypanosoma brucei gambiense which is responsible for 98% of

reported cases (WHO, 2019) and Trypanosoma brucei rhodesiense which has limited


https://en.wikipedia.org/wiki/Trypanosoma_brucei_rhodesiense

geographical range and only affects East and South Africa (WHO, 2019). T.b. gambiense
causes a chronic condition with can remain undetected for several months until symptoms
are exhibited and it can be up to three years into the infection before death occurs (Brun et
al., 2010). T.b. rhodesiense causes the acute form of the disease; symptoms arise with
weeks of infection and death with a few months (Kuepfer et al., 2011). HAT has a case
mortality rate of virtually 100% (WHO, 2019) and is estimated that Africa loses $1.5 billion
per year as a direct result of the disease (WHO, 2019). Drug treatment for the disease has a
history of being ineffective and toxic to the recipients and although improvements have
been made, more preventative measures such as vector control have taken the forefront
(Kennedy, 2013). Tsetse fly control strategies such as the clearing of vegetation and aerial
distribution of pesticides (Hocking, Lamerton and Lewis, 1963) were effective in 1960s but
as HAT prevalence decreased, there was a lack of follow-up in the control efforts and as a
consequence, tsetse and trypanosomiasis resurged (Simarro et al., 2011). There has been
some ruminations about looking into utilising the tsetse’s natural endosymbionts in

preventing the establishment of trypanosomes (Van Den Abbeele and Rotureau, 2013).

From a symbiosis point-of-view, tsetse flies are of particular interest, because of their
unique reproductive strategy and similar to A. pisum, it is the host to multiple bacterial
endosymbionts. Until recently the central dogma of tsetse symbiosis was that they harbour
three main endosymbionts: Wigglesworthia glossinidia, Sodalis glossinidius and Wolbachia
pipientis. However this has been recently revised to include Spiroplasma after its discovery

in Glossina fuscipes (Doudoumis et al., 2017); Figure 3).
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Figure 3- Visual representation of the tsetse fly microbiota and their localisation within their host, taken from
https.//www.iaea.org/newscenter/news/international-research-project-explores-novel-strategies-to-improving-the-sterile-
insect-technique-toeradicate-tsetse-flies-through-enhancing-males-refractoriness-to-trypanosome-infection)

Wigglesworthia glossinidia is the P-endosymbiont of the tsetse and is found in 100% of
tsetse flies. W. glossinidia provides nutrients to its host that are otherwise deficient in the
blood (e.g. B vitamins) and in exchange, it is granted nutrients for its own survival,
protection from the host’s immune response and an efficient vertical transmission route to
the tsetse’s offspring (Bing et al., 2017). In addition to its role in nutrition, W. glossinidia is
essential for several essential physiological functions of the tsetse. A study conducted by
(Weiss et al. (2011) discovered that the presence of W. glossinidia during larval
development of the tsetse is beneficial to the maturation of the immune system in adult
flies. W. glossinidia also plays a crucial role in the maintenance of the fecundity of the
female tsetse fly. W. glossinidia can synthesise the vitamin B6 which acts as a co-factor for
the enzyme AGAT in the tsetse fly which is responsible for the biosynthesis of proline from
alanine (Michalkova et al., 2014). Proline is utilised by the tsetse as an energy source and is
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crucial during energy intensive processes during the tsetse’s reproductive cycle such as the
lactation period. Experimentally induced asymbiotic female tsetse flies were shown to have
lower levels of vitamin B6 and exhibited hypoprolinemia which lead to a decrease in
fecundity (Michalkova et al., 2014).

Primary endosymbionts undergo genome reduction as they become more dependent on
their host and therefore, there is inevitable loss of function required for free-living existence
(Sloan and Moran, 2012). W. glossinidia has one of the smallest genomes of any living
organism with a single chromosome of 700,000 base pairs and a singular plasmid of 5.2kbp

(described further below) (Akman et al, 2002).

Secondary endosymbionts, compared to P-endosymbionts, have been in association with
their host for a comparative shorter period, and as such, their relationship with their host is
facultative (Wernegreen, 2012). A notable secondary endosymbiont is Sodalis glossinidius
which is also harboured by the tsetse fly. S. glossinidius can be found in various places of the
tsetse’s anatomy; intracellularly and extracellularly within the gut lumen, milk glands, flight

muscles, mouthparts, testes and ovaries (Cheng and Aksoy, 1999).

Wolbachia

Wolbachia, the second P-endosymbiont of the tsetse fly, are parasitic bacteria that are also
prevalent in over 50% of arthropod species. Within the tsetse fly, Wolbachia reside within
the reproductive tissue. The presence of Wolbachia infections have a significant negative
impact on the reproductive capabilities on their host and are the driving force behind the
cytoplasmic incompatibility within the tsetse fly. Cytoplasmic incompatibility occurs when a

Wolbachia infected male mates with an uninfected female which leads to the development
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arrest of the embryo. It also involves Wolbachia infected females which can mate with
infected or uninfected males, which guarantee the production of viable, Wolbachia-infected
offspring (Alam et al., 2011). Along with effectively continuing its spread within the tsetse
population through the female tsetse, Wolbachia may drive desirable phenotypes and other
maternally-transmitted genes and symbionts (Jin, Ren and Rasgon, 2009) and effective lead
to speciation (Werren, 1997). Due to these factors, there has been research into utilizing

Wolbachia as part of a vector control strategy (Alam et al, 2011).

Spiroplasma

Spiroplasma is the third endosymbiont of the tsetse fly, recently discovered in 2017 within
Glossina fuscipes. Spiroplasma has known associations with various plant and arthropod
species. Spiroplasma species can live intracellularly within host tissue or systematically
within haemolymph of the host (Doudoumis et al., 2017). The role of Spiroplasma within
the tsetse fly is thought to be protective and/or nutritional; higher densities of Spiroplasma
were found in the gut tissue of larva and live female tsetse and because of this, it is

suggested that it provides some form of fitness advantage (Doudomis et al, 2017).

Studying Microbiota using 16S Sequencing

Studies to investigate the bacterial communities of insects (including studies related to
tsetse flies such as Doudoumis et al (2017)) have been enabled by the invention of high-
throughput sequencing, and specifically 16S-based microbiota sequencing. 16S sequencing
focuses on sequencing, in a high-throughput manner — all copies of the 16S rRNA gene
present in a population. The 16S rRNA gene, ubiquitous across bacteria and archaea, is

comprised of both conserved and hypervariable regions; conserved regions allow for the
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design of ‘universal primers’ that can amplify the corresponding hypervariable regions,
which in turn act to delineate the bacterial species from which they are derived, by
providing ample phylogenetic information (i.e. a “barcode”; Pereira et al, 2010). Another
advantage of of 16S rRNA gene is that is suggested to evolve at relative constant rates.

The application of 16S sequencing to insect symbionts has allowed for rapid identification
and characterization of bacterial symbionts and their function within insect species that
would be otherwise undetectable through phenotypic methods. Betelman et al. (2017)
utilised 16S sequencing in their study of the bacterial symbionts present within three
species of filth fly parasitoids (Spalangia cameroni, Spalangia endius and Muscidifurax
raptor). They discovered that there was a diversity in the species found; all of the flies
contained Wolbachia strains, but they had also found that two of them contained Rickettsia
and Sodalis species within them. Betelman and al (2017) suggest that Rickettsia and Sodalis
were facultative symbionts of the parasitoids, moreso in the case of Sodalis as it was also
found in samples that contained Wolbachia and Ricksettia with the implication being that
Sodalis is dependent on the presence of other symbionts for vertical transmission.

A different study utilised 16S amplicon sequencing to study the microbiome of two invasive
species of aphids (Zepeda-Paulo et al., 2018) in comparison to other aphids native to that
geographic location. They found that the cereal aphids Sitobion avanae and Rhopalosiphum
padi had lower diversity of microbiota in comparison to other aphid species and more
specifically, a difference in the prevalence of secondary endosymbionts among native and
introduced S. avenae which suggests the association between aphids and endosymbiotic
bacteria can vary across a geographic range.

16S sequencing has been crucial in regards to the understanding the association between

tsetse and their endosymbionts. (Pais et al., 2008) administered antibiotics (ampicillin,
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carbenicillin, tetracycline and rifampin ranging between 20-60ng/ml) to female tsetse flies
every two days over 60 days to selectively eliminate endosymbionts to better understand
their function. The study found that tsetse lacking in Wigglesworthia negatively impacted
the fertility of the female tsetse and the progeny produced from these females displayed a
cost in longevity and a compromised ability to digest their blood meal. The use of 16S
sequencing has also allowed for the comparison of the relative ages of association with the
tsetse between the different endosymbionts. Aksoy (1995) compared the 16S rDNA pair
differences of the P- and S-endosymbionts of two distantly related tsetse species. The data
revealed that Wigglesworthia strains within the distant hosts had an 82 base pairs
difference in 16S rDNA, S. glossinidius only had 4 base pairs different which indicated that

Wigglesworthia symbiotic association is much older in origin than of Sodalis.

Extreme Genome Reduction in Symbionts

Since the advent of next-generation sequencing, with the release of the 454 Life Sciences
GS20 and Solexa 1G (Schendure 2008), and the advent of rapid bacterial genome
sequencing and annotation, our knowledge of bacterial genome structure and function has
increased dramatically. Similarly, dramatically smaller genomes than were thought possible
have been recovered from insect symbionts, and, in particular, obligate symbionts

(McCutcheon and Moran, 2012).
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Figure 4- Stages of the genome annotation in host-restricted bacteria for which small population sizes result in mutation
fixation. Taken from McCutcheon and Moran (2012)

McCutcheon and Moran (2012) discuss the effects of reduced genome size in the bacterial
symbionts and how they challenge the notion of a minimal genome. They describe a
minimal genome as the ‘gene set that is sufficient for life under nutrient rich and stress-free
conditions’ or ‘gene set required for axenic growth in rich media’. From 2006, drastically
reduced genomes have been recovered by bacterial endosymbionts and were discovered to
have genomes so small that it changed all previous views thought possible; four members of
the Candidiatus genus were found to have genome sizes of less than 300 kb (McCutcheon
and Moran, 2012). Mutualistic bacterial endosymbionts are thought to undergo rapid
genome evolution as they shift towards functional integration with their host (Wernegreen,
2015) and often have distinct phylogenetic lineages. Bacterial endosymbionts such as
Wigglesworthia glossinidia (genome size ~700kb (Haines et al., 2002)) and Buchnera
aphidicola (genome size ~618kb (Van Ham et al, 2003)) share similar roles within their
respective hosts, however, their gene repertoire different in terms of host nutrition and

cellular functions such as replication initiation and DNA repair (Aksoy, 2002) (van Ham et al.,
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2003). Primary symbiotic bacteria are curiously shown to retain genes for the synthesis of
GroES and GroEL, chaperonin molecules that associated with the folding of many proteins. It
is found to account 10% of the protein with B. aphidicola (Poliakov et al., 2011) and is
thought to be the most abundant protein within W. glossinidia (Haines et al., 2002).
Endosymbiotic bacterial genomes tend to be rich in AT base content (Wernegreen, 2015).
There are a couple of models which theorise the reasoning behind this; Muto and Qsawa
(1987) suggest that there is an extreme mutational bias against GC base pairs whereas an
alternative model proposes a selection bias towards the selection of AT due to the lower
associated energy cost and relative abundance of ATP (adenine) within intracellular niches
(Rocha and Danchin, 2002).

There have been various studies to underline the processes behind genome reduction
within endosymbiotic bacteria but underpinning the evolutionary mechanisms has proven
difficult. Some research suggest that it is neutral gene loss as a result of a relaxed selective
pressure within an intracellular niche and bacterial genes that are not actively maintained
during selection will eventually be deleted (Moran and Mira, 2001). Genetic drift is also
often attributed to the gene loss found in microbial endosymbionts (Giovannoni, Cameron
Thrash and Temperton, 2014). Moran and Mira (2001) reconstruct the gene deletion events
that occurred within Buchnera species using comparative 16S rDNA analysis of B. aphidicola
and a larger ancestral genome. They suggest that Buchnera species, soon into the
establishment into the endosymbiotic lifestyle, lost many genes through the fixation of large
deletions, a process which does not fall in line with the principle of graduation genome
reduction through neutral gene loss (Wernegreen, 2011)

To fully understand the driving forces behind endosymbiont evolution, it is practical to study

secondary endosymbionts as their facultative association with their host imply a
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comparatively recent association with their host than the primary counterparts. This would
suggest that S-endosymbionts have undergone less genome degradation and thus can
functionally serve as analogues of P-endosymbionts within the early stages of their host

association.

Why is Sodalis so interesting?

Sodalis glossinidius, the facultative secondary endosymbiont of the tsetse fly, is a key subject
of interest. S. glossinidius was the first and, currently one of the few, insect endosymbionts
to be successfully culture in vitro, initially isolated from Glossina morsitans morsitans (Dale
and Maudlin, 1999) and further characterized by Matthew et al. (2005)

One of the most interesting aspects of S. glossindius is its genomic structure. S. glossinidius
possesses one circular chromosome of approximately 4Mb (Toh et al., 2006). In comparison
to free-living bacteria such as E. coli (4.6Mb) (Serres et al., 2001), the genome size is S.
glossinidius is small, however, not to the extreme extent of obligate endosymbionts such as
W. glossinidia (700kb) (Aksoy, 2002). As, previously discussed, genome reduction is typical of
endosymbiotic relationships, as bacteria transition from free-living existence and start to
become adapted to their host, yet, when compared to the P-endosymbiont Wigglesworthia,
S. glossinidius appears to be in the early stages of its symbiotic relationship with the tsetse.
Despite this, S. glossinidius has a reduced coding capacity of approximately 51%, possessing
only 2,472 protein-coding genes, a trait that is unusual for bacterial genomes. Regarding these
genes, S. glossinidius has retained genes involved in the synthesis of nucleic acids and amino
acids, as well as those associated with transcription, translation and regulatory processes. The
retention of these functions are most likely associated with the endosymbiont’s ability to be
cultured outside of its host (Welburn, Maudlin and Ellis, 1987). Akin to other insect symbionts,

S. glossinidius has started to accumulate pseudogenes. Pseudogenisation is defined as the
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process of gene silencing via one or more deleterious mutations (Goodhead and Darby, 2015).
Sodalis glossinidius possesses approx. 972 pseudogenes, and through hybridisation of its DNA
to gene macroarrays, it was discovered that some of the genes were orthologous to genes in
E. coli involving the metabolism of carbohydrates and inorganic ions, as well as defense
mechanisms. The accumulation of pseudogenes infer the bacteria’s adaptation to the energy-
rich environment of the tsetse due to singular diet of blood (Akman et al.,, 2001).
Accumulation of pseudogenes is an indication of recent adaption of endosymbionts to their
host whereby genes unnecessary for viability within the host are selectively silenced (Darby
and Goodhead, 2015), further suggesting the notion of a recent introduction of S. glossinidius
to the Glossina species.

S. glossinidius is thought to provide benefits similar to an obligate endosymbiont, i.e.
provision of metabolites and vitamins to the tsetse (Douglas, 1989), however, it is also
thought to increase susceptibility of the tsetse fly to trypanosome infection. The exact
mechanism behind this interaction is unknown, it is postulated that the production of N-
acetyl-d-glucosamine by S. glossinidius inhibits the trypanocidal nature of the flies’ midgut

(Farikou et al., 2010).

Laboratory Models of Symbiosis, including Experimental Evolution

Current laboratory models of bacterial symbiosis within insects are currently very limited by
the very nature of the bacterial endosymbionts. Due to the extreme genome reduction
outlined, studies of P-endosymbionts have been generally restricted to genomic and
molecular analysis (Gil and Latorre, 2019). The ability to study endosymbiotic bacteria in
vitro would allow for a better understanding of the molecular mechanisms that underpin

the interaction between insect and microbe however due to the close association of the
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two, P-endosymbionts are generally unamenable to axenic culture within a cell-free
medium. Current laboratory models typically focus on the cultivation and maintenance of
endosymbiotic bacteria with insect cell lines. One notable cell line is that of Aedes albopictus
(Asian tiger mosquito) which has been utilised in the cultivation of Wolbachia pipentis
(O’Neill et al., 1997) and two aphid S-endosymbionts (Darby et al., 2005). Drosophila
melanogaster as both a common laboratory model and host to endosymbiotic bacteria has
also be shown to cultivate Wolbachia pipentis (Andrianova et al., 2010).

There is benefit in the of culture of endosymbiotic bacteria within insect cell lines, namely
the indefinite maintenance of a single taxon under uniform conditions (Darby et al, 2005),
however, the ability to culture bacterial endosymbionts in axenic and cell free culture will
broaden the experimental possibilities available in the research of said symbionts. As
previously mentioned, rapid improvement in and ready availability of sequencing
technology and molecular biology techniques, there has been a significant increase in
knowledge on the genome structure of bacterial symbionts (McCutcheon and Moran, 2012)
and their various effects on host phenotypes (Feldharr, 2011). Conversely, there is limited
research on the phenotypic capabilities of bacterial symbionts and the phenotypic
consequences associated with host-symbiont interactions. The in vitro culture of insect
endosymbionts has the potential to provide a fresh perspective and insight into the
mechanisms that drive host-symbiont interaction that has remained elusive over several
decades.

There has been some successful attempt in recent years to cultivate both primary and
secondary symbionts in cell-free growth medium; Masson et al. (2018) managed to maintain
the in vitro culture of the Spiroplasma poulsonii with an optimized commercial media, two

individual groups respectively cultured S-endyosymbiont Serratica dosymbiotica (Sabri et al.,

17



2011) and Hamiltonella defensa (Brandt et al., 2017) and Dale et al. (2006) isolated in pure
culture Candidatus Arsenophonus Arthopodicus, a secondary endosymbiont of
Pseudolynchia canariensis (hippoboscid louse fly).

Sodalis glossinidius has been selected as the endosymbiotic bacterial model of choice for
the basis of this thesis because its culture dynamics have been previous explored (Matthew
et al, 2006) and S. glossinidius has a related free-living bacterium known as Sodalis
praecaptivus which provides the opportunity for comparison in terms of in vitro viability.
Sodalis praecaptivus is a Gram-negative bacterium, like S. glossinidius, but possesses several
different characteristics. S. praecaptivus possesses a larger genome of 5.16 Mb and does not
possess any traits of genome reduction (Clayton et al., 2012). It remains viable
temperatures up to 37°C and grows aerobically (Chari et al., 2015). Chiari et al. suggests
that S. praecaptivus acted as an evolutionary precursor to the Sodalis-allied lineage of insect

endosymbionts.

Aims and Objectives

This thesis presents Sodalis glossinidius alongside Sodalis praecaptivus as a viable
experimental model of endosymbiotic bacteria in the exploration of their phenotypic
capabilities. The two bacterial species will be investigated via growth dynamics under ten
different laboratory media chosen due to their availability within the laboratory and their
specific properties that were amenable to S. glossinidius growth (Table 1 for list of media),
resistance to oxidative stress, antibiotic resistance and viability in vivo with an experimental
host Galleria mellonella (waxworm), a readily commercially available model organism that is

easy to inoculate and can generate results with a 24-48 hour period ( Kavanagh et al, 2018).
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Methods

Culture of Sodalis glossinidius

Sodalis glossinidius used was cultured from stocks provided from the University of
Liverpool- the strain is GMMB4, originally isolated from Glossina morsitans morsitans. 5ul
loops were used from the stock aliquots (stored at -80°C in 25% v/v glycerol) and streaked
onto Columbia agar plates (Sigma-Aldrich) supplemented with 5% v/v horse blood. The
plates were incubated at 25°C under microaerobic conditions generated by Campygen
Atomsphere Generation 2.5L sachets inside of sealed anaerobic jars for 72-96 hours where
individual colonies became visible. Individual colonies were taken from the blood plates and
inoculated in 5ml of Schneider’s Insect Medium (Sigma-Aldrich) supplemented with 10% v/v
fetal bovine serum and placed into ThermoScientific 15ml falcon tubes and incubated at

25°C for 72 hours.

Culture of Sodalis praecaptivus

Sodalis praecaptivus was cultured from stocks from University of Liverpool- the strain and
isolation origin are unknown. 5ml loops were taken from the stock and streaked onto LB
agar plates. The plates were incubated under normal atmospheric conditions at 25°C for 24
hours where individual colonies were visible. Individual colonies were taken from the LB
agar plate and inoculated in 5ml of LB media in ThermoScientific 15ml falcon tubes and

incubated at 25°C for 24 hours.

Table 1- List of laboratory media used to test the growth dynamics of Sodalis species, their general function and key
components

Laboratory Media Primary Culture Usage Key Components per Litre (if available)
Schneider’s Insect Insect Cell Lines Not Available from Sigma Aldirch
Media
M9 Minimal Salts Escherichia coli 33.9g disodium phosphate, 15g potassium monophosphate, 5g ammonium
Media chloride, 2.5g sodium chloride
Luria-Bertani Broth General bacterial culture | 10g Select Peptone 140, 5g Select Yeast Extract, 5g Sodium Chloride
(LB)
Brain-Heart Infusion Fastidious Pathogens 5g beef heart, 12.5g calf brains, 2.5g disodium hydrogen phosphate, 2g D(+)-
(BHI) Broth glucose, 10g peptone, 5g sodium chloride
Mueller-Hinton Broth Antibiotic Susceptibility 2g beef infusion solids, 17.5g casein hydrolysate, starch 1.5g
Iso-sensitest Broth Antibiotic Susceptibility 11g hydrolysed casein, 3g peptone, 2g glucose, 3g sodium chloride, 1g starch, 2g
disodium hydrogen phosphate,1g sodium acetate
Tryptone Soya Broth Aerobes and Facultative 16g pancreatic digest of casein, 3g enzymatic digest of soya bean, 5g sodium
(TSB) Anaerobes chloride, 2.5g dipotassium hydrogen phosphate, 2.5g glucose
Nutrient Broth General bacterial culture | 1g ‘Lab-Lemco’ powder, 2g yeast extract, 5g peptone, 5g sodium chloride
Malt Extract Broth Mold and yeast 17g malt extract, 3g mycological yeast
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Growth dynamics of S.glossinidius and S.praecaptivus within various laboratory media
Individual colonies were taken from Sodalis glossinidius and S. praecaptivus and inoculated
into 5 ml of ten different culture media (Table 1). 200uL of each inoculum was pipetted into
a 96 well plate with eight replicates for each growth medium. These plates were incubated
at 25°C under normal atmospheric conditions for a seven-day period. Absorbance at 600nm
for the plates and colony forming units were taken using the Miles Misra method (Hedges,

2002) at daily intervals.

Antimicrobial resistance in S.glossinidius and S. praecaptivus

Swabs of liquid culture from S. glossinidius and S. praecaptivus were taken using aseptic
technique and used to form a bacterial lawn on Columbia agar plates supplemented with 5%
v/v horse blood (S. glossinidius) and LB agar plates (S. praecaptivus). An antibiotic disc of
penicillin G (10pg), meropenem (10ug), linezolid (10ug), ceftazidme (30ug) and
sulphamethorazole (25ug) were each placed respectively on the spread plates of
S.glossinidius and S. praecaptivus, 3 replicate plates per antibiotic per bacteria plus a
negative control plate with no antibiotic for each (32 plates in total). These five antibiotics
were chosen as they were readily available in the laboratory and classed as broad-spectrum
antibiotics that are known to act on a wide range of bacteria. The plates were incubated at
25°C under microaerobic conditions with Campygen Atomsphere Generation 2.5L sachets
inside of sealed anaerobic jars for 72 hours. The LB plates were incubated under normal
atmospheric conditions at 25°C for 24 hours. The diameter of inhibitory zones was

measured in millimeters (mm).

Culture dynamics of S. glossinidius and S. praecaptivus under oxidative stress

Schneider’s Insect Medium was supplemented with 30% w/v hydrogen peroxide to create a
1mM stock solution. The stock was serially diluted with Schneider’s Insect Medium to give
the final concentrations of 100uM, 10uM, 1uM and 0.1uM. 4.5ml of each concentration
(including 1mM) was placed into ThermoScientific 15ml falcon tubes. 500uL of liquid S.
glossinidius culture was inoculated into each concentration of hydrogen peroxide and left to
incubate at 25°C over the duration of seven days. OD measurements at 600nm and colony

forming units were counted using the Miles Misra method (Hedges, 2002).
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The above method was repeated for S. praecaptivus.

gPCR Analysis of the effects of oxidative stress in S. glossinidius

Primer design for oxidative stress analysis

Figure 5 and Sodalis glossinidius (strain GMMB4) genome annotation provided by my

supervisor (genome annotation accessed through Artemis genome browser and annotation

tool from the Sanger Institute website) were used to identify genes related to oxidative

stress. Base pair sequences for the target genes were downloaded in FASTA format. Base

pair sequences were inputted into PRIMER3 with the parameters for product size range

of 100-150bp and Tm of 55-60°C. See Table 2 for primer sequences.

Table 2- Primers designed for the study of the effect of oxidative stress on Sodalis glossinidius

Primer Forward/Reverse Product Annealing
Enzyme/Protein Primer Sequence (s)
Name F/R Size (bp) | Temperature (°C)
DNA gyrase A GyrA F GTCTCCGAGGTAAGCATCGT 117 59
R ATCGTCGTCATCGACCTGTT 59
Catalase Catl F CAGGGTAACTGGGATGTGGT 119 59
R GGGGATTTCAGATTCGTCGC 59
Superoxide Dimutase SodA F ACGCTACCTTCCCTGCTTTA 120 59
R CAAGGCGCCATTGGTGTTAT 59
Peroxiredoxin OxyR5 F TATCCGCGACCTCAAGTTGT 120 59
R TTCTCTTCCAGGCGCTGAAT 59
N-acetylglucosamine
1pxC F TGAGGAGCTTAACAGTGCCA 112 59
deacetylase
R GAAATCGAGCGTAAAGCCGT 59

RNA extraction

After day 7, RNA was extracted from three samples of each concentration of hydrogen

peroxide containing Sodalis glossinidius through the Qiagen RNeasy Mini Kit, following the

manufacturer’s instructions. Extracted RNA samples were tested for yield and quantity using

Nanodrop equipment.
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c¢DNA synthesis and qPCR of samples
RNA samples were converted into cDNA using the Qiagen QuantiTect Reverse Transcription

Kit, following the manufacturer’s instructions. The cDNA was then prepped for gPCR via the
Qiagen QuantiTect SYBR Green RT-PCR kit following manufacturer’s instruction based on the

use of the Qiagen Rotor-Gene Q.

Viability of S. glossinidius and S. praecaptivus within Galleria mellonella larva (waxworm)

Galleria mellonella stock (purchased from Amazon) was stored at approximately 4°C in low-
light conditions until required.

OD measurements at 600nm were taken from established liquid cultures of S. glossinidius
and S. praecaptivus and diluted with sterile phosphate-buffered saline (PBS) solution to
make a Iml inoculum of each at an OD of 1.0. 5uL of each respective inoculum was injected
into the right proleg of the waxworm (Harding et al., 2013). This was repeated until there
were 20 worms; 10 of each inoculated with either S. glossinidius or S. praecaptivus. Two
groups of Galleria mellonella were used as negative controls; 10 worms were injected with
PBS solution; 10 worms were not injected. The worms were incubated without food at 25°C
within Petri dishes over 7 days.

Live and dead Galleria larva, as well as larva that had begun to pupate from the two infected
and two control groups were extracted from the Petri dish and homogenized using a pipette
tip within 2ml micro centrifuge tubes containing 1ml sterile PBS solution. The homogenate
was vortexed and 500ul of each homogenate was inoculated into 4.5ml of Schneider’s
Insect Medium and left to incubate for 24 hours at 25°C.

60uL of each sample was used to check for bacterial cell viability via colony forming units via
the Miles Misra method.

DNA was extracted from the samples infected with Sodalis species and both control groups
via the ZymoResearch Quick DNA™ Miniprep Plus Kit, following the manufacturer’s
instruction regarding bacterial cells.

The extracted DNA was then specifically amplified through Polymerase Chain Reaction
(PCR), using a reaction mixture of Bioline Mitag Red and primers to amplify the groEL gene

of Sodalis glossinidius (forward primer 5’- CCA AAG CTA TCG CTC AGG TAG G-3’, reverse
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primer 5’-TTC TTT GCC CAC TTT CGC CAT A-3’, taken from Matthews, PhD thesis, 2005). The
PCR products were then analysed through gel electrophoresis run on a 1.5% v/v agarose gel
and external 16S sequencing. DNA extracted from Sodalis praecaptivus was also sent for
16Ssequencing ( primer sequences: 515FB - 5'-GTG YCA GCM GCC GCG GTA A-3' (Caporaso
etal., 2011; Parada, Needham and Fuhrman, 2016) and 806R - 5'-GGA CTA CNV GGG TWT
CTA AT-3' (Apprill et al., 2015).

Results

Growth dynamics of Sodalis species within various laboratory media
Table 3- Table of OD600 and c.f.u.mlt of Sodalis species within different growth media after 5 days incubation

Media Sch M9 LB BHI MH ISo TSB NB MEB

ODéoo 0.088 0.016 0.021 0.013 0.060 0.010 0.023 0.012 N/A

S. glossinidius (Day 0)

ODéoo 0.266 0.252 0.400 0.344 0.140 0.057 0.359 0.028 N/A

S. glossinidius (Day 5)

cfu. ul? N/A N/A N/A N/A N/A N/A N/A N/A N/A

S. glossinidius (Day 0)

c.fu. pl? N/A N/A N/A N/A N/A N/A N/A N/A N/A

S. glossinidius (Day 5)

ODsoo 0.058 0.062 0.046 0.065 0.056 0.078 0.047 0.630 N/A

S.praecaptivus (Day 0)

ODsoo 2.84 2.93 2.67 2.77 3.04 3.12 2.74 2.56 N/A

S.praecaptivus (Day 5)

cfou. plt 1.2x10% | 1.4x10% | 2.2x10% | 3.3x10% | 6.7x107 | 1.3x10% | 1.6x10% | 7.0x10% | N/A

S.praecaptivus (Day 0)

cfou. plt 45x10° | 3.3x10° | 4.2x10° | N/A 3.8x10° | 1.0x107 | 6.2x107 | 3.5x10° | N/A

S.praecaptivus (Day 5)

From Table 3, both Sodalis species exhibited growth within all laboratory media except for
malt extract broth. The growth of S. glossinidius is slower in comparison to S. praecaptivus
in all media used over the five-day incubation period. From Table 3, it is shown that that
there is no difference in growth based on the optical density measurements between the
different media for either species. Colony forming units were obtained from S. praecaptivus
except from the brain-heart infusion broth and malt extract broth. It was not possible to

obtain colony forming units from S. glossinidius due to culturing issues to be discussed.
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Culture dynamics of Sodalis species under oxidative stress

The gPCR of S. glossinidius showed no quantitative expression of any of the genes selected

for, including the housekeeping gene GyrA.

Optical density measurements and cell viability counts for Sodalis glossinidius were

unavailable due to culturing issues to be discussed.

Antimicrobial susceptibility of Sodalis species

Table 4- Antmicrobial susceptibility data from anitimicrobial disc diffusion assay vs five common antibiotics

Antibiotic

Average Inhibition Zone Diameter (mm)

Average Inhibition Zone Diameter (mm)

Sodalis glossinidius

Sodalis praecaptivus

Penicillin G (10pg) N/A 26
Meropenem (10ug) N/A 51
Linezolid (10ug) N/A 33
Ceftazidme (30ug) N/A 23
Sulphamethoxazole (25ug) N/A 37

Antibiotics are shown to have an effect on Sodalis praecaptivus; it appears to be the most

resistant to penicillin G and the least resistant to meropenem. It was not possible to obtain

antimicrobial resistance data from Sodalis glossinidius due to culturing issues.
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3.4 Viability of Sodalis species within Galleria mellonella

Hyperladder

Figure 5- Gel electrophoresis (1.5% agarose, 5ul gel red) of Galleria mellonella homogenates that were inoculated with
Sodalis glossinidius

Cell viability counts were unable to be obtained from the homogenates of Galleria
mellonella inoculated with Sodalis glossinidius and Sodalis praecaptivus as individual
colonies were not visible for the count. The upper range for colony forming units for both
Sodalis species from the homogenates was ~107 c.f.u. ml™.

Gel electrophoresis was inconclusive, there are no visible bands of DNA, including the
positive control for S. glossinidius and negative water control.

16S sequencing of the samples revealed there was no Sodalis species present within Galleria

mellonella after the week of incubation.
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Sequences for Staphylococcus species and Enterococcus casseliflavus were found in the

samples meant to contain Sodalis glossinidius and Sodalis praecaptivus.
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Discussion

The aim of this thesis was to establish Sodalis glossinidius as a reliable laboratory model of
insect endosymbiosis via comparative phenotypic experimentation involving Sodalis
praecaptivus and ultimately provide the framework for the in vitro study of the other
cultivable endosymbionts. As the result show, not enough data was collected on the
phenotypic capabilities of Sodalis glossinidius due to complications during the project, and
thus it has been not feasible to discuss the difference in phenotypic ability between the two
Sodalis species. Challenges in consistent axenic culture of S. glossinidius have occurred over
the duration of the experiment. One of the largest barriers to progression in this study was
the repeated contamination of bacterial cultures of Sodalis glossinidius with contaminant
species. While there have been some instances of axenic cultivation, the presence of
contaminant species and the lack of competitive characteristics on the part of S. glossinidius
has created several setbacks. Some cultures of S. praecaptivus were also affected. Proper
aseptic technique and increased countermeasures such as implementation of UV light,
utliisation of Class Il laminar flow hood during inoculation and the liberal use of sterilizing
agents such as ethanol and Chemgene on all surfaces, equipment and containers had
minimal impact on the rate of contamination. Possible solutions to this issue would involve
the application of selective media and the use of antibiotics and antifungals through
experimentation as an added precaution against contamination.

There was a lack in consistency in cultivation of S. glossinidius from stock aliquots and
existing cultures within the culture media. During experimentation, S. glosssinidius was
erratic in its growth dynamics; it is well-established that S. glossinidus grows optimally on
agar plates supplemented with blood and under microaerophilic conditions (Matthews et al,

2006), yet on several occasions, S. glossinidius exhibited no growth under these conditions.
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There were similar problems within liquid culture where S. glossinidius struggled to grow in
liquid culture media such as Schneider’s Insect Medium where there had been no prior
issue. A plausible reason to this occurring has been discussed by Sridhar and Steele-
Mortimer (2016). They suggest that there can be inherent variance within growth media,
especially in less chemically defined media can affect bacterial interaction. The exploration
the culture dynamics of Sodalis through inoculation in various media was in the attempt to
understand what key components Sodalis species would require to produce a chemically
defined media suitable for axenic culture. A recent paper utilised in silico modelling and
refinement of a previously published genome metabolic model to generate an entirely
defined growth media dubbed ‘SMG11’ which was reported to cause an endpoint increase
the growth of S. glossinidius (Hall et al., 2019) . Some of the major findings by Hall et al.
(2019) were that S. glossinidius is dependent on N-acetyl-D-glucosamine (GIcNAC) as a
primary carbon source, that the thiamine produced by the tsetse is important in the
production of biomass and L-glutamate is essential in its TCA cycle. SMG11 is comprised of
M9 minimal media supplemented with the aforementioned nutrients alongside others.
Further experimentation involving the use of the aforementioned SMG11 or the generation
of a similar defined media supplemented with GIcNAC, L-glutamate, thiamine and other
essential nutrients specific to S. glossinidius should improve the consistency in which S.
glossinidius can be established and maintained in liquid culture and thus advocate the use
of metabolomics in the generation of tailored growth media for the study of other bacterial
endosymbionts.

In regards to experimental design, the use of Galleria mellonella larva within the experiment
was interesting but in future experimentation, the use of other ex vivo models should be

explored. Galleria mellonella larva are quite frequently used as models for in vivo toxicology
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and pathogenicity of prominent bacterial and fungal human pathogens (Cook and McArthur,
2013). There are several key reasons for the popularity; there are low in cost and
commercially available, they can be inoculated with relative ease and generate results
typically within 24-48 hours (Kavanagh et al., 2018). Galleria mellonella larva, however has
been described as not be suitable for some microbial species. Based on the sequencing
results provided from the inoculated larva, the maintenance of Sodalis species within
Galleria mellonella appears to be not possible, or at the very least, difficult. One possible
explanation for this, in terms of Sodalis glossinidius, is the larva’s lack of an exoskeleton. The
primary carbon source for S. glossinidius is N-acetyl-d-glucosamine (GIcNAc) (Dale and
Welburn, 2001) and it can be obtained by the breakdown of the chitin (polymerized GIcNAC)
within the exoskeleton of the tsetse fly via the enzyme b-N-acetylglucosaminidase (Dale and
Maudlin, 1999).

The use of a model that possesses a chitinous exoskeleton with more similarity to the tsetse
fly should be considered in an expansion of the experiment. The most obvious choice would
be another commonly used model within research, Drosophila melanogaster. The reasons
behind the use of Drosophila melanogaster as a model organism is similar to that of Galleria
mellonella; its care and cultivation within laboratories is not resource intensive, it has a
short generation time (~10 days), and high fecundity and is amenable to genetic
modification (Jennings, 2011).

There has been some investigation into the infection within the midgut of Drosophila with
Sodalis glossinidius (Stevens, unpublished). Stevens found that there was no successful
establishment of Sodalis glossinidius and suggested two plausible barriers to successful
Sodalis infection; the alkalinity of the Drosophila midgut and competitive pressure from the

commensal and transient bacteria within the Drosophila (Buchon, Broderick and Lemaitre,
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2013). The use of axenic Drosophila would be ideal in further experimentation into infection
with Sodalis species (Stevens, unpublished). Another change in the experimental design
would be the use of the microdilution broth method over the disc diffusion assay for
antibiotic susceptibility testing within Sodalis species. The disc diffusion method was
chosen due to the immediate availability within the laboratory and the ease of and set-up.
The disc diffusion assay does provide visual, qualitative data of the effect of antibiotics via
the zone of inhibition. The assay, however, is better suited for clinically relevant bacterial
species. The European Committee on Antimicrobial Susceptibility Testing (EUCAST) database
from which minimum inhibitory concentration (MIC) are ascertained from the diameter of
the zone of inhibition does not have standards for Sodalis species.

Some of the appeal of the broth microdilution method for determining antibiotic
susceptibility is like that of disc diffusion in terms of cost and accessibility. The largest
advantage to this method is the ability to determine MICs quantitatively relative to the
microorganism being studied; this is useful due to the lack of comparative research available
in antibiotic susceptibility of endosymbionts. The broth microdilution method allows for the
testing of multiple antibiotics at a wider range of concentrations that can be easily modified
during experimentation to accurately pinpoint the breakpoint MIC. The other advantage to
microdilution method is the use of microtiter plates; they are more practical in terms of
storage of samples, the generation of replicates and often, the results founds can be
analysed via laboratory equipment (i.e. plate reader).

The discovery of antimicrobial resistant properties of S. glossinidius would be useful in the
determination of a selective marker for positive identification of the bacteria and mitigation
of the contamination issues faced. The potential of antimicrobial resistance expression in S.

glossinidius would be a point for further exploration. S. glossinidius, as previously
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mentioned, is in the process of pseudogene accumulation and genome reduction for
adaptation to its host and as such, it would be unlikely that it would possess active genes for
antimicrobial resistance. S. glossinidius does still possess genes for transcription and
translation and possesses a plasmid (pSG1) which contains homologous regions to that of
conjugative transfer pilus genes (Toh et al.,2006) which implies conjugation is possible.
Horizontal gene transfer is thought to be a leading cause of the increase of antibiotic
resistance (Gyles and Boerlin, 2013). In further experimentation, it would be intriguing to
attempt to confer antibiotic resistance to S. glossinidius via conjugation or transformation
through resistance genes carried on plasmids.

The difficulties associated with the research is highlighted by the challenges in establishing
Sodalis glossinidius in consistent culture, but the experimental design of the project still
holds some merit for innovation in how insect endosymbiont studies will advance and
progress. The ability to understand how Sodalis glossinidius to react to oxidative stress, the
natural defense mechanism of the tsetse fly against infection (Hao, Kasumba and Aksoy,

2003) would give some insight on whether endosymbionts retain the ability to protect
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against their host defenses, and in terms, of paratransgenesis and vector control, defense

mechanisms of other insect species (e.g. Figure 5, in axenic culture).
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Figure 6- Plot of time (x) vs sequencing reads and OD600 (y) for the growth (grey area) of Sodalis glossinidius under no
specific oxidative stress. The plot shows the expression of 7 genes related to activity under oxidative stress, provided by my
supervisor lan Goodhead

The application of using in vivo models such as Galleria mellonella or Drosophila
melanogaster previously mentioned offers the opportunity to explore the concept of
bacterial endosymbiont’s viability — and the associated responses, both from a Sodalis and
host-perspective - as part of vector control strategies for diseases such as HAT.

The core concept behind this thesis is that emphasis into the phenotypic capabilities of
bacterial endosymbionts, especially those have the ability to be culture in vitro, is required
to advance the state of research into insect-bacteria. There are experimental techniques
that are made accessible to the research of insect endosymbionts through the ability to
culture said endosymbionts in vitro. The experimental evolution of bacterial endosymbionts
would provide the ability to further understand their existing phenotypes, but also induce

genomic and phenotypic change in real-time. Experimental evolution is the investigation of
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evolutionary process through an experimental population and the conditions implemented
on said population by the experimenter (Kawecki et al., 2012). Experimental evolution has
been utilised in various studies to understand evolutionary dynamics through the
application of various manipulations to the environment the subject is exposed to, typically
over an extended period. The most notable experimental evolution is the long-term
Escherichia coli evolutionary experiment, spearheaded by Richard Lenski. This still on-going
experiment tracked the genomic and phenotypic changes in 12 identical populations of
asexual E. coli from. Over the duration of the experiment, Lenski and his team observed
several interesting changes within the 12 populations; an increased growth rate in present
populations in comparison to the ancestral strain (Lenski, 2003), a general increase in
fitness from (Wiser, Ribeck and Lenski, 2013) and the ability of one population to grow
aerobically on citrate, a trait previously unseen in E. coli (Blount, Borland and Lenski, 2008).
There has been some research into applying experimental evolution into the study of
animal-microbe interactions. (Gibson et al., 2015) co-evolved Caenorhabditis elegans and
the virulent bacterial parasite Serratia marcescens. They found that after 20 generations of
co-evolution, C. elegans exhibited an increase in fecundity when allowed to exist and evolve
in the presence of each other, leading to a reduction in previously established antagonism
between the two. There have been some studies that utilised experimental evolution to
understand insect-microbe interaction regarding the advantages in immunity granted by
some endosymbionts. One such study explored the three-way interaction between
Drosophila melanogaster, Drosophila C virus and Wolbachia which confers resistance to the
virus to its host (Martinez et al., 2016). They found that after nine generations of selection
(infection of flies that were either harbouring or lacking in Wolbachia with Drosophila C),

while resistance had increased within all populations, the frequency of an allele with effects
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on resistance to Drosophila C was reduced in flies harbouring Wolbachia. This suggested
that defensive endosymbiont presence can lead to a dependence and negatively impact the
evolution of host’s resistance genes (Martinez et al., 2016).

Experimental evolution has been shown to be able the bridge the theoretical predictions
provided by genomic data and empirical testing (Hoang, Morran and Gerardo, 2016) and its
application towards the establishment of Sodalis species as laboratory models of
symbionts would greatly improve our understanding of phenotypic ability of Sodalis species.
The experimental methods described in the thesis (media testing, oxidative stress testing,
antimicrobial susceptibility and viability within an experimental host) can be adapted in line
with experimental evolution. The addition of these and other variables such as pH over a
longer experimental period and across populations of Sodalis species will apply selective
pressure which emulates the conditions experienced by primary and secondary symbionts
within their host both bacterial species in the aim of inducing genomic changes within a
laboratory setting. The successful establishment of this system would serve as a proxy for
the adaptations that symbionts undergo as they move closer to symbiotic living and

congruence with their host.

Conclusion

The in vitro study of the secondary endosymbiont Sodalis glossinidius and its relative,
Sodalis praecaptivus has been difficult but the continuation of research into establishment
of these, or similar, bacterial species as research models is necessary to further the
understanding behind host-bacterial symbiont interactions. The advancement of genomic
and molecular techniques has provided a lot of data in terms of the potential roles of
symbionts and their adaptations to symbiotic existence, however the data presented can be

described as hypothetical in nature. The implementation of phenotypic research through in
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vitro culture of available symbionts through experimental evolution methods alongside
current sequencing strategies will form a better picture and progress our knowledge of

evolutionary mechanisms that underpin host-microbe interaction.

35



Bibliography

Van Den Abbeele, J. and Rotureau, B. (2013) ‘New insights in the interactions between
African trypanosomes and tsetse flies.’, Frontiers in cellular and infection microbiology.
Frontiers Media SA, 3, p. 63. doi: 10.3389/fcimb.2013.00063.

Akman, L., Rio, R. V, Beard, C. B. and Aksoy, S. (2001) ‘Genome size determination and
coding capacity of Sodalis glossinidius, an enteric symbiont of tsetse flies, as revealed by
hybridization to Escherichia coli gene arrays.’, Journal of bacteriology. American Society for
Microbiology, 183(15), pp. 4517-25. doi: 10.1128/JB.183.15.4517-4525.2001.

Aksoy, S. (1995) ‘Molecular analysis of the endosymbionts of tsetse flies: 16S rDNA locus
and over-expression of a chaperonin.’, Insect molecular biology, 4(1), pp. 23-9. Available at:
http://www.ncbi.nlm.nih.gov/pubmed/7538012 (Accessed: 29 March 2019).

Alam, U., Medlock, J., Brelsfoard, C., Pais, R., Lohs, C., Balmand, S., Carnogursky, J., Heddi,
A., Takac, P., Galvani, A. and Aksoy, S. (2011) ‘Wolbachia Symbiont Infections Induce Strong
Cytoplasmic Incompatibility in the Tsetse Fly Glossina morsitans’, PLoS Pathogens. Edited by
D. S. Schneider. Public Library of Science, 7(12), p. €1002415. doi:
10.1371/journal.ppat.1002415.

Andrianova, B. V, Goriacheva, I. |, Aleksandrov, |. D. and Gorelova, T. V (2010)
‘[Establishment of a new continuous cell line of Drosophila melanogaster strain infected by
the intracellular endosymbiotic bacterium Wolbachia pipientis under natural conditions].’,
Genetika, 46(1), pp. 14-7. Available at: http://www.ncbi.nlm.nih.gov/pubmed/20198874
(Accessed: 28 March 2019).

Apprill, A., McNally, S., Parsons, R. and Weber, L. (2015) Minor revision to V4 region SSU
rRNA 806R gene primer greatly increases detection of SAR11 bacterioplankton, Aquatic

Microbial Ecology. doi: 10.3354/ame01753.

36



Baumann, P. (2005) ‘BIOLOGY OF BACTERIOCYTE-ASSOCIATED ENDOSYMBIONTS OF PLANT
SAP-SUCKING INSECTS’, Annual Review of Microbiology, 59(1), pp. 155-189. doi:
10.1146/annurev.micro.59.030804.121041.

Baumann, P., Baumann, L., Lai, C.-Y., Rouhbakhsh, D., Moran, N. A. and Clark, M. A. (1995)
‘Genetics, Physiology, and Evolutionary Relationships of the Genus Buchnera: Intracellular
Symbionts of Aphids’, Annual Review of Microbiology, 49(1), pp. 55-94. doi:
10.1146/annurev.mi.49.100195.000415.

Betelman, K., Caspi-Fluger, A., Shamir, M. and Chiel, E. (2017) ‘Identification and
characterization of bacterial symbionts in three species of filth fly parasitoids’, FEMS
Microbiology Ecology, 93(9). doi: 10.1093/femsec/fix107.

Bing, X., Attardo, G. M., Vigneron, A., Aksoy, E., Scolari, F., Malacrida, A., Weiss, B. L. and
Aksoy, S. (2017) ‘Unravelling the relationship between the tsetse fly and its obligate
symbiont Wigglesworthia : transcriptomic and metabolomic landscapes reveal highly
integrated physiological networks’, Proceedings of the Royal Society B: Biological Sciences,
284(1857), p. 20170360. doi: 10.1098/rspb.2017.0360.

Blount, Z. D., Borland, C. Z. and Lenski, R. E. (2008) ‘Historical contingency and the evolution
of a key innovation in an experimental population of Escherichia coli.’, Proceedings of the
National Academy of Sciences of the United States of America. National Academy of
Sciences, 105(23), pp. 7899-906. doi: 10.1073/pnas.0803151105.

Brandt, J. W., Chevignon, G., Oliver, K. M. and Strand, M. R. (2017) ‘Culture of an aphid
heritable symbiont demonstrates its direct role in defence against parasitoids’, Proceedings
of the Royal Society B: Biological Sciences. The Royal Society, 284(1866), p. 20171925. doi:
10.1098/rspb.2017.1925.

Brun, R., Blum, J., Chappuis, F. and Burri, C. (2010) ‘Human African trypanosomiasis.’, Lancet

37



(London, England). Elsevier, 375(9709), pp. 148—59. doi: 10.1016/50140-6736(09)60829-1.
Buchon, N., Broderick, N. A. and Lemaitre, B. (2013) ‘Gut homeostasis in a microbial world:
insights from Drosophila melanogaster’, Nature Reviews Microbiology. Nature Publishing
Group, 11(9), pp. 615-626. doi: 10.1038/nrmicro3074.

Caporaso, J. G., Lauber, C. L., Walters, W. A,, Berg-Lyons, D., Lozupone, C. A., Turnbaugh, P.
J., Fierer, N. and Knight, R. (2011) ‘Global patterns of 16S rRNA diversity at a depth of
millions of sequences per sample.’, Proceedings of the National Academy of Sciences of the
United States of America. National Academy of Sciences, 108 Suppl 1(Supplement 1), pp.
4516-22. doi: 10.1073/pnas.1000080107.

Chari, A., Oakeson, K. F., Enomoto, S., Jackson, D. G., Fisher, M. A. and Dale, C. (2015)
‘Phenotypic characterization of Sodalis praecaptivus sp. nov., a close non-insect-associated
member of the Sodalis-allied lineage of insect endosymbionts.’, International journal of
systematic and evolutionary microbiology. Microbiology Society, 65(Pt 5), pp. 1400-5. doi:
10.1099/ijs.0.000091.

Cheng, Q. and Aksoy, S. (1999) ‘Tissue tropism, transmission and expression of foreign genes
in vivo in midgut symbionts of tsetse flies.”, Insect molecular biology, 8(1), pp. 125-32.
Available at: http://www.ncbi.nlm.nih.gov/pubmed/9927181 (Accessed: 29 March 2019).
Clark, M. A., Baumann, L. and Baumann, P. (1992) ‘Sequence analysis of an aphid
endosymbiont DNA fragment containingrpoB (B-subunit of RNA polymerase) and portions
ofrplL andrpoC’, Current Microbiology. Springer-Verlag, 25(5), pp. 283—290. doi:
10.1007/BF01575863.

Clark, M. A., Moran, N. A, Baumann, P. and Wernegreen, J. J. (2000) ‘Cospeciation between
bacterial endosymbionts (Buchnera) and a recent radiation of aphids (Uroleucon) and

pitfalls of testing for phylogenetic congruence.’, Evolution; international journal of organic

38



evolution, 54(2), pp. 517-25. Available at: http://www.ncbi.nlm.nih.gov/pubmed/10937228
(Accessed: 29 March 2019).

Clayton, A. L., Oakeson, K. F., Gutin, M., Pontes, A., Dunn, D. M., von Niederhausern, A. C.,
Weiss, R. B., Fisher, M. and Dale, C. (2012) ‘A novel human-infection-derived bacterium
provides insights into the evolutionary origins of mutualistic insect-bacterial symbioses.’,
PLoS genetics. Public Library of Science, 8(11), p. €1002990. doi:
10.1371/journal.pgen.1002990.

Cook, S. M. and McArthur, J. D. (2013) ‘Developing Galleria mellonella as a model host for
human pathogens’, Virulence. Taylor & Francis, 4(5), pp. 350-353. doi: 10.4161/viru.25240.
Dale, C., Beeton, M., Harbison, C., Jones, T. and Pontes, M. (2006) ‘Isolation, Pure Culture,
and Characterization of “Candidatus Arsenophonus arthropodicus,” an Intracellular
Secondary Endosymbiont from the Hippoboscid Louse Fly Pseudolynchia canariensis’, Appl.
Environ. Microbiol. American Society for Microbiology, 72(4), pp. 2997-3004. doi:
10.1128/AEM.72.4.2997-3004.2006.

Dale, C. and Maudlin, I. (1999) ‘Sodalis gen. nov. and Sodalis glossinidius sp. nov., a
microaerophilic secondary endosymbiont of the tsetse fly Glossina morsitans morsitans’,
International Journal of Systematic Bacteriology, 49, pp. 267-275.

Dale, C. and Moran, N. A. (2006) ‘Molecular Interactions between Bacterial Symbionts and
Their Hosts’, Cell, 126(3), pp. 453—465. doi: 10.1016/j.cell.2006.07.014.

Dale, C. and Welburn, S. . (2001) ‘The endosymbionts of tsetse flies: manipulating host—
parasite interactions’, International Journal for Parasitology, 31(5), pp. 628—631. doi:
10.1016/50020-7519(01)00151-5.

Darby, A. C., Chandler, S. M., Welburn, S. C. and Douglas, A. E. (2005) ‘Aphid-symbiotic

bacteria cultured in insect cell lines.’, Applied and environmental microbiology. American

39



Society for Microbiology, 71(8), pp. 4833-9. doi: 10.1128/AEM.71.8.4833-4839.2005.
Davy, S. K., Allemand, D. and Weis, V. M. (2012) ‘Cell biology of cnidarian-dinoflagellate
symbiosis.”, Microbiology and molecular biology reviews : MMBR. American Society for
Microbiology, 76(2), pp. 229-61. doi: 10.1128/MMBR.05014-11.

Doudoumis, V., Blow, F., Saridaki, A., Augustinos, A., Dyer, N. A., Goodhead, I., Solano, P.,
Rayaisse, J.-B., Takac, P., Mekonnen, S., Parker, A. G., Abd-Alla, A. M. M., Darby, A., Bourtzis,
K. and Tsiamis, G. (2017) ‘Challenging the Wigglesworthia, Sodalis, Wolbachia symbiosis
dogma in tsetse flies: Spiroplasma is present in both laboratory and natural populations’,
Scientific Reports, 7(1), p. 4699. doi: 10.1038/s41598-017-04740-3.

Douglas, A. E. (2006) ‘Phloem-sap feeding by animals: problems and solutions’, Journal of
Experimental Botany. Narnia, 57(4), pp. 747-754. doi: 10.1093/jxb/erj067.

DOUGLAS, A. E. (1989) ‘MYCETOCYTE SYMBIOSIS IN INSECTS’, Biological Reviews. Blackwell
Publishing Ltd, 64(4), pp. 409-434. doi: 10.1111/j.1469-185X.1989.tb00682.x.

Farikou, O., Njiokou, F., Mbida Mbida, J. A., Njitchouang, G. R., Djeunga, H. N., Asonganyi, T.,
Simarro, P. P., Cuny, G. and Geiger, A. (2010) ‘Tripartite interactions between tsetse flies,
Sodalis glossinidius and trypanosomes—An epidemiological approach in two historical
human African trypanosomiasis foci in Cameroon’, Infection, Genetics and Evolution, 10(1),
pp. 115-121. doi: 10.1016/j.meegid.2009.10.008.

FELDHAAR, H. (2011) ‘Bacterial symbionts as mediators of ecologically important traits of
insect hosts’, Ecological Entomology. John Wiley & Sons, Ltd (10.1111), 36(5), pp. 533-543.
doi: 10.1111/j.1365-2311.2011.01318.x.

Foster, J., Ganatra, M., Kamal, |., Ware, J., Makarova, K., lvanova, N., Bhattacharyya, A,,
Kapatral, V., Kumar, S., Posfai, J., Vincze, T., Ingram, J., Moran, L., Lapidus, A., Omelchenko,

M., Kyrpides, N., Ghedin, E., Wang, S., Goltsman, E., Joukov, V., Ostrovskaya, O., Tsukerman,

40



K., Mazur, M., Comb, D., Koonin, E. and Slatko, B. (2005) ‘The Wolbachia Genome of Brugia
malayi: Endosymbiont Evolution within a Human Pathogenic Nematode’, PLoS Biology.
Edited by N. A. Moran, 3(4), p. e121. doi: 10.1371/journal.pbio.0030121.

Gage, D. J. (2004) ‘Infection and Invasion of Roots by Symbiotic, Nitrogen-Fixing Rhizobia
during Nodulation of Temperate Legumes’, Microbiology and Molecular Biology Reviews.
American Society for Microbiology (ASM), 68(2), p. 280. doi: 10.1128/MMBR.68.2.280-
300.2004.

Gil, R. and Latorre, A. (2019). Unity Makes Strength: A Review on Mutualistic Symbiosis in
Representative Insect Clades. Life, 9(1), p.21.

Gyles, C. and Boerlin, P. (2013). Horizontally Transferred Genetic Elements and Their Role in
Pathogenesis of Bacterial Disease. Veterinary Pathology, 51(2), pp.328-340.

Gibson, A., Stoy, K., Gelarden, I., Penley, M., Lively, C. and Morran, L. (2015) ‘The evolution
of reduced antagonism — a role for host-parasite coevolution’, Evolution; international
journal of organic evolution. NIH Public Access, 69(11), p. 2820. doi: 10.1111/EV0.12785.
Giovannoni, S. J., Cameron Thrash, J. and Temperton, B. (2014) ‘Implications of streamlining
theory for microbial ecology’, The ISME Journal, 8(8), pp. 1553—1565. doi:
10.1038/ismej.2014.60.

Goodhead, I. and Darby, A. C. (2015) ‘Taking the pseudo out of pseudogenes’, Current
Opinion in Microbiology, 23, pp. 102-109. doi: 10.1016/j.mib.2014.11.012.

Haines, L. R., Haddow, J. D., Aksoy, S., Gooding, R. H. and Pearson, T. W. (2002) ‘The major
protein in the midgut of teneral Glossina morsitans morsitans is a molecular chaperone
from the endosymbiotic bacterium Wigglesworthia glossinidia.’, Insect biochemistry and
molecular biology, 32(11), pp. 1429-38. Available at:

http://www.ncbi.nlm.nih.gov/pubmed/12530210 (Accessed: 28 March 2019).

41



Hall, R. J.,, Flanagan, L. A., Bottery, M. J., Springthorpe, V., Thorpe, S., Darby, A. C., Wood, A.
J. and Thomas, G. H. (2019) ‘A Tale of Three Species: Adaptation of Sodalis glossinidius to
Tsetse Biology, Wigglesworthia Metabolism, and Host Diet’, mBio. American Society for
Microbiology, 10(1), pp. €02106-18. doi: 10.1128/MBI0.02106-18.

van Ham, R. C. H. J., Kamerbeek, J., Palacios, C., Rausell, C., Abascal, F., Bastolla, U.,
Fernandez, J. M., Jiménez, L., Postigo, M., Silva, F. J., Tamames, J., Viguera, E., Latorre, A.,
Valencia, A., Moran, F. and Moya, A. (2003) ‘Reductive genome evolution in Buchnera
aphidicola.’, Proceedings of the National Academy of Sciences of the United States of
America. National Academy of Sciences, 100(2), pp. 581-6. doi: 10.1073/pnas.0235981100.
Hao, Z., Kasumba, I. and Aksoy, S. (2003) ‘Proventriculus (cardia) plays a crucial role in
immunity in tsetse fly (Diptera: Glossinidiae).’, Insect biochemistry and molecular biology,
33(11), pp. 1155-64. Available at: http://www.ncbi.nlm.nih.gov/pubmed/14563366
(Accessed: 20 April 2017).

Harding, C., Schroeder, G., Collins, J. and Frankel, G. (2013). Use of Galleria mellonella as a
Model Organism to Study Legionella pneumophila Infection. Journal of Visualized
Experiments, (81).

Hedges, A. J. (2002) ‘Estimating the precision of serial dilutions and viable bacterial counts’,
International Journal of Food Microbiology. Elsevier, 76(3), pp. 207-214. doi:
10.1016/50168-1605(02)00022-3.

Hirose, E., Panizzi, A. and Prado, S. (2012) ‘Symbionts and Nutrition of Insects’, in Insect
Bioecology and Nutrition for Integrated Pest Management, pp. 145-162. doi:
10.1201/b11713-8.

Hoang, K. L., Morran, L. T. and Gerardo, N. M. (2016) ‘Experimental Evolution as an

Underutilized Tool for Studying Beneficial Animal-Microbe Interactions’, Frontiers in

42



Microbiology. Frontiers, 07, p. 1444. doi: 10.3389/fmicb.2016.01444.

HOCKING, K. S., LAMERTON, J. F. and LEWIS, E. A. (1963) ‘Tsetse-fly control and
eradication.’, Bulletin of the World Health Organization. World Health Organization, 28(5-6),
pp. 811-23. Available at: http://www.ncbi.nlm.nih.gov/pubmed/13963757 (Accessed: 29
March 2019).

IAEA (2018) International Research Project Explores Novel Strategies to Improving the Sterile
Insect Technique to Eradicate Tsetse Flies Through Enhancing Males Refractoriness to
Trypanosome Infection. Available at: https://www.iaea.org/newscenter/news/international-
research-project-explores-novel-strategies-to-improving-the-sterile-insect-technique-to-
eradicate-tsetse-flies-through-enhancing-males-refractoriness-to-trypanosome-infection
(Accessed: 11 March 2019).

Jennings, B. H. (2011) ‘Drosophila — a versatile model in biology &amp; medicine’, Materials
Today. Elsevier, 14(5), pp. 190-195. doi: 10.1016/51369-7021(11)70113-4.

Jin, C., Ren, X. and Rasgon, J. L. (2009) ‘The virulent Wolbachia strain wMelPop efficiently
establishes somatic infections in the malaria vector Anopheles gambiae.’, Applied and
environmental microbiology. American Society for Microbiology (ASM), 75(10), pp. 3373—-6.
doi: 10.1128/AEM.00207-09.

Kavanagh, K., Sheehan, G., Kavanagh, K. and Sheehan, G. (2018) ‘The Use of Galleria
mellonella Larvae to Identify Novel Antimicrobial Agents against Fungal Species of Medical
Interest’, Journal of Fungi. Multidisciplinary Digital Publishing Institute, 4(3), p. 113. doi:
10.3390/jof4030113.

Kawecki, T. J., Lenski, R. E., Ebert, D., Hollis, B., Olivieri, I. and Whitlock, M. C. (2012)
‘Experimental evolution’, Trends in Ecology & Evolution, 27(10), pp. 547-560. doi:

10.1016/j.tree.2012.06.001.

43



Kennedy, P. G. (2013) ‘Clinical features, diagnosis, and treatment of human African
trypanosomiasis (sleeping sickness)’, The Lancet Neurology, 12(2), pp. 186—194. doi:
10.1016/51474-4422(12)70296-X.

Kuepfer, I., Hhary, E., Allan, M., Edielu, A., Burri, C. and Blum, J. (2011). Clinical Presentation
of T.b. rhodesiense Sleeping Sickness in Second Stage Patients from Tanzania and

Uganda. PLoS Neglected Tropical Diseases, 5(3), p.e968.

Leak, S. G. A. (1999) Tsetse biology and ecology : their role in the epidemiology and control
of trypanosomosis. Oxon; New York: CABI Publishing in association with International
Livestock Research Institute.

Lenski, R. E. (2003) ‘Phenotypic and Genomic Evolution during a 20,000-Generation
Experiment with the Bacterium Escherichia coli’, in Plant Breeding Reviews. Oxford, UK:
John Wiley & Sons, Inc., pp. 225-265. doi: 10.1002/9780470650288.ch8.

Maij, D., Wielbo, J., Marek-Kozaczuk, M. and Skorupska, A. (2010) ‘Response to flavonoids as
a factor influencing competitiveness and symbiotic activity of Rhizobium leguminosarum’,
Microbiological Research. Urban & Fischer, 165(1), pp. 50—60. doi:
10.1016/J.MICRES.2008.06.002.

Martin, B. and Schwab, E. (2012) Symbiosis: ‘Living together’ in Chaos, Studies in history of
biology.

Martinez, J., Cogni, R., Cao, C., Smith, S., Illingworth, C. J. R. and Jiggins, F. M. (2016)
‘Addicted? Reduced host resistance in populations with defensive symbionts’, Proceedings
of the Royal Society B: Biological Sciences. The Royal Society, 283(1833), p. 20160778. doi:
10.1098/rspb.2016.0778.

Masson, F., Calderon Copete, S., Schiipfer, F., Garcia-Arraez, G. and Lemaitre, B. (2018) ‘In

Vitro Culture of the Insect Endosymbiont Spiroplasma poulsonii Highlights Bacterial Genes

44



Involved in Host-Symbiont Interaction.’, mBio. American Society for Microbiology, 9(2), pp.
€00024-18. doi: 10.1128/mBi0.00024-18.

Matthew, C. Z., Darby, A. C., Young, S. A., Hume, L. H. and Welburn, S. C. (2005) The rapid
isolation and growth dynamics of the tsetse symbiont Sodalis glossinidius, FEMS
Microbiology Letters. doi: 10.1016/j.femsle.2005.05.024.

McCutcheon, J. P. and Moran, N. A. (2012) ‘Extreme genome reduction in symbiotic
bacteria’, Nature Reviews Microbiology. Nature Publishing Group, 10(1), pp. 13—26. doi:
10.1038/nrmicro2670.

Michalkova, V., Benoit, J. B., Weiss, B. L., Attardo, G. M. and Aksoy, S. (2014) ‘Vitamin B ¢
Generated by Obligate Symbionts Is Critical for Maintaining Proline Homeostasis and
Fecundity in Tsetse Flies’, Applied and Environmental Microbiology. Edited by H. L. Drake,
80(18), pp. 5844-5853. doi: 10.1128/AEM.01150-14.

Moran, N. A. and Mira, A. (2001) ‘The process of genome shrinkage in the obligate symbiont
Buchnera aphidicola.’, Genome biology. BioMed Central, 2(12), p. RESEARCH0054. Available
at: http://www.ncbi.nlm.nih.gov/pubmed/11790257 (Accessed: 28 March 2019).
Muscatine, L. and Porter, J. W. (1977) ‘Reef Corals: Mutualistic Symbioses Adapted to
Nutrient-Poor Environments’, BioScience. Narnia, 27(7), pp. 454-460. doi:
10.2307/1297526.

Muto, A. and Osawa, S. (1987) ‘The guanine and cytosine content of genomic DNA and
bacterial evolution.’, Proceedings of the National Academy of Sciences of the United States
of America, 84(1), pp. 166-9. Available at: http://www.ncbi.nlm.nih.gov/pubmed/3467347
(Accessed: 29 March 2019).

O’Neill, S. L., Pettigrew, M. M., Sinkins, S. P., Braig, H. R., Andreadis, T. G. and Tesh, R. B.

(1997) ‘In vitro cultivation of Wolbachia pipientis in an Aedes albopictus cell line.’, Insect

45



molecular biology, 6(1), pp. 33-9. Available at:
http://www.ncbi.nlm.nih.gov/pubmed/9013253 (Accessed: 28 March 2019).

Oliver, K. M., Campos, J., Moran, N. A. and Hunter, M. S. (2008) ‘Population dynamics of
defensive symbionts in aphids’, Proceedings of the Royal Society B: Biological Sciences,
275(1632), pp. 293-299. doi: 10.1098/rspb.2007.1192.

Oliver, K. M., Moran, N. A. and Hunter, M. S. (2005) ‘Variation in resistance to parasitism in
aphids is due to symbionts not host genotype’, Proceedings of the National Academy of
Sciences. National Academy of Sciences, 102(36), pp. 12795-12800. doi:
10.1073/PNAS.0506131102.

Pais, R., Lohs, C., Wu, Y., Wang, J. and Aksoy, S. (2008) ‘The Obligate Mutualist
Wigglesworthia glossinidia Influences Reproduction, Digestion, and Immunity Processes of
Its Host, the Tsetse Fly’, Applied and Environmental Microbiology, 74(19), pp. 5965-5974.
doi: 10.1128/AEM.00741-08.

Parada, A. E., Needham, D. M. and Fuhrman, J. A. (2016) ‘Every base matters: assessing
small subunit rRNA primers for marine microbiomes with mock communities, time series
and global field samples’, Environmental Microbiology, 18(5), pp. 1403—1414. doi:
10.1111/1462-2920.13023.

Poliakov, A., Russell, C. W., Ponnala, L., Hoops, H. J., Sun, Q., Douglas, A. E. and van Wijk, K.
J. (2011) ‘Large-Scale Label-Free Quantitative Proteomics of the Pea aphid- Buchnera
Symbiosis’, Molecular & Cellular Proteomics, 10(6), p. M110.007039. doi:
10.1074/mcp.M110.007039.

Rocha, E. P. C. and Danchin, A. (2002) ‘Base composition bias might result from competition
for metabolic resources’, Trends in Genetics, 18(6), pp. 291-294. doi: 10.1016/50168-

9525(02)02690-2.

46



Sabri, A., Leroy, P., Haubruge, E., Hance, T., Frere, I., Destain, J. and Thonart, P. (2011)
‘Isolation, pure culture and characterization of Serratia symbiotica sp. nov., the R-type of
secondary endosymbiont of the black bean aphid Aphis fabae’, INTERNATIONAL JOURNAL
OF SYSTEMATIC AND EVOLUTIONARY MICROBIOLOGY, 61(9), pp. 2081-2088. doi:
10.1099/ijs.0.024133-0.

Serres, M. H., Gopal, S., Nahum, L. A., Liang, P., Gaasterland, T. and Riley, M. (2001) ‘A
functional update of the Escherichia coli K-12 genome’, Genome Biology. BioMed Central,
2(9), p. research0035.1. Available at:
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC56896/ (Accessed: 29 March 2019).
Simarro, P. P., Diarra, A., Ruiz Postigo, J. A., Franco, J. R. and Jannin, J. G. (2011) ‘The Human
African Trypanosomiasis Control and Surveillance Programme of the World Health
Organization 2000—-2009: The Way Forward’, PLoS Neglected Tropical Diseases. Edited by S.
Aksoy. Public Library of Science, 5(2), p. €1007. doi: 10.1371/journal.pntd.0001007.

Sloan, D. and Moran, N. (2012). Genome Reduction and Co-evolution between the Primary
and Secondary Bacterial Symbionts of Psyllids. Molecular Biology and Evolution, 29(12),
pp.3781-3792.

Sridhar, S. and Steele-Mortimer, O. (2016) ‘Inherent Variability of Growth Media Impacts
the Ability of Salmonella Typhimurium to Interact with Host Cells’, PLOS ONE. Edited by R. G.
Gerlach. Public Library of Science, 11(6), p. €0157043. doi: 10.1371/journal.pone.0157043.
Stevens, P. (no date) A Model for Tsetse Symbiont Interactions.

Taylor, M. J., Makunde, W. H., McGarry, H. F., Turner, J. D., Mand, S. and Hoerauf, A. (2005)
‘Macrofilaricidal activity after doxycycline treatment of Wuchereria bancrofti: a double-
blind, randomised placebo-controlled trial’, The Lancet. Elsevier, 365(9477), pp. 2116—2121.

doi: 10.1016/5S0140-6736(05)66591-9.

47



Toh, H., Weiss, B. L., Perkin, S. A. H., Yamashita, A., Oshima, K., Hattori, M. and Aksoy, S.
(2006) ‘Massive genome erosion and functional adaptations provide insights into the
symbiotic lifestyle of Sodalis glossinidius in the tsetse host.”, Genome research. Cold Spring
Harbor Laboratory Press, 16(2), pp. 149-56. doi: 10.1101/gr.4106106.

Weiss, B. L., Wang, J. and Aksoy, S. (2011) ‘Tsetse Immune System Maturation Requires the
Presence of Obligate Symbionts in Larvae’, PLoS Biology. Edited by D. S. Schneider, 9(5), p.
€1000619. doi: 10.1371/journal.pbio.1000619.

Welburn, S. C., Maudlin, I. and Ellis, D. S. (1987) ‘In vitro cultivation of rickettsia-like-
organisms from Glossina spp.’, Annals of tropical medicine and parasitology, 81(3), pp. 331—
5. Available at: http://www.ncbi.nlm.nih.gov/pubmed/3662675 (Accessed: 22 April 2017).
Wellcome Trust (2012) Developing the ‘Atlas of Human Infectious Diseases’. Available at:
https://blog.wellcome.ac.uk/2012/03/01/developing-the-atlas-of-human-infectious-
diseases/ (Accessed: 10 March 2017).

Wernegreen, J. J. (2004) ‘Endosymbiosis: Lessons in Conflict Resolution’, PLoS Biology. Public
Library of Science, 2(3), p. €68. doi: 10.1371/journal.pbio.0020068.

Wernegreen, J. J. (2011) ‘Reduced Selective Constraint in Endosymbionts: Elevation in
Radical Amino Acid Replacements Occurs Genome-Wide’, PLoS ONE. Edited by S.-H. Shiu,
6(12), p. €28905. doi: 10.1371/journal.pone.0028905.

Wernegreen, J. (2012). Strategies of Genomic Integration Within Insect-Bacterial
Mutualisms. The Biological Bulletin, 223(1), pp.112-122.

Wernegreen, J. J. (2015) ‘Endosymbiont evolution: predictions from theory and surprises
from genomes.’, Annals of the New York Academy of Sciences. NIH Public Access, 1360(1),
pp. 16-35. doi: 10.1111/nyas.12740.

Werren, J. H. (1997) ‘BIOLOGY OF WOLBACHIA’, Annual Review of Entomology, 42(1), pp.

48



587-609. doi: 10.1146/annurev.ento.42.1.587.

Wiser, M. J., Ribeck, N. and Lenski, R. E. (2013) ‘Long-Term Dynamics of Adaptation in
Asexual Populations’, Science, 342(6164). Available at:
http://science.sciencemag.org/content/342/6164/1364 (Accessed: 22 April 2017).
Wooldridge, S. A. (2010) ‘Is the coral-algae symbiosis really “mutually beneficial” for the
partners?’, BioEssays, 32(7), pp. 615—625. doi: 10.1002/bies.200900182.

Zepeda-Paulo, F., Ortiz-Martinez, S., Silva, A. X. and Lavandero, B. (2018) ‘Low bacterial
community diversity in two introduced aphid pests revealed with 16S rRNA amplicon

sequencing.’, PeerlJ. Peer), Inc, 6, p. e4725. doi: 10.7717/peerj.4725.

49



