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Abstract
Introduction

Trichomonas vaginalis (T. vaginalis) is a single-celled eukaryotic parasite and excavate
protist. The genome of T. vaginalis was fully sequenced in 2007 and this has presented an
opportunity to study various features of its genome such as introns/exons, transposable
elements etc. However, while the structure of its genome has been studied by a number of
research groups, the codon usage and genomic bias of this organism has not had a
significant amount of research dedicated to it. This study attempted to look in more detail
at the codons of the organism with regards to selection, bias and usage as well as the
structure and evolutionary factors that may be affecting these preferences. As well as this,
the organism’s genome was studied using current methods and resources to determine if
the existing understanding of T. vaginalis’s genome structure are accurate.

Methodology

The original genome dataset for T. vaginalis was analysed in order to verify its gene content
as well as identify which genes were truly coding, after which the optimal codons were
determined and their bias analysed using codonW in the coding genes and transposable
elements. An analysis of mutation pressure was also performed by determining the ratio of
coding GC3s to non-coding GC’s in genes with high and weak expression levels, as well as a
phylogenetic analysis on the candidate genes for adenosine deaminase acting on tRNA
(ADAT) to determine if these genes are present and actively transcribed.

Results and Conclusions

Many of the genes may potentially be false positives due to their lack of functional domains
and failure to fall into a recognised KOG category. As well as this, the overall GC3
distribution was low, likely due to the AT bias of the organism’s genome. The candidate
optimal codons were also identified and matched most of the corresponding tRNAs in both
the coding and full gene datasets. The few exceptions may potentially be the result of the
deamination of adenosine in their corresponding tRNAs. This is evidence that natural
selection is having an influence on the selection of OCs in T. vaginalis and is consistent with
mutation/drift overriding the selection of many of the codons in the dataset, skewing them
towards AT, and contributing to the AT bias of the T. vaginalis genome. The optimal codon
frequency (Fop) in the coding genes was higher in their domain regions, suggesting that
selection operates at the level of translational accuracy. In the phylogenetic analysis, ADAT1
gene phylogeny and tree topology matched the expected species phylogeny, while the
ADAT2 and 3 phylogenies only did so after adding an outgroup of prokaryote tRNA TadA
genes. This suggests that these genes are the true ADAT genes and implies that the
deamination of adenosine may indeed be occurring in the tRNAs and influencing the
selection of OCs. The analysis of mutation pressure also indicated that mutation pressure
may have an influence on codon usage as there was a statistically significant difference
between coding GC3s and non-coding GC content. As well as this, the Fop analysis of the
domain and non-domain regions, also suggests that selection operates at the level of
translational accuracy. With regards to the transposable elements, while overall, they
showed no relationship between GC3s and Fop, when separated into their respective
families, the LTR retrotransposons alone displayed a positive relationship. This indicates that
the retrotransposons do select for optimal codons, but the other transposons do not.
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1.0 Introduction
1.1 DNA, RNA and amino acid selection: a brief history of the genetic code

Deoxyribose nucleic acid (DNA) is a molecule that is comprised of two molecular chains of
nucleic acids, or nucleotides which are coiled around one another to form a helix. These
nucleotides are the organic molecules which code for the amino acids that form the proteins
that make up the cells of an organism and perform the various functions essential to that
organism’s survival. DNA, as a molecule, was first isolated by Friedrich Miescher, a Swiss
physician in 1869, and was dubbed nuclein, due to it being found within the nucleus of cells
(Dahm, 2008). Later in 1878, Albrecht Kossel discovered that nuclein (DNA) contained a non-
protein component, which was then isolated, along with its 5 primary nucleobases and
dubbed nucleic acid (Jones, 1953). However, the full structural components of DNA were
not fully characterised until 1929, when Phoebus Levene, who also discovered and isolated
the sugar, base and phosphate nucleotides in ribonucleic acid (RNA) twenty years prior
(Levene and Jacobs, 1909), discovered that DNA also consisted of a ribose sugar, however
unlike RNA this sugar was deoxygenated and thus dubbed deoxyribose. Levene later
proposed the tetranucleotide hypothesis, which suggested that DNA might consist of a
series of 4 units, (which were dubbed nucleotides), that were strung together through their
phosphate groups to form a series of bases that formed a short chain that repeated in a
fixed order (Cohen and Portugal, 1974). Even during these early days of nucleic acid
research there were some suggestions of the existence of a molecule that was the basis for
all the proteins and structures that form an organism, most notably in 1927, when Nikolai
Koltsov proposed the existence of a large, hereditary molecule that consisted of 2 strands
that mirror one another, containing all the information for the hereditary traits seen
between family groups, and which replicate in a semi-conservative manner, with each
strand using the other as a template (Koltzoff, 1928).

While understanding the structure of DNA provided the first evidence that this was
potentially the molecule Koltsov had proposed, the first evidence that DNA contains genetic
information came as a result of an experiment performed by Frederick Griffith in 1928,
where he demonstrated that traits that were associated with the smooth form of
Pneumococcus could be ‘passed on’ or transferred to the rough form of the organism when
killed smooth bacteria were mixed with living rough bacteria (Griffith, 1928; Lorenz and
Wackernagel, 1994). The results of this experiment suggested that traits from one organism
were being incorporated by another of the same species via a molecular transfer of
information, suggesting that there is a molecular mechanism behind the traits seen in
organisms and Griffith suggested that DNA was the molecule that facilitated this transfer of
information (Griffith, 1928). For much of the early twentieth century it was thought that
RNA was only present in plants and DNA, only present in animals, with DNA being
predominantly involved in buffering the pH of the cell nucleus. Later, in 1937, the first
diffraction patterns were produced of DNA which demonstrated that it had a regular
structure similar to the structure proposed by Koltsov in 1927, and in 1943, the Avery,
MacLeod and McCarty experiment demonstrated that DNA was the molecule that facilitated
the bacterial transformation seen by Griffiths in 1928 and thus held the genetic information
of an organism, rather than proteins as had been initially assumed (Avery et al, 1944). In
1952, this was confirmed by Hershey and Chase, who demonstrated that DNA was the
genetic material for the enterobacteria phage T2 and then later in 1953, James Watson and
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Francis Crick identified the full structure of DNA and determined that the molecule formed a
double helix consisting of two deoxyribose molecules that were antiparallel, wrapped
around one another (Watson and Crick, 1953).

Later research by Crick and his co-workers demonstrated that the genetic code is comprised
of a series of non-overlapping trinucleotide bases called codons, and in 1961 Nirenberg and
Matthaei were able to characterise and demonstrate the function of a codon with regards
to amino acid synthesis by translating an RNA sequence consisting of only triplets of the
nucleotide uracil in vitro and discovering that the polypeptide that was synthesised
consisted of only phenylalanine. They thus concluded that the nucleotide base ‘UUU’ codes
for the amino acid phenylalanine exclusively (Nirenberg and Matthaei, 1961). Most of the
further codons and their corresponding amino acids were characterised by Gardner et al,
throughout the 1960’s following a series of similar experiments, with the final genetic code
being fully characterised by Har Gobind Khorana (Sakmar, 2012). At the time, only 2 forms
of RNA were fully characterised ribosomal RNA (rRNA) and messenger RNA (mRNA), but
later in 1965, Holley et al, were able to determine the structure and demonstrate the
activity of the third form of RNA, transfer RNA (tRNA), which acted as an adapter molecule
between the mRNA and the amino acids that form proteins during the process of
translation, and helped to fully characterise the process of protein synthesis from DNA being
transcribed into mRNA and that mRNA binding to a tRNA molecule that mirrors the mRNA
molecule and acts as an adapter for the amino acids that form the protein.

1.2 Codon usage bias: selection or mutation?

Despite there being only 20 amino acids (with a few rare organisms possessing a 215t
selenocysteine amino acid) there exist 64 different potential codons that make up the
genetic code. This disparity between potential codons and the quantity of amino acid that
make up proteins gives the genetic code a great deal of redundancy, allowing a number of
amino acids to be encoded by more than one potential codon, suggesting a large degree of
degeneracy within the genome. However, while initially this degeneracy would appear to
suggest a certain lack of specificity with regards to which codons an organism uses for
certain amino acids, researchers have found that in many organisms a pattern of codon
usage exists, with many organisms displaying a ‘bias’ towards some codons for an amino
acid over others, with these codons being dubbed ‘optimal codons’ (lkemura, 1985).
However, while most organisms do demonstrate a bias towards some codons over others, it
is not universal to all organisms, as which codons an organism prefers varies from one
species to another. As well as this there are some organisms, particularly those which have a
slow rate of growth (Dong et al, 1996), where codon bias would appear to be absent, for
example Helicobacter pylori, a prokaryote which displays little if any bias with regards to its
codon usage (Atherton, Sharp and Lafay, 2000).

How and why these biases arise, while well established in some species, in most others is
unknown, as there are a multitude of different potential factors and mechanisms that have
been demonstrated to have an influence on bias, and which has the greater influence varies
from one species to another. However, the current consensus is that, at least in the case of
translational optimisation, there is a general balance between mutational bias and natural
selection (Crow and Kimura, 1970; Crow and Pogson, 2013). While it has been suggested
that codon usage bias may have influenced tRNA evolution and vice versa, with codons that
have a high frequency throughout the genome driving up the expression of their
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corresponding tRNAs, potentially as a result of selection (Saint-Léger et al, 2016), the
experimental evidence to support this is limited. One interpretation as to why codon usage
bias exists is that the optimal codons help improve the rate as well as accuracy of
translation. As a result, it is expected that translational selection is stronger in genes that
are highly expressed and as a result, should also be stronger in organisms that have a faster
rate of growth compared to those with a slower rate of growth, such as Helicobacter pylori
(Atherton, Sharp and Lafay, 2000; Sharp, Emery and Zeng, 2010). In those organisms, it
would appear that codon preference is instead influenced by mutational bias (Atherton,
Sharp and Lafay, 2000). Over the years a number of other potential factors outside of gene
expression level have been proposed that appear to influence codon usage bias, such as
guanine — cytosine (GC) content/skew due to mutation pressure, amino acid conservation,
RNA stability etc (Mclnerny, 1998).

While the mechanisms behind codon usage bias and why it evolved remain controversial,
there are two prevailing theories that offer a potential explanation. The first is the
selectionist theory, which postulates that codon bias contributes to the efficiency and/or
accuracy of protein expression and therefore undergoes positive selection. Which may
explain why more frequent codons tend to be recognised by more abundant tRNA
molecules, as well as the correlation between the availability of optimal codons, tRNA
expression levels and gene copy number (GCN) (Sharp et al, 1993). However, while the rate
at which amino acids are incorporated in more frequent codons is much higher than that of
rarer codons, codon frequency has not been shown to directly influence the rate of
translation and therefore, there is likely no direct advantage to having a bias towards more
abundant codons (Hershberg and Petrov, 2009). However, there are some potential indirect
advantages, such as an increase in the cellular concentration of free ribosomes as well as an
increase in translational elongation which, in turn, may provide an increase in the initiation
rate for mRNAs (Sharp et al, 1993; Hershberg and Petrov, 2009).

The other prevailing theory is the mutational bias theory, which posits that codon bias exists
as a result of the non-random pattern of mutation within the genomes of certain organisms,
as some codons have been shown to undergo more changes than others which results in
them displaying lower equilibrium frequencies i.e. they become rarer (Sharp et al, 1993;
Hershberg and Petrov, 2009). Mutation bias has been shown to vary from one organism to
another and there is growing evidence that the level of GC content throughout the
organism’s genome is the primary parameter that explains the differences between the
various organisms with regards to mutation bias (Hershberg and Petrov, 2009). This model
tends to argue against selective forces acting on the coding regions of DNA, instead
proposing that the codons that are more abundant and thus used more frequently, are the
result of these codons displaying a low mutation rate compared to the rarer codons,
resulting in them displaying higher equilibrium frequencies (Hershberg and Petrov, 2009).
However, this theory still cannot explain why optimal codons are recognised by tRNAs that
tend to be more abundant (Dong et al 1996), as this should not be influenced by mutation
rate or the equilibrium frequencies of the optimal codons. As well as this, the model does
not account for the tendency of selection coefficients, that have been associated with
optimal codons, to be quite small. This potentially results in mutation pressure and genetic
drift overwhelming selection with regard to codon usage in organisms with relatively small
effective population sizes (dos Reiss & Wernisch, 2008). While both models explain some of
the observations seen by researchers over the years with regards to codon usage bias, they
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don’t individually provide a complete explanation for why codon usage bias exists. As such,
another model for codon usage bias was adopted more recently that balanced the existing
evidence for the two theories, “the mutation-selection-drift balance model”, which suggests
that selection favours the optimal codons over those codons that are rarer, however, the
rarer codons persist due to a combination of genetic drift and mutation pressure. It also
suggests that selection is generally weak, but scales with the expression level as well as the
functional constraints of the organisms coding sequences (Hershberg and Petrov, 2009).

1.3 Trichomonas vaginalis: unlocking an unusual genome

T. vaginalis is a single-celled eukaryote and the primary causative agent of the sexually
transmitted infection (STI) trichomoniasis in humans, a disease which affects both males
and females and is one of the most prevalent sexually transmitted infections that is curable
in the world (Rowley et al, 2019; Harp and Chowdhury, 2011). While the molecular aspects
of the disease’s pathogenicity have been explored in great detail for a number of years,
there has been little progress with regards to understanding the genome of the organism
itself until quite recently. This has been largely attributed to a number of recent
developments in genomic analysis techniques and technology which have in turn helped
enhance the understanding of T. vaginalis and its genome, most notably the advent of
advanced gene sequencing technologies and their ever-increasing cost effectiveness and
level of accuracy. These endeavours as well as the advent of databases such as the TrichDB
genome database (Aurrecoechea et al, 2008) have contributed a great deal to the
understanding of T. vaginalis’s genome structure and expression. The most notable
development however, was the complete sequencing of the T. vaginalis genome by Carlton
et al (2007), who determined that, while it had a fairly large genome for a single-celled
eukaryote (approximately 160Mb), the gene annotations suggested that there are over
60,000 potential genes (~3X more genes than the human genome) (Carlton et al, 2013; Harp
and Chowdhury, 2011). However, this large genome size was later attributed to gene
duplication events throughout T. vaginalis’s genome, causing it to largely consist of
pseudogenes and non-coding RNAs which also contributed to its repetitive nature (Woehle
et al, 2014).

Over the years since the sequencing of the T. vaginalis genome an effort has been made to
study and characterise the numerous genes and coding regions within the genome of the
organism (Woehle et al, 2014; Smith and Johhnson, 2011; Conrad et al, 2012). However,
there have been a number of difficulties researchers have faced when trying to study its
genome, most notably its highly repetitive nature (Carlton et al, 2007; Carlton et al, 2013),
which makes accurate sequencing difficult resulting in some regions with several gaps
throughout. There are a number of potential factors that could be influencing this repetition
in the organism’s genome, for example the gene duplication events that comprise the
majority of the genome as outlined by Woehle et al (2014). One other potential factor is the
large number of transposable elements that are present throughout the T. vaginalis
genome, which may also be one of the potential factors influencing the genomes bias
towards adenine (A) and thymine (T) as opposed to guanine (G) and cytosine (C) nucleotides
(Conrad et al, 2013).

1.4 Codon usage statistics and gene expression

Determining which genes primarily form part of T. vaginalis’s exome requires the
identification of genomic regions that possess characteristics that have been associated with

8
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actively transcribed genes in other eukaryotes, which can be done using a gene annotation
server such as the EggNOG gene annotation server (Huerta-Cepas et al, 2019), a new
resource which allows the rapid and accurate identification of features and regions that are
homologous with those found in genes that are actively transcribed in other
eukaryotes/organisms. These key features are then used by the server to group the
sequences into specific categories known as COG (clustered orthologous group) or, in the
case of eukaryotes, KOG (eukaryotic orthologous group) categories (Tatusov et al, 2000;
Tatusov et al, 2003; Novoa et al, 2019). One other characteristic that could potentially
indicate that these genes may be actively transcribed is a high level of G or C nucleotides at
synonymous third positions or GC3s, as these have also been identified as a potential
candidate feature of protein coding regions in the genome of other organisms (Elhaik and
Tatarinova, 2012); however, which nucleotides are preferred at synonymous sites can also
be influenced by other factors, such as mutation pressure and the organisms effective
population size (Epstein et al, 2000; Hershberg and Petrov, 2009). These GC3s can be
analysed and determined in a number of ways but are most often done using CodonW
(Peden, 1999), a program that allows the analysis of the content of genes to determine the
presence of a number of key features including GC3s. However, a high GC3 level on its own
does not indicate a gene is protein coding as there a number of organisms that have
relatively low GC3s (Grosjean et al, 1996); which may be true for T. vaginalis as well due to
its genome’s bias towards AT (Meade et al, 1997). Many of the new resources that have
become available for genome analysis would provide a good method of determining if the
original genome analysis by Carlton et al (2007) was accurate, whether the gene content of
T. vaginalis’s genome is truly as large as the original analysis would suggest and whether
these genes all possess the features that are associated with coding regions in other
eukaryotes and group together as expected.

While all organisms tend to use all potential codons to some degree throughout their
genome during transcription, many organisms have been shown to demonstrate a
preference for one or two particular codons over others (lkemura, 1981). There are a
number of methods to determine which codons an organism prefers to use, however, not
all organisms and not all genes within organisms have a bias towards certain codons. It must
therefore be determined whether a bias exists and the most commonly used method of
determining this is to measure the organism’s effective gene codon number (Nc). This is a
measure of whether the codons in an organism’s genome are used equally or if certain
codons are preferred over others. The values for Nc tend to range from a minimum of 20,
indicating that there is a strong bias towards specific codons, to a maximum value of 61,
indicating all codons are used equally and there is little or no preference (Wright, 1990).

There are two primary methods of identifying the candidate optimal codons for a particular
genome: in the absence of expression data, a correspondence analysis can be performed
where each codon is placed on one of 3 axes, with the first axis being used to explain the
majority of the overall variation between genes (and thus representing a high degree of
bias), those genes which have an overall higher frequency at the more biased end of the axis
(position one) are considered to be optimal (Peden, 1999; Takeia, 2016). This method is not
ideal as the optimal codons generated must also correlate with the gene’s expression level
to be considered genuine. The other more accurate and reliable method is to analyse the
codon usage statistics in genes based on expression level, however, this requires existing
expression data for that organism’s genome. Once these candidate optimal codons have
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been determined, their frequency throughout the genome or within particular genes (Fop)
can be determined (lkemura, 1981; Drummond and Wilke, 2008). The frequency throughout
the genome is another measure of bias, with a range from 1.0 (indicating that the candidate
codons are used exclusively) to 0.0 (indicating that these codons are not used at all)
(lkemura, 1981).

1.5 Potential factors influencing T. vaginalis codon usage: accuracy and efficiency

Not all organisms demonstrate selection at the level of codon usage, as there are several
that do not have optimal codons or use codons fairly evenly, particularly those that have
fairly slow growth rates such as H. pylori (Atherton, Sharp and Lafay, 2000). Those that do
however, tend to select these optimal codons based on both efficiency and accuracy such as
in the case of E. coli and S. cerevisiae (Gingold and Pilpel, 2011). While all genes in these
organisms demonstrate both forms of selection, this is not universal across the whole
genome, as in some genes selection for one can be stronger than the other (Gingold and
Pilpel, 2011) and in the case of T. vaginalis, this has not been fully determined. As well as
this, the heavy AT bias of its genome (Conrad et al, 2013) may potentially have an influence
on accuracy and efficiency with regards to the selection of optimal codons. However, most
organisms tend to prioritise accuracy in order to reduce their genomes evolutionary rate,
often possessing a number of mechanisms to resist or control this as mistranslation can
have a significant constraint on the viability of the resulting proteins, and thus the
organism’s survival in that environment (Drummond and Wilke, 2008).

However, while accuracy during translation is important as it ensures the correct protein is
produced and that said protein is able to function correctly, with the genome possessing a
number of mechanisms to ensure this (Steiner and Ibba, 2019; Gingold and Pipel, 2011;
Drummond and Wilke, 2008), the genome also requires efficiency during translation, as it
ensures that the correct protein can be translated quickly and efficiently when needed.
Codon usage in some organisms such, as E. coli, have been shown to influence this as when
the availability of the tRNA for a codon that is biased in particular genes with a high
expression level (and is therefore more abundant) is reduced in favour of its less optimal
counterparts, it results in a reduction in translational efficiency across the genome, but
particularly within genes that are highly expressed, which in turn results in a reduction in
the cellular fitness of the organism (Frumkin et al, 2018). This suggests that genes with a
high expression level and codon usage bias also rely on translational efficiency and, more
significantly, that the codon usage bias of these genes has an influence on the translational
efficiency across the whole proteome (Frumkin et al, 2018).

While maintaining a balance of efficiency and accuracy is important, they are not prioritised
equally in all genes or genomes. Some genes and some organisms prioritise accuracy while
others appear to prioritise efficiency or a balance between the two (Gingold and Pilpel,
2011). In the case of T. vaginalis, this has never been fully determined, however, research
into a number of trypanosomatids by Horn (2008) demonstrated a strong relationship
between selection of optimal codons at the level of translation and the expression of key
proteins. This may be true for T. vaginalis as well, however, a more extensive analysis is
necessary to fully determine whether this is the case.

10



Mathew Lowe U1655916@pgr.hud.ac.uk 09/12/2020

1.6 Codon usage bias in the transposable elements

Transposable elements are DNA sequences which have the capability of altering their
position within a particular genome, a phenomenon known as transposition (McClintock,
1950), and in doing so, generate a number of effects such as reversing (and sometime
generating) particular mutations in the region to which they transpose, altering the genetic
identity of a cell as well as duplicating genetic material resulting in an increase in the size of
the organism’s genome (Bourque et al, 2018). The percentage of an organism’s genome that
consists of Transposable elements can vary from one species to another with some, like
maize having approximately 90% of their genome consist of transposable elements
(McClintock, 1950), while the human genome only consists of 66-69% transposable
elements (de Koning et al, 2011). While transposable elements are generally considered
‘selfish’ i.e. they are capable of enhancing their own transmission even at the expense of
other genes or genetic elements in the genome, even if this has a negative impact on the
fitness of the organism or wastes genomic resources with no positive gain (Werren, Nur and
Wu, 1988), there are many transposable elements that play an important role in both
genome function as well as evolution.

Many organisms’ genomes consist predominantly of transposable elements, and T. vaginalis
is no exception as approximately 60% of its genome is comprised of transposable elements,
which may account for the repetitiveness of its genomes (Conrad et al, 2013). There has
been a large effort in recent years to analyse transposable elements in single-celled
organismes, particularly single-celled eukaryotes such as the study by Jiang and Govers
(2006) which found that the long tandem repeat (LTR) retrotransposon transposable
element families in the stremenopile genus Phytophthora displayed a bias towards codons
that were GC-ending and mirrored the genes present in the host sequence, with similar
results found by Southworth et al (2019) in choanoflagellate S. rosetta, which also showed
evidence for selection at the level of codon usage in the LTR retrotransposons. As well as
this, both Southworth et al (2019) and Jiang and Govers (2006) revealed that the
transposable elements which had the highest copy-number (indicating greater success
during transposition) also had the highest degree of codon usage bias, similar to how the
genes with the highest expression levels in an organism’s genome also demonstrate the
strongest codon usage bias (Hershberg and Petrov, 2009). While transposable elements are
widespread throughout the T. vaginalis genome and have been associated with its strong AT
bias and repetition (Conrad et al, 2013), whether there is evidence for selection in the
codons of the transposable elements has yet to be determined. This therefore presents an
opportunity to study another aspect of T. vaginalis’s genome and, in particular, to
determine whether these transposable elements also demonstrate codon bias similar to
what has been observed in other organisms, and as transposable elements are believed to
be the primary contributing factor influencing the AT bias of the T. vaginalis genome, it is
also possible that they may play a potential role in influence the codon usage bias of T.
vaginalis.

1.7 Determining the codon usage and bias of Trichomonas vaginalis

The first attempt at studying the codon usage of T. vaginalis was by Mclnerny (1997), who
proposed that there was evidence for bias with regards to the selection of optimal codons in
T. vaginalis and identified several potential candidate optimal codons. However, the dataset
used in the study was limited as the genome of T. vaginalis had not yet been fully
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sequenced. The full genome of T. vaginalis was sequenced by Carlton et al (2007), yet
despite this and despite trichomoniasis being one of the most prevalent and widespread
sexually transmitted infections in the world (WHO, 2008), its codon usage and bias have not
been fully characterised since Mclnerny’s (1997) original analysis. As well as this, despite
single-celled species making up the vast majority of the genomic diversity seen within the
eukaryotic phyla, there has been little if any attempt at determining their codon usage and
bias (as most research is heavily focussed on either bacterial cells, multi-cellular organisms
or fungi). Given the large number of advances in DNA and genome analysis in the decades
since then, now is an opportune time to perform a more extensive codon analysis of the
organism than that performed by Mclnerny (1997), this time using the, now fully
sequenced, genome of T. vaginalis to determine if the codons proposed by Mclnerny were
truly optimal. To that end, this study attempted determine any trends in the newly
sequenced genome by generating an Nc plot and investigating them. Following this, an
attempt was made to fully characterise the optimal codons of the organism and compare
them to those optimal codons proposed by Mclnerny (1997).

Another potential factor that may influence codon usage is the deamination of adenosine by
adenosine deaminase. However, it is unclear whether this mechanism (which predominantly
favours C-ending codons) is still required in a genome with such a strong AT bias. In order to
determine if the genes that encode one group of enzymes responsible for this are still
present, a phylogenetic analysis was performed on the candidate genes for adenosine
deaminase acting on tRNA (ADAT) alongside the ADAT genes of a number of other
organisms to determine if they were genuine. As well as this, a series of other analyses was
performed on the codons to determine to determine whether there was evidence for
selection for optimal codons at the level of translational accuracy and efficiency as well as
whether mutation pressure has an influence on codon usage. As a number of other
organisms have demonstrated evidence for codon usage bias in a number of their
transposable elements, and the AT bias in T. vaginalis has been attributed to the high
number of transposable elements in its genome (Conrad et al, 2013), an analysis was also
performed on the transposable elements in T. vaginalis to determine if they also
demonstrate this bias. Through these analyses, a greater and more comprehensive
understanding can be made of the nature of codon usage within T. vaginalis, as well as add
insight into the codon usage of eukaryotes, in particular eukaryotic parasites, and the
potential factors that may influence codon usage in their genome.
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2.0 Materials and methods
2.1 Genome filtering

Initially the full T. vaginalis coding sequence (CDS) was downloaded from the TrichDB
website v46 (Aurrecoechea et al, 2008) and, using the codonW genome analysis program
v1.4.2 (Peden, 1999), GC3 and effective codon number (Nc) values were calculated. Results
were then used to separate outliers with GC3 scores above 0.6 from the initial CDS dataset
and work out the standard deviation (SD) as well as averages for both GC3 values and N,
which were then used to work out the distribution. A series of scatter plots of GC3 vs Nc as
well as Nc vs GC3 were then generated and a distribution curve for the data superimposed
over them so that the results could be visualised. A further curve visualising the distribution
under no selection was also superimposed to aid in the interpretation of the data (Wright,
1990). The graphs were then used to identify genes with GC3 scores above 0.6 which then
had their FASTA sequences extracted and run through the EggNOG gene annotation server
v5.0.0 (Huerta-Cepas et al, 2019), in order to determine if they possess any functional
domains which could suggest that the gene is functional and therefore potentially protein
coding. The genes were then BLASTed (Basic Local Alignment Search Tool — a tool developed
by the National Centre for Biotechnology Information (NCBI) in 1991 that automates the
alignment, comparison and annotation of gene sequences to determine if they share any
similarities with recognised genes sequences from other organisms within their genome
database and are therefore potentially genuine) to determine if they are indeed non-coding
before removing them from the dataset. The tRNA genes for T. vaginalis were then
downloaded from the TrichDB and uploaded to EggNOG in order to identify which were the
most abundant; the results were then compared to Mclnerny’s (1997) predicted OCs.

The full CDS was uploaded to EggNOG after separating sequences into smaller groups (as
HMMR gene mapper will only accept <5000 sequences at a time) and gene annotation was
attempted in order to identify coding sequences which correspond to a recognised KOG
category and separate them from the non-coding sequences, without a recognised KOG
category. After an initial failed attempt, due to the presence of a number of sequences
containing strings of ‘NNN’ (indicating unknown nucleotide), sequences with unknown
nucleotides were removed and mapping attempted again. Gene sequences were then
separated based on their KOG category and genes with either a KOG category of ‘S’
(indicating unknown function) or no KOG category at all were BLASTed using the NCBI gene
database to determine if they correspond to any recognised proteins. The remaining genes
with a recognised KOG category (KOG*) were separated from the main dataset and
sequences without a recognised KOG category (KOG’) were uploaded to NCBI in groups of
10,000 and BLASTed using BLASTn, in order to determine if they possessed any functional
domains or had any orthologues among the other taxa. Those that lacked either of these
were determined to be potentially non-coding and excluded.

2.2 Determining optimal codons, frequency and selection

KOG* genes were then inserted into codonW in order to calculate their GC3 and Nc values.
Results were then inserted into Excel where their SD, average and distribution were
calculated and compared to the full dataset. Sequence read archive (SRA) data from NCBI
along with the original coding genes were used to generate sequence read data which was
then inserted into SMALT in order to determine the number of reads per gene CDS and the
results were then inserted into and visualised using TABLET v1.19.09.03 (Milne et al, 2013).
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The resulting data was then inserted into Excel where read number was divided by
sequence length in order to determine the normalised expression level for each gene. The
genes were then ordered by expression level and the top 5% with the highest expression
level and the bottom 5% with the lowest expression level were isolated and extracted using
SeqTK v1.3. Genes were then run through codonW v1.4.2 (Peden, 1999) in order to
determine if any sequences end in a partial codon, and if they did they were trimmed back
to avoid frameshifting the dataset. The top and bottom 5% genes were then run through
codonW v1.4.2 (Peden, 1999) again in order to extract the BLK files (image/graphics type
files produced as a by-product of all codonW analyses, that contain the number of copies of
each codon present in that dataset as well as the RSCU values for each codon) which are
then inserted into Excel in order to determine which codons were predicted to be optimal
(determined by analysing which codon had a higher RSCU and frequency in the highly
expressed compared to weakly expressed genes at 1% significance). A Chi®> was then
performed on all predicted OCs in order to determine the level of significance and the
results were compared to the major tRNAs (as the tRNA anticodons have a specific codon to
which they bind during translation and if the predicted optimal codons match those in the
tRNAs this is evidence for them being genuine) as well as Mclnerny’s (1997) predicted
optimal codons. The results were then compared to the predicted optimal codons from the
full dataset.

A correspondence analysis (CoA) was performed on the coding as well as full dataset using
codonW v1.4.2 (Peden, 1999), and the results from the ‘CoA’ output file (which places each
codon into one of three potential categories: 1 (rare), 2 (normal) or 3 (optimal)) that
returned a value of 3 from this analysis were compared to the predicted optimal codons in
both the coding and full datasets to determine if they match. In an effort to determine
which sequences were enriched for OCs, the gene names for all the KOG+ genes were
extracted and, using seqTK v1.3, had their names linked to their corresponding gene
sequence before running each category sequence file through codonW v1.4.2 (Peden, 1999)
where their Nc, GC3 and Fop were determined. In order to investigate if there is evidence
for selection for translational accuracy in the optimal codons, the top 100 genes from the
KOG+ dataset with the highest expression level, had their sequences extracted and checked
on the NCBI website to determine if they returned any annotations indicating whether they
possessed any functional domains. Those that did had their sequences translated to protein
using ExPASy (Swiss Institute of Bioinformatics) and the domain region extracted from the
rest of the sequence. Non-domain regions were then concatenated and both the domain
and non-domain sequences were uploaded into codonW v1.4.2 (Peden, 1999) where a Fop
analysis was performed to determine if Fop was higher in the domain regions (which would
potentially be evidence for selection based on translational accuracy in these genes).

2.3 Phylogenetic analysis of adenosine deaminases acting on tRNA (ADAT)

An attempt was made to identify if T. vaginalis possessed any ADAT genes by searching
NCBI, and extracting protein sequences and BLASTing them using BLASTp on the NCBI
genome database under five other distantly related organisms: Homo sapiens (Metazoa),
Drosophila melanogaster (Metazoa), Arabidopsis thaliana (Streptophyta), Emiliania huxleyi
(Haptophyta) and Ectocarpus siliculossus (stramenopiles). The relationship and percentage
similarity to each organism was analysed in order to determine if the three provisional T.
vaginalis ADAT genes were genuine. A series of multiple sequence alignments were
generated for these ADAT genes using Multiple Alignment with Fast Fourier Transform
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(MAFFT) (Katoh, 2002; Madeira et al, 2019), with ADAT1 being aligned separately from
ADAT2 and 3, which were aligned together in order to see if they formed monophyletic
groups. These alignments were then run through the XSEDE supercomputer on the
Cyberinfrastructure for Phylogenetic Research (CIPRES) gene alignment server v3.3 (Miller,
Pfeiffer & Schwartz, 2011) for a maximum of 12 hours using the L-INS-I alignment program
(as there are <200 sequences and this program is more accurate with smaller datasets). This
generated an alignment file (FASTA format), which was reformatted using Notepad++ v6.5.1
into the Nexus and Phylip alignment formats. The Nexus alignment was run through the
MrBayes Bayesian phylogenetic inference program v3.2.7a (Huelsenbeck & Ronquist, 2001;
Ronquist & Huelsenbeck, 2003; Ronquist et al, 2012) for 96 hours and 5,000,000
generations, using a mixed amino acid rate matrix, a burnin value of 1,250 and a sampling
frequency of 1000. The results were then visualised using Figtree v1.4.4 (Rambout, 2009).
Bootstrap values were determined by performing a maximum likelihood analysis on the
phylogeny using the Phylip file, the Randomised Axelerated Maximum Likelihood (RAXML)
program v8.2.12 (Stamatakis, 2014) and the XSEDE supercomputer on the CIPRES gene
annotation server for 96 hours, using the DAYHOFF protein substitution matrix and 1,000
bootstrap iterations. The bootstrap values as well as posterior probabilities allow the nodes
to be evaluated.

In order to improve the alignments, a number of additional species were added to the
phylogeny and the identity of the ADAT genes were redetermined, this time by identifying
them using the Homo sapiens ADAT gene sequences and BLASTing these sequences against
T. vaginalis on the NCBI genome database. The resulting ADAT gene sequences were then
used to identify corresponding sequences in Fonticula alba (a nuclearioid amoeba, that was
an opisthokont as well as part of the Holomycota along with S. cerevisiae) as well as 20
other organisms from a range of different taxa (fig 2.1) which were then added to the
original dataset. However, further organisms were required to refine the results, and thus
the following organisms were added to the dataset: Leptomonas seymouri (Discoba),
Leptomonas pyrrhocoris (Discoba), Tritrichomonas foetus (Metamonada), Paramecium
tetraurelia (SAR) and Angomonas deanei (Discoba). As well as this, in order to improve the
tree topology of the ADAT1 phylogeny and to determine whether the ADAT1 genes for T.
vaginalis are monophyletic as expected, the ADAR gene from H. sapiens were added (as
these are paralogues and could act as an outgroup) and used as a root. In order to improve
the tree topology in the ADAT2 and 3 phylogenies as well as determine whether they too
are monophyletic, the two datasets were combined and re-rooted using the TAD genes from
the following bacteria: Mycobacterium tuberculosis, Escherichia coli, Shigella spp,
Citrobacter rodentium and Rhodococcus quingshengii.
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Salpingoeca . Paramecium Leishmania
Chondrus crispus . .
rosetta tetraurelia major
Capsaspora Acanthamoeba Tetrahymena Trypanosoma
owczarzaki castellanii . thermophila cruzi
Glycine max —
Sphaeroforma Thecamonas Albugo Giardia
arctica trahens laibachii lamblia
Saccharomyces Dictyostelium Phaeodactylum
cerevisiae discoideum | cpjamydomonas | tricornutum Naegleria
. reinhardtii Thalassiosira gruberi
Fonticula alba
pseudonana

Fig 2.1: Additional organisms added to phylogeny in order to improve the accuracy of results and better
display the evolutionary relationships between the different ADAT genes.

2.4 The influence of mutation pressure on codon usage bias

An attempt was also made to determine whether there is evidence for mutation pressure
influencing the frequency of optimal codons in T. vaginalis. This was done by extracting the
top and bottom 100 genes, based on expression level, in the T. vaginalis coding gene
dataset and extracting the flanking DNA sequence 200bp upstream and downstream of the
CDS, ensuring that part of another gene was not also extracted. This was determined by
examining the image for each of the genomic region for each gene on NCBI to see if there
are any gene coding regions for neighbouring genes within each 200bp region either side of
the gene being analysed; if any of the DNA in the regions flanking the CDS of each gene
corresponded with another gene, that gene was excluded. Once the flanking DNA had been
extracted, they were concatenated and the genes were then separated into their
corresponding dataset (top or bottom 100). These datasets were then converted to FASTA
format and inserted into codonW v1.4.2 (Peden, 1999) where their GC content was
analysed.

The resulting data then had a t-test performed on it with an a value of 0.5 in order to
determine the statistical significance of the results. As well as this, a box and whisker plot of
the two datasets was also generated in order to observe the distribution as well as visualise
the differences between the two. Due to this analysis being fairly crude, and localised
variation in GC content potentially having an influence on the results, the GC3 expression
levels of the coding region of the DNA were plotted against the GC content of the non-
coding regions either side of the DNA in the top 100, bottom 100 and combined coding and
non-coding datasets. After this a scatter graph was produced for each so that the
relationship between the coding and non-coding regions could be determined. A positive
relationship would suggest that the variation in GC3s could, to some degree, be attributed
to local mutation pressure. In order to further characterise this, the same analysis was
performed on the 100 genes with mid-expression and the GC content results were then
compared to the top and bottom 100 gene dataset to determine if there is any significant
variation in the GC content of their non-coding regions. A one-way ANOVA analysis was
performed on the combined top, mid and bottom 100 gene datasets comparing non-coding
GC content in order to determine if there was a statistically significant difference between
the GC content of the 3 datasets.
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2.5 Codon usage in the transposable elements of T. vaginalis

NCBI was searched for transposase sequences by searching for T. vaginalis transposase and
the resulting sequences were downloaded as both proteins and nucleotides. The SMALT
DNA mapping and alignment tool v0.7.4 (Genome Research Ltd, 2010) was then used to
map the number of reads for each sequence, which was then divided by the sequence
length in order to normalise the expression level of each transposase sequence. The
nucleotide sequence for each transposase was then inserted into the protein repeat masker
server (repeatmasker.org) in order to identify which transposon protein group each
sequence falls into, and then grouped into their corresponding transposable element
family/superfamily. The sequences of each group were then loaded into codonW v1.4.2
(Peden, 1999) and, using the original T. vaginalis CoA file, had their optimal codon
frequency (Fop) determined. A scatter plot of Fop against expression level for each group
was then generated in order to determine if the frequency of optimal codons increased with
expression level, which would suggest that selection of optimal codons does occur in the
transposable elements and would be evidence for selection at the level of translational
efficiency.

In order to identify if any of the transposase sequences contained any conserved domains
the sequences for each protein group were BLASTed using NCBI. Those that did had their
domain and non-domain regions isolated from the sequence and concatenated before both
being inserted into codonW v1.4.2 (Peden, 1999) where their Fop was analysed to
determine if the optimal codons identified earlier appeared more frequently in the domain
regions or the non-domain regions of the sequence. Following this, the results were
compared for each group and analysed statistically to determine their significance.
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3.0 Results
3.1 GC3s, Nc and tRNA genes

The full genome of T. vaginalis from the TrichDB v46 (Aurrecoechea et al, 2008) had a total
of 95,100 annotated genes and the results from the Nc distribution (fig 3.1) are in line with
past research suggesting that the full annotated gene dataset has a strong bias towards AT
as the distribution curve indicates that most genes have a GC3 score below 0.5. The overall
average for GC3s in the dataset was 0.29 with a standard deviation of 0.09, and the overall
average for Nc was 43.70 with a standard deviation of 5.82. This remained true even when
the outliers with a GC3 score above 0.6 were removed (fig 3.2) (determined to be outliers as
when uploaded to EggNOG they produced few if any results, which was likely due to not
possessing any functional domains).

Nc Distribution Plot for T. vaginalis
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Figure 3.1: distribution plot for T. vaginalis demonstrating Nc distribution in relation to GC3.
overall distribution for T. vaginalis = L Nc distribution under no selection according to Wright
(1990) =[1

Nc Distribution plot T. vaginalis Full (removed outliers)
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Figure 3.2: Nc distribution plot for T. vaginalis after removal of outliers with GC3 scores above 0.6.
Nc distribution under no selection according to Wright (1990) = [
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The results of the tRNA amino acid analysis all matched the predicted optimal codons
suggested by Mclnerny, 1997, with the amino acids that possess multiple potential optimal
codons and their codon preferences outlined in table 3.1. All other amino acids possessed
only a single potential optimal codon, with the exception of glutamine (Q) and lysine (K),
both of whom had only two potential optimal codons.

tRNA Analysis Results - Predicted Optimal Codons (OC) in Multiple Codon Amino Acids (AA)

Number of Number of Most Abundant Total in tRNA
AA tRNA Genes Potential Codon Genes % Frequency

Identified Codons (Anticodon)
Ala 28 3 AGC (GCU) 19 67.86
Arg 30 5 ACG (CGU) 16 51.61
Glu 38 2 TTC (GAA) 24 63.16
Gly 28 3 GCC (GGCQ) 18 62.07
lle 30 2 GAT (AUC) 20 66.6
Leu 37 5 AAG (CUU) 19 51.3
Phe 17 2 GAA (UUC) 15 88.24
Pro 16 3 CCA (TGG) 11 68.76
Ser 30 6 AGA (UCU) 12 40.0
Thr 25 3 TGT (ACA) 18 72.0
Val 25 3 GAC (GUCQ) 21 84.0

Table 3.1: Predicted optimal codons in multiple codon amino acids. Provides total number of tRNA
genes identified for each amino acid as well as which codon/anticodon for each amino acid has the
largest number of tRNA genes associated with it and its percentage frequency in relation to the
other potential codons for that amino acid.

3.2 Genome filtering and identifying the true coding genes of T. vaginalis

The results from EggNOG Mapper2, indicated that only approximately 45,000 of the genes
in the database could be categorised into any functional classes, suggesting that more than
half the genes in the TrichDB may not be genuine genes for T. vaginalis. After removing
those genes that had a KOG category of ‘S’ (indicating unknown function), only 13,422 genes
remained. The genes with no KOG category returned no results after being BLASTed on
NCBI; as for those with a category of ‘S, all returned with the same result “partial mRNA,
hypothetical protein”, with some having extremely low query coverage and percentage
identity and almost all being incomplete on both ends, while the 13,422 genes, that were
suspected to be the coding genes for T. vaginalis, all corresponded to a recognised
sequence or protein.

The Nc and GC3 analysis of the KOG* genes required the removal of 14 sequences as
codonW v1.4.2 (Peden, 1999) was unable to produce any Nc values for them which later,
after BLASTing, was determined to be due to these sequences being incomplete and 5 at the
end being transposable elements (potentially resulting in them lacking degeneracy groups,
thereby preventing Nc values from being determined). However, a new Nc plot was
ultimately generated and then compared to the full dataset as outlined in fig 3.3. The results
of this analysis demonstrated a clear reduction in the overall distribution of the data as well
as a fairly significant shift towards GC compared to the full dataset. As well as this, unlike
the full dataset were the overall average for GC3 was 0.29, the KOG™* dataset’s average was
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0.40. This suggests that while an AT bias still exists within the KOG* genes, it is considerably
weaker compared to the full original gene dataset.

Nc Distribution T. vaginalis KOG* Genes Nc Distribution T. vaginalis: KOG* vs. Full
o 2t Y g -

038 1 0 0.2 0.4 0.6 08
GC3s GC3s

Figure 3.3: GC3 distribution plot for T. vaginalis KOG* genes (left) and combined with original full
dataset (right). Nc distribution under no selection according to Wright (1990) =

3.3 Identifying potential optimal codons

The optimal codon analysis of the major tRNAs (table 3.3) and the analysis of the top and
bottom 5% of the KOG* genes, based on expression level (table 3.2), was able to identify the
potential candidate OCs. When compared to the major tRNAs, the majority of the OCs in the
top 5% matched those anticodons with the highest frequency, with some exceptions, such
as aspartic acid, (which only had had one anticodon (GUC) in the major tRNA dataset, but
the analysis of the top and bottom 5% indicated that GAU was the primary optimal codon
rather than GAC) and valine (where GUC was the anticodon with the highest frequency in
the tRNAs, but the analysis of the top and bottom 5% suggested that GUU was also an
optimal codon, despite there being no AAC anticodon in the major tRNAs). Aspartic acid in
particular also had the weakest p-value when the Chi? was performed, being only 0.0178 as
opposed to all the other amino acids whose p-value was <0.0001, indicating that it likely
does not have any true optimal codons.

While most amino acids had only a single potential optimal codon (based on their frequency
in the top 5% coding dataset), some such as alanine, glycine, leucine, arginine, serine and
valine possessed multiple potential optimal codons. After performing a further Chi? analysis
on these additional codons, they were determined to also potentially be optimal. However,
while the majority of amino acids primary OCs matched the predicted OCs from the major
tRNAs there were some exceptions, namely leucine and serine, whose predicted OC in the
major tRNAs was instead determined to likely be a secondary OC when analysing the top
and bottom 5% gene dataset. As well as this, one of alanine’s OC GCC as well as arginine’s
OC AGA, had no anticodon in the major tRNAs despite having a high frequency in the top 5%
of the KOG* genes (as well as the bottom 5% in arginine’s case).
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KOG* Gene Analysis: Top and Bottom 5%

Frequency

Chi?

958.119

Frequency

GCG |004| 091 | p=<0.0001
- 889.805
UGu | 0.2 0.85 | p=<0.0001
- 39.105 ccu | 027 o087 4588.922
e |logall mec p=0.0178 ccc | 0.06| 0.42 | p=<0.0001
ccG | 0.09| 0.99
- 0.815
GAG | 0.75]| 077 p = 0.3666
F ps_lzg'gzgl CGA | 0.05 0.3 933.024
; CGG | 0.02]| 006 | p=<0.0001
Uuu |025| 127 AGA |132]| 284 1496.215
AGG |015| 0383 = <0.0001
2L AGC | 038 | o044 31.013
G GGU |155| 1.59 - - ‘
87 450 ucu | 157| 159 | p=<0.0001
GGA |057| 127 o= ('0 e UCA |155| 155 321.775
GGG |001| 033 ’ ucG |009| 071 | p=<0.0001
. 1172.230 ACU | 039]| o081 1047.852
o |l - p = <0.0001 ACC | 0.26| 0.14 | p=<0.0001
ACG | 0.05| 054
AUU [083| 136 | p=<0.0001 GUA |019]| 094 2056.905
AUA | 0.08| 068 GUG | 0.03| 048 | p=<0.0001
10788.820
UGG 1 1
p = <0.0001
! 4547.030
607.515 P =<0.0001
CUA |006| 082 b = <0.0001
CUG |004]| 031

Table 3.2: Summary of results of optimal codon frequency analysis and Chi? of top and bottom 5%
of T. vaginalis KOG* genes based on expression level. OC 1 [], OC 2 [], OC 3 [=]
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Anticodon Frequency in the Major tRNA’s

! Number of . Number of
Anticodons  oun cones LY. Anticodons tRNA Genes
AGC 15
A CGC 2 M AUG 22
UGC T
C GCA 16 N GUU 17
AGG 3
D GUC 26 P CGG 2
UGG 11
E cuc 14 Q CUG 9
UucC 24 UuG 9
ACG 16
AAA 2 CCG 2
F R CCU 4
UCG 1
GAA 15 UCU 3
CCC 3 AU 2
AGA 12
CGA 3
G GCC 18 S acu 5
Ucc 8 GGA L
UGA 7
AGU S
H GUG 10 T CcGU 2
uUGuU 18
CAC 1
I S z \'J GAC 21
UAU 10 UAC 3
CuUuU 20
K UUU 0 w CCA S5
AAG 19
CAA o,
L CAG 2 Y GUA 13
UAA )
UAG 2

Table 3.3 Results of identified tRNA genes. Indicates number of tRNA genes per codon per amino
acid (AA).

3.4 KOG category enrichment for OCs

While there is a distinct lack of research into the extent to which protein coding genes and
genes that fall into one of the KOG categories in single-celled eukaryotes are enriched for
OCs, some previous research, such as that of Southworth et al (2018), has demonstrated
that this is definitely the case in some single-celled eukaryotes such as Monosiga brevicollis.
Their research has demonstrated that the KOG category genes of M. brevicollis are definitely
enriched for OCs, with KOG categories C and J being particularly highly enriched. Similar
results were obtained in the KOG category gene analysis of T. vaginalis with the analysis of
the KOG* genes Fop, GC3 and Nc revealing that while, T. vaginalis has a low degree of bias
towards optimal codons in most KOG categories, even when considering its preferred
codons from the Fop results outlined in table 3.4. and with the Fop also being quite low in
all KOG categories, there were three notable exceptions, categories B (genes involved in
chromatin structure and dynamics), C (genes involved in energy production and
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conservation) and J (genes associated with translation, ribosomal structure and biogenesis),
all three of which had a high Fop (all above 0.5) compared to the other KOG categories, as
well as the lowest overall Nc values (indicating a high degree of bias). KOG category J, in
particular, held the highest level of bias as well as OC enrichment, with the highest Fop and
GC3 values, as well as the lowest value for Nc of any other KOG category (table 3.4). The
analysis of the KOG gene domains in the top 100 genes with the highest expression level
revealed that the majority (~55%) of genes demonstrated a higher Fop in the domain region
compared to the non-domain region (with a difference >0.05).

KOG Category Fop Nc GC3

0.357 | 44.427 | 0.275
0.560 | 38.647 | 0.354
0.535 | 38.799 | 0.372
0.390 | 44.474 | 0.291
0.462 | 41.612 | 0.334
0.476 | 42.131 | 0.337
0.336 | 43.716 | 0.265
0.430 | 43.535 | 0.316
0.431 | 42.268 | 0.312
0.595 | 37.341 | 0.408
0.381 | 43.530 | 0.280
0.355 | 43.959 | 0.306
0.393 | 42.859 | 0.302
0.333 | 41.573 | 0.248
0.378 | 42.338 | 0.293
0.415 | 43.833 | 0.322
0.382 | 42.811 | 0.286
0.361 | 44.602 | 0.295
0.415 | 43.114 | 0.324
0.366 | 42.638 | 0.292
0.437 | 43.780 | 0.293
0.435 | 46.495 | 0.356
0.413 | 41.404 | 0.321

N[(<|[S|<|c|H|po|w|0o|Z2|Z2||x|[-|—-|T|00|m|m|O|o|wm|>

Table 3.4 KOG category codon usage statistics results measuring optimal codon frequency (Fop),
effective codon number (Nc) and GC nucleotides at synonymous 3™ positions (GC3s).

t-Test: Paired Two Sample for Means
Dom NoDom Average SD (Domains) = 0.013

Mean 0.776 0.685
Variance 0.014 0.029 Average SD (Non-Domains) = 0.029
Observations 99 99
Pearson Correlation 0.602
Hypothesized Mean Difference 0
df 98
t Stat 6.650
P(T<=t) one-tail 8.392E-10
t Critical one-tail 1.661
P(T<=t) two-tail 1.678E-09
t Critical two-tail 1.984

Table 3.5 t-tests for significance and standard deviation in domain vs non-domain regions in top
100 highly expressed KOG category genes.
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3.5 Phylogenetic analysis of ADAT candidate genes

The results of the phylogenetic analysis suggest that the ADAT 2 and 3 genes are potentially
genuine as the tree topology for these genes matched the expected species phylogeny for
both ADAT 2 and 3 when rooted with the prokaryote TAD genes, particularly in the topology
for the excavate species phylogeny (Fig 3.4). A similar result was also observed in the ADAT
1 genes when rooted with the Homo sapiens ADAR genes, which served as an appropriate
outgroup as the Homo sapiens ADAR genes are paralogues whilst the ADAT genes tend to be
homologues and were shown to be monophyletic as expected. However, whilst the
topology of the gene phylogeny for ADAT 1 did not match the expected species phylogeny
as well as ADAT 2 and 3, it still displayed an overall topology within the various phyla that
matched what was expected, with some of the phylogenies also having relatively strong
branch support, most notably among the Opisthokonts (fig 3.4). However, there were some
exceptions such as D. discoideum which grouped together with H. sapiens and D.
melanogaster with strong branch support (0.96), however this is likely due to it being an
amoebozoan, making it more closely related to animals than the other phyla (fig 3.4). While
T. vaginalis ended up grouping together with P. tricornutum (a stramenopile and diatom) in
the ADAT1 phylogeny, this relationship lacked any significant branch support as it only
produced a posterior probability of 0.54. It did still group together with most of the other
excavates, as for the ADAT2 and 3 phylogenies, and once the phylogeny was rerooted with
the TAD genes from the prokaryotes, T. vaginalis separated into the correct phylogenies
along with the other excavates, in particular T. foetus, a genus of Tritrichomonas that is
closely related to T. vaginalis.
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Figure 3.4.1 ADAT1 phylogeny using RaxML (maximum likelihood) and visualised using Figtree v1.4.4. Rooted with H. sapiens ADAR (adenosine
deaminase acting on RNA) genes. T. vaginalis highlighted in bold and bootstrap support values outlined on branches.
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Figure 3.4.2 ADAT2 +3 phylogeny using RaxML (maximum likelihood) and visualised using Figtree v1.4.4. Rooted with the TAD (tyrosine adenosine
deaminase) genes from several prokaryotes. T. vaginalis highlighted in bold and bootstrap support values outlined on branches.
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3.6 Mutation pressure’s effect on codon usage bias in T. vaginalis

Mutation pressure is a process where a series of recurrent mutations which occur
throughout the genome of an organism produce a measurable change in the base
composition frequency in that organism’s genome. The effect of mutation pressure is
generally quite weak, with most organisms displaying genetic drift as a more significant
evolutionary force (Sueoka, 1988; Kliman and Hey, 1994). However, in many organisms it
has been observed that if the mutation rate is high enough it can start to influence the
pattern of codon usage in that organism’s genome, in particular decreasing or increasing the
direction of bias towards particular codons (Kilman and hey, 1994). In T. vaginalis’s genome
the AT bias of the overall genome would suggest that there is a stronger directional
mutation rate than in other organisms and the results of the codon bias analysis suggest this
as well, as, despite the AT bias of the T. vaginalis genome, the codons that were determined
to be optimal are predominantly GC ending. If this is indeed the case, then mutation
pressure may have an influence on the codon usage across the different regions of the T.
vaginalis genome as has been observed in other organisms such as Brassica campestris (Paul
et al, 2018). If there is a statistically significant difference between the GC content in the
regions surrounding the genes that are highly expressed and the regions surrounding the
genes that are weakly expressed then this would suggest that mutation pressure has a
degree of influence over the variation in GC3s observed in T. vaginalis.

The results of the two-sample paired t-test of mean variance that was performed on the top
and bottom 100 genes produced a p-value of 0.668 (table 3.5). This suggests that there is no
statistically significant difference between the highly and weakly expressed genes with
regards to local mutation pressure, suggesting that mutation pressure is not significantly
influencing the differences in codon usage between these two categories. The boxplot for
the two datasets (fig 3.5) also displayed no significant difference in their average variation.
While the top 100 genes had a narrower distribution, the median average GC content for
both varied by only approximately 0.02. When the mid expression genes were added and a
new boxplot produced (fig 3.6), the datasets appeared to have an average GC content of
between 0.26 and 0.28. However, the one-way ANOVA p-value (0.0020) indicated that there
was now a statistically significant difference between the results and this is likely due to the
inclusion of the mid-expression genes as they had a noticeably lower GC content average in
the flanking DNA compared to the top and bottom 100.

When the GC content of the non-coding flanking DNA was compared to the GC3s of the
coding DNA, the top 100 highly expressed and bottom 100 weakly expressed genes
produced a positive relationship, while the mid expression genes produced a negative
relationship (fig 3.8). However, the t-test indicated that there was no statistically significant
difference between non-coding GC content and coding GC3s in the mid expression genes
(p=0.325), and while the bottom 100 genes p-value of 0.036 suggests that its results are
statistically significant, it is quite weak (fig 3.7). Only the top 100 gene dataset’s results were
deemed to be highly statistically significant (p = 2.877 x 103!).When the datasets were then
combined they produced a strong positive relationship (fig 3.8), and this may be due to the
GC3 averages in the top 100 gene dataset, as, in fig 3.7, the mid and bottom expression
genes only varied, in terms of GC3 averages, by ~0.01, whereas the GC3 averages in the top
100 genes were significantly higher, differing from the mid and bottom 100 by ~ 0.2 (fig 3.7).
As well as this, the t-test for significance indicated that the results were statistically
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significant with a p-value of 8.625 x 102 (fig 3.9), potentially suggesting that the effect of
local mutation pressure varies depending on a gene’s expression level, as the AT bias
observed within the genome is more significant the lower the expression level, potentially
suggesting that mutation pressure is influencing the direction of bias towards AT in the
genes that have a weaker expression level.
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Figure 3.5 Results of analysis of non-coding flanking DNA GC content averages in top and bottom

100 genes based on expression level

t-Test: Paired Two Sample for Means

Top, Bottom (Flanking GC)

| Topl00 Bottom100

Mean

Variance
Observations
Pearson Correlation

df

t Stat

P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

Hypothesized Mean Difference

0.280
0.00160
100
-0.0338
0

99
0.430
0.334
1.660
0.668
1.984

0.278
0.0020
100

Table 3.5 Results of t-test for statistical significance: flanking DNA GC content averages in top and

bottom 100 genes based on expression level
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Figure 3.6 Results of analysis of Flanking DNA GC content averages in top, mid and bottom 100
genes based on expression level

SUMMARY

Groups Count Sum Average Variance
Top 100 100 28.0150  0.2802 0.0016
Mid 100 100 26.1750 0.2618 0.0011

Bottom 100 100 27.7520  0.2775 0.0020

ANOVA
Source of Variation SS df MS F P-value F crit
Between Groups 0.0198 2 0.0099  6.3242 0.0020 3.0262
Within Groups 0.4651 297 0.0016

Total 0.4849 299

Table 3.6 One-way ANOVA results and summary for Top, Mid and Bottom 100 genes flanking DNA
GC content averages and statistical significance. a = 0.05.

Trichomonas vaginalis Average GC3s — Cading DNA Top,
Mid & Bottom 100 Genes (based on Expression Level)
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Figure 3.7 Results of analysis top, mid and bottom 100 genes coding regions (based on expression

level)
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Relationship between coding GC3s and non-coding GC
content in bottom 100 genes (based on expression level

GC3

Relationship between coding GC3s and flanking DNA GC

content in mid 100 genes (based on expression level

[3] and combined expression genes [4].

expression level

Figure 3.8 comparison of the relationship between the coding DNA GC3s and flanking DNA non-
coding GC content in the top 100 highly expressed [1], Bottom 100 weakly expressed [2], mid 100

t-Test: Paired Two Sample for Means Top100 t-Test: Paired Two Sample for Means Mid 100

GC GC3 GC GC3
Mean 0.28 0.46]|Mean 0.262 0.254
Variance 0.0016 0.0112|(Variance 0.001 0.004
Observations 100 100{| Obse rvations 100 100
Pearson Correlation 0.138 Pearson Correlation -0.138
Hypothesized Mean Difference 0.5 Hypothesized Mean Difference 0
df 99 df 99
t Stat 17.076 tStat 0.988
P(T<=t) one-tail 1.438E-31 P(T<=t) one-tail 0.163
t Critical one-tail 1.6604 t Critical one-tail 1.660
P(T<=t) two-tail 2.877E-31 P(T<=t) two-tail 0.325
t Critical two-tail 1.984 t Critical two-tail 1.984
t-Test: Paired Two Sample forMeans  Bottom 100 t-Test: Paired Two Sample for Means

GC GC3 Top, Mid, Bottom GC GC3

Mean 0.278 0.260||Mean 0.273 0.326
Variance 0.002 0.007||Variance 0.002 0.017|
Observations 100 100||Observations 300 300
Pearson Correlation 0.286 Pearson Correlation 0.180
Hypothesized Mean Difference 0 Hypothesized Mean Difference 0
df 99 df 299
t Stat 2.128 t Stat -7.109
P(T<=t) one-tail 0.018 P(T<=t) one-tail 4.31266E-12
t Critical one-tail 1.660 t Critical one-tail 1.650
P(T<=t) two-tail 0.036 P(T<=t) two-tail 8.625E-12
t Critical two-tail 1.984 t Critical two-tail 1.963

content in top, mid and bottom 100 genes (based on

Table 3.7 t-test results (a = 0.5) for Top 100, Bottom 100, Mid 100 and combined coding GC3 vs
flanking DNA GC content. P-value is highlighted for reference.
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3.7 The selection of OCs in the transposable elements of T. vaginalis

The analysis of the transposable element protein sequences resulted in the sequences being
placed into either the long tandem repeat (LTR) retrotransposon family Gypsy, Copia and
IS3EU or the following DNA transposable element families: Kolobok-T2, Merlin/Maverick,
MULE-MuDR, PIF-Harbing, TcMar-Marin or TcMar-Fot1. The analysis of each transposable
element family indicated that, while 3 had a positive relationship between Fop and
expression level (namely the LTR retrotransposons as well as the Maverick and Merlin DNA
transposons), most either had a negative relationship between Fop and expression level
(Kolobok-T2, Pif-Harbing and TcMar-Marin) or no relationship, namely TcMar-fot1 (Fig 3.10).
However, the Maverick and Merlin transposon datasets only consisted of four transposons
total, which makes drawing conclusions from these datasets difficult, thus they were
excluded from any further analysis. When the entire dataset is considered, however, there
is little evidence of any relationship between the expression level of DNA transposable
elements and the frequency of optimal codons, however, the LTR retrotransposons did
display a positive relationship indicating that in these transposons, as expression level
increases, so too does optimal codon frequency.

When exploring the relationship between the domain regions and non-domain regions of
the transposons, only eleven transposons produced a Fop value above 0.5 in the domain
regions compared to only two that produced this in the non-domain regions. However,
when comparing the overall average Fop in the domain and non-domain regions for the
transposable elements (Fig 3.9), the domain region produced an average Fop of 0.338 while
the non-domain regions produced a Fop of 0.326. While this difference is relatively small,
the t-tests for significance produced a p-value of 2.3 x 10E-4 (table 3.8) suggesting that the
difference between the domain and non-domain regions is statistically significant. These
results provide evidence that there may be selection for optimal codons in the transposable
elements in T. vaginalis and that this selection may be biased towards translational
accuracy. Further, the bar chart outlining the differences between the average Fop in the
domain and non-domain regions of each transposable element type (fig 3.11) indicated that
on average, all transposable element families had a higher Fop in their domain regions, with
the exception of DNA/Pif-Harbing and DNA/TcMar-Marin, which had a higher Fop in their
non-domain regions. However, when analysed as a whole, irrespective of transposon type,
53.82% of the transposable element sequences had a higher Fop in the domains compared
to 45.15% which had a higher Fop in the non-domains. While this would appear to be a
significant difference, many of the sequences only had a difference of ~0.009 or less. When
the transposable element families that only have a small number of sequences such as
DNA/TcMar-Tc1, DNA/Maverick and DNA/Merlin were removed, only two transposable
element types have a higher Fop in the non-domain regions, compared to four in the
domain regions, and the t-tests performed on these transposable elements indicated that all
results were statistically significant. (table 3.9).
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Figure 3.9 boxplot of Fop in domain and non-domain regions of the transposable elements

Table 3.8 t-tests of statistical significance of transposable element Fop in domain vs non-domain

regions

t-Test: Paired Two Sample for Means

Variable 1 ~ Variable 2
Mean 0.334 0.325
Variance 0.004 0.002
Observations 680 680
Pearson Correlation 0.366
Hypothesized Mean Difference 0
df 679
t Stat 3.708
P(T<=t) one-tail 0.000
t Critical one-tail 0
P(T<=t) two-tail 0.00023
t Critical two-tail 0.675
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Figure 3.10 Scatter plots of relationship between Fop and expression level in the transposable
elements by transposon family/type and the full transposon dataset.
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Figure 3.11 bar chart visualising domain vs non-domain Fop by transposable elements by
family/type. Average Fop given with each transposable element type.

t-Test: Paired Two Sample for Means t-Test: Paired Two Sample for Means t-Test: Paired Two Sample for Means
DNA/PIF-Harbing DNA/MULE-MuDR LTR/Gypsy/IS3EU/Copia
Variable 1 Variable 2 Variable 1 Variable 2 Variable 1 Variable 2
Mean 0.359937 0.39251 Mean 0.328659  0.32073||Mean 0.31982 0.29786
Variance 0.002115  0.00280(J§|Variance 0.00288  0.00098||Variance 0.00080 0.00117
Observations 63 63 ()| Observations 529 529|| Observations 28 28
Pearson Correlation 0.474340 Pearson Correlation 0.27201 Pearson Correlation 0.02653
Hypothesized Mean Difference [1] Hypothesized Mean Difference 0 Hypothesized Mean Difference 0
df 62 df 528 df 27
1 Stat -5.065004 t Stat 3.37592 t Stat 2.64966
P(T<=t) one-tail 0.000002 P{T<=t) one-tail 0.00039 P(T<=t) one-tail 0.00665
t Critical one-tail 1.669304 t Critical one-tail 1.64774 t Critical one-tail 1.70329
P(T<=t) two-tail 3.93E-06 P(T<=t) two-tail 0.00079 P(T<=t) two-tail 0.01330
1 Critical two-tail 1.993972 t Critical two-tail 1.96447 t Critical two-tail 2.05183
t-Test: Paired Two Sample for Means t-Test: Paired Two Sample for Means t-Test: Paired Two Sample for Means
DNA/TcMar-Marin DNA/Kolobok-T2 (only 4!) DNA/TcMar-Fotl
Variable 1 Variable 2 Variable 1 Variable 2 Variable 1 Varigble 2
Mean 0.34263 0.35675[ | Mean 0.3965 0.307||Mean 0.44175  0.35175
Variance 0.00442  0.00838[f|Variance 0.00519  0.00067||Variance 0.00978  0.00337
Observations 8 Observations 4 4||Observations 20 20
Pearson Correlation 0.60448 Pearson Correlation -0.25915 Pearson Correlation -0.11707
Hypothesized Mean Difference 0 Hypothesized Mean Difference 0 Hypothesized Mean Difference 0
df 7 df 3 df 19
t Stat -0.54161 t Stat 2.16597 t Stat 3.34263
P(T<=t) one-tail 0.30245 P(T<=t) one-tail 0.05945 P(T<=t) one-tail 0.00171
t Critical one-tail 1.89458 t Critical one-tail 2.35336 t Critical one-tail 1.72913
P(T<=t) two-tail 0.60489 P(T<=t) two-tail 0.11891 P(T<=t) two-tail 0.00342
t Critical two-tail 2.36462 t Critical two-tail 3.18245 t Critical two-tail 2.09302

Table 3.9 t-tests of average domain and non-domain Fop results for each transposon type with

higher Fop in domain regions (m), and higher Fop in non-domain regions (m). Variable 1 = domain
average, variable 2 = non-domain average.
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4.0 Discussion
4.1 Reassessing the genome of T. vaginalis

All initial research into the T. vaginalis’s genome, after it had been fully sequenced, has
presented it as unusual, primarily due to its heavy AT bias (Mclnerny, 1997) which was also
observed in this research’s analysis of the full original dataset (fig 3.1), but also due to its
large potential gene content, appearing to possess well over 95,000 potential genes (Carlton
et al, 2013; Harp and Chowdhury, 2011). However, the results from the EggNOG gene
mapper v5.0.0 (Huerta-Cepas et al, 2019) suggest that the T. vaginalis gene content may not
be as large as was proposed initially by Harp and Chowdhury (2011). Due to EggNOG v5.0.0
(Huerta -Cepas et al, 2019) being unable to assign more than half the proposed genes in the
TrichDB a recognised KOG category, they may be, as Whoele et al (2014) suggested, be
pseudogenes and non-coding RNAs which have been incorrectly annotated. However, while
it is more likely that the gene annotations on the TrichDB were erroneous, it is also possible
that the genes that failed to return any annotations are genuine but possess a novel domain
structure. As well as this, it is also possible that the non-expressed genes are only expressed
in cell types that were not present/used in the cultures that were used in the transcriptome
analysis. The erroneous annotations proposal is, for now, more plausible and this may have
happened due to the repetitive nature of the T. vaginalis’s genome, as this would likely
make determining the correct coding genes quite difficult. However, despite the vast
majority of the genes potentially being pseudogenes/intergenic DNA, (which initially would
explain the large AT bias of the original dataset), the bias didn’t disappear, as even once its
genome had been reduced to only the 13,422 coding genes, bringing it in line with other
excavates like T. brucei whose genome consists of ~10,700 genes (Berriman et al, 2005),
there was still a bias towards AT, albeit significantly smaller compared to the original
sequenced dataset by Harp and Chowdhury (2011).

The synonymous AT bias observed in T. vaginalis, while potentially reduced by this research,
is still present, however the large shift in GC3 average distribution between the original and
suspected coding datasets (Fig 3.3.), is good evidence that these genes are potentially
protein coding, as most other eukaryotes tend to display a bias towards G or C at their
synonymous third position in their protein coding genes. Similar results have been observed
in some trypanosomes, another group of excavates related to T. vaginalis, which do not
display a strong bias in either direction but what bias does exist, tends to be towards AT
whereas the excavate groups Leishmania and Crithidia tend to display a fairly strong bias
towards GC (Subramanian and Sarkar, 2015). As for the Nc averages for T. vaginalis, these
were similar to what was observed in some choanoflagellates which tended to have an Nc
average of ~44-46 when under relatively strong selection and only having a small skew
towards GC (Southworth et al, 2018). Altogether, this presents the T. vaginalis genome as
more similar in size of presumed gene content to many other excavate genomes and
although there is a bias towards AT at synonymous sites this bias is not as significant as
initially proposed (Harp and Chowdhury, 2011).

4.2 T. vaginalis optimal codons:
4.2.1 Discrepancies between major tRNA genes and optimal codons

In most organisms, the major tRNA genes can be used as a good way of predicting the
potential OCs of that genome (lkemura, 1985), however, in T. vaginalis, while the CoA was

35



Mathew Lowe U1655916@pgr.hud.ac.uk 09/12/2020

able to identify the primary OCs (table 3.2), they did not all match the predicted OCs from
the major tRNAs (table 3.3). The most notable of these was aspartic acid and valine, both of
whom had OCs whose anticodon did not even appear in the major tRNA dataset, as well as
leucine and serine, who had additional OCs which simply differed from what was
expected/predicted. These discrepancies between the predicted OCs in the tRNAs and the
codons which display the highest frequency in the top and bottom 5% of the coding dataset
does potentially suggest that forces other than purely selection may have a noticeable
influence on codon usage and bias in T. vaginalis’s genome, as selection for optimal codons
is clearly not purely down to the abundance of the major tRNA genes for that codon
(Atherton, Sharp and Lafay, 2000; Sharp et al, 2008). While selection is likely still the primary
driving force behind the determination of optimal codons, other forces such as G:U wobble
binding may also have an influence (albeit small) on the selection of optimal codons which
are less efficient, as these codons are still more advantageous than non-optimal codons. As
well as this, while original studies into the relationship between the abundance of major
tRNA genes and the selection of optimal codons was able to identify a correlation, these
studies were predominantly performed in bacteria, which have far fewer tRNA genes than
eukaryotes (Atherton, Sharp and Lafay, 2000; Sharp et al, 2008). However, while a
eukaryotic genome may possess a large number of tRNA genes, all genes are not necessarily
expressed at equal levels, and as well as this, some may be pseudogenes. Therefore, while
there may initially be a correlation between the number of genes and expression level, this
may not always hold true. Despite this, the majority of the amino acids matched the major
tRNA dataset and this is evidence for translational accuracy at the level of codon usage.

While these discrepancies differ from what was expected, there are a few potential
explanations. Initially it was determined that there is more than one optimal codon for
some of the amino acids, and a further analysis of the dataset confirmed this in the amino
acids: alanine, leucine, arginine, valine and serine. However, In the case of valine, the lack of
a major tRNA gene for its optimal codons corresponding anticodon could be explained by
the anticodon for GUC also potentially bind to GUU through ‘wobble binding’, where ‘G’ in
the anticodon also binds to ‘U’ in the synonymous position in the codon via non-Watson &
Crick base pairing (Murphy and Ramakrishnan, 2004). The same could also apply with
regards to GAU in aspartic acid (which also lacked a corresponding major tRNA gene), and
while this is not as efficient as the binding of GUC or GAC, these alternative codons may be
favoured due to the AT mutation pressure of the T. vaginalis genome (Conrad et al, 2013).

In the case of the other amino acids whose OC did not match the tRNA dataset, namely
leucine, arginine, serine and alanine, there was likely potentially more than one OC.
However, when analysing these secondary OCs their high degree of bias in the top and
bottom 5% dataset did not correspond with a high abundance in the corresponding major
tRNA genes dataset. One example is that of arginine, as the CGC secondary OC (which was
favoured at an almost equal rate to the CGU primary OC) lacked any major tRNA genes,
much like valine and aspartic acid. It is unlikely that the bias towards CGC in arginine is due
to ‘wobble binding’ like in the case of valine and aspartic acid, as CGC lacks any AT
nucleotides to support this, and it is unlikely that selection would favour this type of binding
in so many amino acids.

One explanation for this phenomenon which would also give T. vaginalis another way of
overcoming the limitations imposed on translation by the AT bias of its genome (Conrad et
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al, 2013) whilst still maintaining its accuracy is through the deamination of adenosine in the
tRNAs to inosine at the wobble position, which has a larger binding profile than adenosine
as it can bind to cytosine, adenosine and uracil (Grosjean et al, 1996; Rafels-Ybern et al,
2019). This phenomenon was first identified by Holley et al (1965) in yeast tRNA where
inosine replaced adenosine at the wobble position of the IGC anticodon in alanine; following
this adenosine deamination has been observed in a number of other organisms, with
varying frequency as some organisms, such as M. capricolum only possess a single inosine
while others have multiple inosines throughout their major tRNA genes (Andachi et al, 1987,
Grosjean et al, 1996). This would potentially explain some of the optimal codon results
observed in the TAPSILVR amino acids, as many possess optimal codons that suggest that
their tRNA’s are undergoing deamination.

4.2.2 Codon usage in other excavates and KOG category enrichment

When comparing the codon usage of T. vaginalis to that of other excavates there is some
noticeable variation in codon usage bias between them. Overall the codons that appeared
more frequently in T. vaginalis top and bottom 5% genes based on expression level (table
3.2) tended to match those preferred codons among Leishmania and Crithidia, in particular
CGC (Arg), AUC (lle), GCC (Ala), UUC (Phe) and GUC (Val) (Subramanian and Sarkar, 2015).
While the codon usage of the trypanosomes primarily matched T. vaginalis in which codons
were less preferred such as CUG/UUA (Leu), GUA (Val), ACC (Thr) and UCG (Ser), with some
codons that were preferred by the trypanosomes, such as GUG (Val), being rare in T.
vaginalis, which may potentially be due to inosine not binding to guanosine, causing codons
with G at the wobble position in valine to be rare. This is somewhat unexpected as the
trypanosomes tend to display a slight bias towards A and T with regards to their codon
usage, much like T. vaginalis, while the Leishmania and Crithidia genomes tend to display a
bias towards G or C (Subramanian and Sarkar, 2015).

While the codons for T. vaginalis did display particular preferences in most amino acids,
suggesting a certain degree of bias, this was not the case when analysing the KOG category
domain regions, as the majority of the KOG categories demonstrated a relatively low overall
bias. However, the 3 KOG categories that were the exception, B, C and J, whilst still having a
low overall GC3s average had much higher averages for Fop and much lower averages for Nc
(table 3.4), suggesting that many of the genes within these KOG categories are significantly
enriched for optimal codons, particularly category J. Category J predominantly consists of
genes that code for structural components of the ribosome as well as a number of key
genes involved in protein translation, all of which are known to be highly enriched in other
organisms such as M. brevicollis which also demonstrated a higher OC enrichment level in
KOG categories C and J (Southworth et al, 2018). Category C on the other hand, consists
predominantly of genes that encode a number of enzymes, particularly hydrogenases and
dehydrogenases, while category B predominantly consists of genes that encode proteins
involved in heterodimerization as well as encoding a number of histones, in particular
histone H2A. Histones tend to be highly expressed and also tend to evolve under strong
purifying selection on their amino acid sequence (Duan et al, 2019), and due to this,
histones are candidates to be evolving under both translational efficiency and accuracy with
regards to their codon usage, which is consistent with the findings in this research. These
are key proteins/enzymes and structural components that make up the genetic machinery
of an organism and may explain why these particular KOG category genes are so highly
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enriched for optimal codons. Many of these results are similar to those observed by
Southworth et al (2018) in M. brevicollis, which was also significantly enriched for optimal
codons in the KOG categories C and J. Had time permitted, further research into the
expression levels of the genes that make up these three KOG categories would have been
undertaken to determine if they truly are more highly expressed in T. vaginalis than the
genes in other KOG categories (as their high GC3 expression would suggest). This would also
provide evidence for T. vaginalis genome adhering mostly to the mutation-selection-drift
balance model for codon usage proposed by Hershberg and Petrov (1996).

4.2.3 Adenosine deaminase acting on tRNA (ADAT)

The AT bias of T. vaginalis’s genome may potentially place a certain degree of pressure on
its genome, particularly with regards to the selection of optimal codons. The deamination of
adenosine in the tRNAs to inosine (Grosjean et al, 1996; Gerber and Keller, 1999; Murphy
and Ramakrishnan, 2004) would explain some of the results seen in the optimal codons and
may well be a solution to overcoming the restrictions the AT bias of its genome potentially
places on translation. In order to determine if the deamination of adenosine was indeed
occurring in the tRNAs an analysis was necessary to determine if the specific adenosine
deaminase enzyme that is responsible for this phenomenon was present in T. vaginalis.
Some single-celled eukaryotes do tend to display this phenomenon and possess the genes
for the adenosine deaminase enzyme (Rafels-Ybern et al, 2019) although this has only been
explored in a relatively small number of single-celled eukaryotes. The variant of adenosine
deaminase which specifically deaminate adenosine in the tRNAs is encoded by the ADAT 1, 2
and 3 genes (Grosjean et al, 1996). While all three of these genes were potentially identified
via BLASTing on NCBI, as they had not been characterised as ADAT genes, it was necessary
to perform a phylogenetic analysis to determine if they are indeed potential candidates for
adenosine deaminase acting on tRNA (Fig 3.4).

The phylogenies suggest that the ADAT genes are present within T. vaginalis’s genome, and
therefore suggest that the deamination of adenosine may be occurring in the tRNAs. If this
is the case then it would explain the bias that T. vaginalis has towards some of the optimal
codons in the codon usage dataset of the reduced genome (table 3.2). This would also
mirror what has been observed in other excavates such as T. brucei, one of the more well-
known single-celled eukaryotes and excavates where the conversion of adenosine to inosine
has been observed (Spears et al, 2011). However, while the results of the phylogenetic
analyses provide evidence that these genes may be present within the T. vaginalis genome,
and the results from the major tRNA analysis indicate that these genes are potentially
functional, a further lab analysis of the gene products will need to be performed to fully
confirm this. However, as many of the codons in the top and bottom 5% dataset matched
those in Crithidia and Leishmania and those that matched were also ADAT codons
(Subramanian and Sarkar, 2015), suggesting the possibility of shared translational
mechanisms between these species.

4.3 Mutation pressure’s influence on codon usage and the AT bias of the T.
vaginalis genome

One of the potential key factors that could influence the selection of optimal codons is the
pressure placed on the genome by recurrent mutations, as has been observed in a number
of other organisms (Prosenijit et al, 2018; Jian-hua et al, 2014) as well as some of the other
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excavates, including the trypanosomes, whose mutation pressure, like with T. vaginalis,
pushes their genome towards AT (Subramanian and Sarkar, 2015). In the case of T. vaginalis,
it was hypothesised that mutation pressure, particularly from the AT bias of its genome,
may have an influence on the selection of optimal codons, and the results of the ANOVA
(after including the mid-expression genes) and the analysis of domain GC3 expression in
relation to non-domain GC content seem to support this, albeit predominantly for the mid-
expression genes

The results of these analyses suggest that local mutation pressure does not differ
significantly between genes with a high expression level and those with a weak expression
level. Due to both local base composition and synonymous base composition displaying a
skew towards AT, this suggests that mutation pressure is influencing the direction of bias
with regards to codon usage (albeit more so in synonymous base composition than local
base composition). However, the negative relationship between non-coding GC content and
coding GC3s in the genes with mid-level expression and its weak statistical significance
suggests that, in the regions of the genome where these genes are located, mutation
pressure may not have a significant effect on codon usage or is being counteracted by
selection. Overall this suggests that mutation pressure does potentially influence
synonymous codon usage in the highly and weakly expressed genes, but is likely being
counteracted by selection in the genes with mid-level expression. As well as this, while local
non-coding GC content does vary between the high, mid and low expressed genes, this
difference is small, with an average difference of 0.1-0.2 (table 3.6), and only gains statistical
significance when adding the mid expression genes.

4.4 Evidence for codon usage bias in the transposable elements of T. vaginalis

Conrad et al (2013) suggested that the AT bias in the T. vaginalis genome may be due to the
abundance of transposable elements throughout, and it has been observed in some
choanoflagellates such as S. rosetta that selection for optimal codons does occur,
particularly in the LTR retrotransposons, in contrast to many other eukaryotes which didn’t
display this (Southworth et al, 2019). The results of the analysis performed on the
transposable elements suggest that T. vaginalis transposable elements do potentially select
for OCs, particularly in the LTR retrotransposons as they alone displayed a positive
relationship between Fop and expression level (similar to S. rosetta), while most others
displayed a negative relationship or no relationship (fig 3.10). As well as this, the results of
the analysis of the domain and non-domain regions of the transposable elements suggests
selection for translational accuracy.

The research into the transposable elements of the choanoflagellates by Southworth et al
(2018), in particular those of S. rosetta, indicated that the transposable elements had
favoured codons that are adapted to the organisms own translational machinery, however,
in T. vaginalis, the overall Fop values are much lower compared to those observed in S.
rosetta, with all transposable elements except DNA/TcMar-Fot1 being below 0.4. As well as
this, the transposable elements that displayed a positive relationship in fig 3.10 also tended
to have more transposable elements with higher expression levels, indicating that in some
as expression level increased so did optimal codon frequency and therefore bias, which was
also observed by Southworth et al (2018) in S. rosetta’s transposable elements. However,
there were two which also displayed a negative relationship, namely the two DNA
transposon families TcMAr-Marin and Kolobok-T2, both of which indicated that as
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expression level increased OC frequency decreased. The only transposable element families
to display a significant positive relationship where the LTR transposable elements and the
DNA transposon families Merlin/Maverick (fig 3.10).

4.5 Conclusions and future research

In conclusion, T. vaginalis’s genome may be not nearly as gene rich as originally proposed
(Carlton et al, 2013; Harp and Chowdhury, 2011) and most of the genes listed in the TrichDB
(Aurrecoechea et al, 2017) may not be genuine genes and are instead potentially intergenic
DNA and/or pseudogenes as suggested by Woehle et al (2014). Of the remaining genes, only
13,422 were determined to likely be actively transcribed indicating that T. vaginalis exome is
not as abnormally gene rich as past research would suggest, even for a single-celled
eukaryote and is instead more in line with other eukaryotic genomes such as T. brucei
(Berriman et al, 2005). With regards to the optimal codons, most matched those proposed
by Mclnerny in 1997, however, there were some OCs which either lacked any corresponding
anticodon in the major tRNAs or whose predicted OC from the major tRNAs differed in the
coding gene dataset. This is potentially due to a number of other mechanisms which are
influencing codon usage bias such as adenosine deamination in the wobble position of the
major tRNAs as well as wobble binding of some synonymous codons. This may suggest that
while the major tRNA genes are a good method of identifying candidate OCs in bacteria,
they are less reliable in eukaryotes.

As well as this, several of the amino acids also appeared to possess more than one potential
optimal codon which, despite possessing a lower RSCU value, more closely matched the
predicted OCs from the major tRNA dataset. Once all candidate OCs had been identified, the
analysis of the effective codon number (Nc), which measures the overall bias of the genome,
indicated that T. vaginalis’s genome has a relatively low degree of overall bias with only the
genes in KOG categories B, C and J displaying any significant bias towards these potential
optimal codons. Most bias observed in T. vaginalis’s genome was skewed more towards AT
than GC, although unlike previous research this bias is relatively small. One potential
explanation for some of the discrepancies between the major tRNAs and the coding gene
datasets optimal codons, is that the adenosine in some of the major tRNAs is undergoing
deamination to inosine, allowing a number of codons that would otherwise be non-optimal
to be used more frequently. As well as this, it would appear that T. vaginalis may possess
the ADAT genes that code for adenosine deaminase within its exome and the phylogenetic
analysis performed on these potential genes suggests as much, particularly for ADAT 2 and
3.

With regards to the KOG categories, only three display a level of bias that was significantly
higher than the others (albeit still relatively low overall), categories B, C and J, which is
similar to the results observed by Southworth et al (2018) in the single-celled eukaryote M.
brevicollis. As for the other KOG categories, their low GC3s as well as relatively low Fop
(indicating they are not enriched for OCs) further suggests that there is not very much bias
overall in the genome. This bias may be influenced by a number of things, such as mutation
pressure which this analysis found may be influencing synonymous base composition as well
as local base composition. As well as this, while the difference between non-coding GC
content in the high and low expression genes lacked statistical significance, the relationship
between synonymous GC3s and non-synonymous GC content in the high, mid and low
expression genes was statistically significant. Overall the low overall GC3s in the T. vaginalis

40



Mathew Lowe U1655916@pgr.hud.ac.uk 09/12/2020

genome suggests that mutation pressure is acting against the selective pressure on OCs,
resulting in a depression of GC3s across the T. vaginalis genome, but particularly within
those genes with mid-level expression. As for the transposable elements, much like what
was observed by Southworth et al (2018) in S. rosetta, many of the transposon families
(particularly the LTR retrotransposons) returned a higher Fop in their domain vs non-domain
regions, indicating that many of T. vaginalis’s transposable elements possess optimal
codons. In the case of mutation pressure, there is evidence that mutation pressure is
affecting genes across the genome as the genome is predominantly AT biased despite the
OCs being predominantly GC-ending. However, the lack of variation between non-coding
GC’s across the genome suggests that mutation pressure is not driving variation in the GC3s.
With regards to selection of optimal codons, there is evidence for both accuracy and
efficiency acting on translation.

There are a number of potential avenues researchers can explore to further the findings
outlined in this research, most notably, with regards to adenosine deaminase acting on
tRNA: while the phylogenetic analysis outlined in chapter 3.5 does suggest that the ADAT
genes are present and correlate to those selected in this analysis, to confirm if they are
indeed the ADAT genes, a lab analysis could be conducted to sequence the products of
these genes in order to determine if they are indeed adenosine deaminase. A small RNA
sequencing experiment can also be performed on the tRNAs, similar to that performed by
Southworth et al (2019), in order to determine if the adenosine had been modified as, if
adenosine had been modified to inosine, it would identify a number of tRNAs that are not
present in the genome. As well as this, in order to determine whether the non-Watson and
Crick base pairing hypothesis proposed for valine’s OC is indeed correct, an analysis of the
hydrogen bonding between the codons and anticodons in tRNA could be performed to
determine whether the codon is binding to the anticodon in the tRNA correctly (indicating
some other mechanism is being used) or whether it is binding to the valine primary OC. The
analysis of mutation pressure in this study, whilst relatively rudimentary and using a fairly
limited dataset due to time constraints, did demonstrate that mutation pressure is not a
major driver of variation in GC3s. However, a more robust analysis with a larger dataset
would likely give more definitive and clear results and could determine whether mutation
pressure contributes to minor variation in the patterns of codon usage as well.
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