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Abstract

Transposable elements (TEs) are mobile DNA sequences that can catalyse their own
replication and movement within a genome. As a result of their proliferation, TEs have
become a major constituent in almost all eukaryotic genomes. While TEs were histori-
cally overlooked or dismissed as ‘junk’ DNA, these elements have now been reappraised
as important contributors to gene regulation and genome evolution. Markedly, in plant-
associated fungi, it has been proposed that TEs regulate expression of genes that me-
diate the invasion of plants; the localisation of TEs proximal to invasion-mediating
genes is proposed to create a niche for accelerated fungal evolution, extending their

host-range and assisting in the antagonistic co-evolution with their host plants.

Epichloé is a genus of ascomycete fungi that live in close association with pasture
grasses. This symbiosis can provide the host plants with profound bioprotective ben-
efits such as increased resistance to drought, herbivory and pests. Hence, there is
considerable interest in developing novel Epichloé strains with improved host-range.
However, TEs in Epichloé genomes have been considerably inactivated by host genome

defences, thus it was unclear whether active elements remain in this genus.

In this project, I have curated a high quality library of TEs in three closely related
strains of the Epichloé typhina species complex. Using this data, I have demonstrated
lineage-specific activity of TEs that have contributed to genome evolution in the recent
history of this genus. Furthermore, I have identified sets of TEs that are enriched near
virulence-related genes. The work produced here will serve as foundation for future

studies to elucidate regulatory roles of TEs in Epichloé.
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2 CHAPTER 1. INTRODUCTION

1.1 The widespread success of transposable elements in

eukaryotic genomes

For many years, scientists were perplexed by the discordance between the size of an
organism’s genome and the complexity of the organism [23]. Why do some ‘simple’ or-
ganisms harbour genomes that are far larger than comparatively ‘complex’ organisms?
Why do organisms with relatively few genes have such large genomes? [24] Today, it is
widely accepted that genome size does not correspond to total gene number or organis-
mal complexity. Large eukaryotic genomes harbour stable genic regions that are highly
conserved by virtue of purifying selection, however, these conserved regions often ac-
count for only a portion of the total genome [25]. Much of the remaining genomic space
has since been resolved to be non-coding DNA such as degenerative gene copies (pseu-
dogenes), intergenic regions, or sequences of structural or unknown function [26-28].
Above all, it is widely accepted that much of the variation in eukaryotic genome size is

owed to non-coding dynamic elements called Transposable Elements (TEs) [29-31].

TEs are mobile DNA sequences with the capacity to replicate and transpose
from one chromosomal locus to another. These elements persist in the genome via
‘selfish’ means: many elements encode all the necessary components to independently
recruit endogenous host machinery and facilitate their own replication and transposi-
tion [32]. As a result, TEs have shown remarkable success, particularly in eukaryotes,
where they have invaded virtually all eukaryotic genomes with only a few exceptions
(apicomplexan protists; [33]). The proportion of a genome occupied by TEs varies
greatly between species, but most notably, half the human genome [34] and nearly 85%
of the maize genome [35] are comprised of TEs. These TE populations consist of both

actively transposing elements, and immobile, decaying relics of TEs.

The genetic variation induced by TEs differs to those caused by single nu-
cleotide polymorphisms (SNPs), copy number variants (CNVs), and other common

mutagenic mechanisms [36]. Most notably, TEs cause very large insertions ranging
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from a few hundred to thousands of base pairs in length. Unlike CNVs, the sequence
content of new TE insertions is non-random and encompasses the complete regulatory
and coding sequences encoded within the element. Thus, each new TE copy has the

potential to transpose again into a new genomic location.

The degree to which TEs are able to proliferate within a genome is governed
by both properties intrinsic to the elements themselves, and properties of their host
genome [32]. TE-intrinsic factors encompass the capacity of the TE to promote its
own transposition and evade negative selection. Although TEs encode all or part of
the machinery required to proliferate in a genome, it has been hypothesised that some
elements may have the capacity to self-regulate their own copy numbers [37]. Thus
the rate of proliferation may be balanced against negative effects on host fitness in a
way that would ultimately decrease propagation of a given TE [38]. Genome-intrinsic
factors refer to the restriction of TE propagation by the host genome; this occurs by
virtue of negative selection against the phenotypes created by the action of TEs, and
by specialised TE-defence mechanisms encoded by the host genome. A partial release
of factors that constrict TE transposition is proposed to be a key characteristic in
very large genomes [39]. TE-intrinsic and genome-intrinsic factors underpin the rate
at which TEs can proliferate, the rate at which they are negatively selected against
by the host genome, and the rate at which they can accumulate and reach fixation
in the genome [32]. These factors in turn are affected by external factors. Notably,
TE proliferation and TE-induced mutations are frequently associated with exposure to

environmental stressors [40-43].

In addition to proliferating within a genome, TEs can spread between hosts in
two ways. The first, vertical inheritance, passes TEs from parent to offspring by virtue
of TE proliferation in the germline. The second, horizontal transfer, enables the trans-
fer of TEs across mating barriers. Horizontal transposon transfer is widely reported
within and between kingdoms and is widely accepted to occur with higher frequency

than horizontal gene transfer in eukaryotes [44-48]. Taken together, the remarkable
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persistence of TEs underpins a majority of the variation in eukaryotic genome size,
and the dynamic nature of these elements plays a paramount role in eukaryotic genome

evolution [39, 49].

1.2 TE Classification

While the proportion of genomes occupied by TEs varies significantly between species,
there is also a great diversity in the population of TEs within a given genome. Trans-
posable elements can be classified into subgroups based on structural and enzymatic
features. These factors determine their mechanism of transposition and, by extension,
their impact and success in host genomes [50]. As a result, TE-invaded species each
have a TE repertoire consisting of numerous TEs of different classes, each with variation
in the copy number, activity, and age. As these classes of TEs each have unique prop-
erties and evolutionary histories, the classification of TEs is a crucial step in studying

the contribution of these elements to genome evolution.

In 1989, David Finnegan established that at the highest order, TEs can be
classified by their transposition intermediate [51]. Class I TEs, or retrotransposons,
utilize an RNA intermediate and transpose via a “copy and paste” mechanism. Here,
the TE is transcribed as RNA, and the RNA intermediate is then reversed transcribed
to cDNA and reintegrated into a new location. Class IT TEs, or DNA transposons,
employ a “cut and paste” transposition mechanism with a DNA intermediate. These
elements are excised from their location, and reintegrated into a new location [32,
51]. Following this discovery, Class I and Class IT TEs have been further divided into
orders, superfamilies, families, and subfamilies to create a hierarchical classification
system (Table 1.1) [50]. Within each subgroup, elements can be further regarded as
autonomous or non-autonomous elements. Autonomous TEs are elements that encode
the necessary enzymes to promote their own independent replication and transposition.

In contrast, non-autonomous elements are unable to transpose independently, however
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Class Order Superfamily
Copia
Gypsy
Long Terminal Repeat (LTR) Bel-Pao
Retrovirus
ERV
R2
RTE
Class I Long Interspersed Nuclear Element (LINE) Jockey
(Retrotransposons) L1
I
tRNA
Short Interspersed Nuclear Element (SINE) 7SL
55
Penelope-like Element (PLE) Penelope
DIRS
Dictyostelium Intermediate Repeat Sequence (DIRs) Ngaro
VIPER
Tcl-mariner
hAT
Mutator
Merlin
Terminal Inverted Repeat (TIR) Transib
Class 11 P
(DNA Transposons) PiggyBac
PIF-Harbinger
CACTA
Crypton Crypton
Helitron Helitron
Maverick Maverick

Table 1.1: TE Classification system proposed by Wicker et. al (2007). Bolded orders
are the focus of this thesis. MITEs, not listed in this table, belong to Class II and are
commonly deletion derivatives of TIR elements.

they carry cis-acting sequences that enable transposition if the required enzymatic
functions are provided by a transposition-competent autonomous element in trans [52].
Some non-autonomous elements are deletion derivatives of autonomous elements, hence
they retain features of their autonomous counterpart, but have lost domains that en-
able independent replication. In summary, a myriad classification determinants have
paved the way to extensive groupings of TEs that are widely present in eukaryotes.
In this review, I will focus primarily on the four groups of TEs that are present in
the fungal genomes focal to this project: long-terminal repeat (LTR) retrotransposons,

non-LTR long interspersed nuclear elements (LINEs), terminal inverted repeat (TIR)
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DNA transposons, and miniature inverted repeat transposable elements (MITEs) (Fig-

ure 1.1).

1.2.1 Class I: LTR retrotransposons

Long terminal repeat (LTR) elements are a major subclass of class I retrotransposons.
They are typically 5-7 kb long [53], however in cases they can be as short as 100 bp,
or as long as 22 kb [50, 54]. These elements are found in almost all major eukaryotic
taxonomic groups [55] and resemble retroviruses, with which they are believed to share
an evolutionary relationship [53]. A defining feature of LTR elements is the identical
long terminal repeat sequences ranging from 100 bp to more than 5 kb in length that
flank the inner portion of the TE. The LTRs typically comprise of a canonical 5’-TG
and CA-3’ structure and create target site duplications (TSD) of 4-6 bp that arise as a
result of a fixed-length staggered cut induced in the donor DNA during TE insertion
(Figure 1.1) [56].

LTR retrotransposons are autonomous elements that are transcriptionally reg-
ulated by a RNA polymerase II (polll) promoter found within the LTR. These elements
generally harbour two open reading frames (ORFs): a polyprotein (pol) and a gag viral
structure protein [32]. The pol ORF encodes enzymes that facilitate the movement of
the element: a reverse transcriptase (RT) that binds to a primer binding site down-
stream of the 5 LTR and transcribes the RNA copy into ¢cDNA for transposition;
integrase (INT) that integrates element into the host DNA; aspartic protease (AP)
that cleaves the polyprotein to form smaller protein products from the large transpo-
son transcripts; and RNAseH (RH) which cleaves the RNA/DNA hybrid formed during
transposition. Additional ORFs of unknown function have also been reported. Copia
and Gypsy are two superfamilies within the LTR retrotransposons order, and differ
only in the arrangement of enzyme-encoding genes within their pol ORF's (Figure 1.1)

32, 57).
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LTR

TSD LTR gag | pol LTR TSD

Copia
4-6bp 5 TG CA-3 gag AP INT RT RH 5.7G--——- CA-3 4-6bp

Gypsy
4-6bp 5-TG------ CA-3 gag AP RT RH INT 5.TG-- CA-3> 4-6bp

LINE
5-UTR [ROI3! | ORF2 m Poly-A tail [ 'TSD |

DNA

TSD TIR Transposase TIR TSD
hAT
8bp 5-27bp DDE 5—27bp 8bp
MuLE
8-10bp 100bp+ DDE 100bp+ 8-10bp

PIF-Harbinger
3bp variable DDE variable 3bp

Tcl-Mariner
TA ~30bp DDE ~30bp TA

MITE
TSD TIR _ TIR TSD

Figure 1.1: Overview of basic TE structure. Members of the LTR family harbour tar-
get site duplications (T'SDs) of 4-6 bp, and characteristic long terminal repeat (LTR)
sequences that show a 5-TG CA-3’ motif. The internal portion contains open reading
frames (ORFs) for gag, and pol. Pol encoded enzymes differ in order between the
two superfamilies. LINE elements harbour variable TSDs, two ORFs flanked by un-
translated regions (UTRs), and a characteristic poly-A tail. DNA and MITE elements
have T'SDs of variable length and motifs which flank terminal inverted repeat sequences
(TIRs) of varying lengths. Each focal DNA element of this project harbours a trans-
posase characterised by a DDE amino acid triad. MITEs do not possess transposases.
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Figure 1.2: LTR retrotransposition. (A) An RNA intermediate of the LTR element is
transcribed by endogenous pol II. The RNA harbours a primer binding site downstream
of the 5° LTR that serves as a binding site for encoded RT (not shown). (B) the
intermediate is reverse transcribed into ¢cDNA in a multistep process resulting in a
double stranded DNA copy of the element. This cDNA copy harbours the complete
LTRs (black) and conserved domains (purple and green). (C-D) Encoded intergrase
mediates the transposition; a fixed length staggered cut (black arrows) is induced in the
host-DNA (grey), and the newly synthesised cDNA copy is integrated into host DNA.
(E) Endogenous repair machinery repairs the breaks to complete the transposition
process.
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Transposition and integration of LTR elements occur via a cleavage and strand
transfer method mediated by the integrase (Figure 1.2) [53, 58]. They are reported to
preferentially insert within other LTRs and AT-rich regions [55, 59]. As LTR elements
amplify through a copy and paste mechanism, the transposition events lead to increas-

ing copy numbers.

1.2.2 Class I: LINEs

Long interspersed nuclear elements (LINEs) are a diverse group of autonomous Class
I elements. These elements lack LTRs, and are thus referred as non-LTR retrotrans-
posons. LINEs are the most common Class I elements in mammalian genomes, however
they are relatively rare in plants and fungi in comparison to LTR elements. LINEs are
distinguished into five superfamilies named L1, R2, RTE, I, and Jockey, which are each
further divided into many subclasses [50]. Like LTR elements, LINEs encode a reverse
transcriptase and in some cases, an RNAseH enzyme. However, they typically lack the

protease and integrase seen in LTR retrotransposons [60].

Full-length LINES are 3-7 kb in length and harbour two open reading frames,
ORF1 and ORF2. An RNA binding protein within ORF1 acts to stabilise RNA and
assist in strand transfer during the reverse transcription process [53]. The second ORF
(ORF2) encodes a nuclease to cleave genomic DNA, and a reverse transcriptase to
convert the RNA intermediate to cDNA. In some cases (superfamily I), an RNAseH
may also be in ORF2. One characteristic of LINEs is a poly-A tail or adenine-rich

sequence at the 3’ end of the element that assists in transposition (Figure 1.1) [53, 61].

Like LTR retrotransposons, LINE transposition directly correlates with copy
number. LINEs transpose via target-primed reverse transcription, and are transcrip-
tionally regulated by a promoter in the 5’-UTR [62, 63]. LINEs lack the primer binding
site reported in LTRs. Instead, the single stranded break in host DNA that is induced

by the encoded endonuclease frees a 3’-hydroxy group that then serves as a primer.
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Figure 1.3: LINE retrotransposition. (A) The LINE-encoded nuclease (black arrow)
forms a single stranded break in an AT-rich region of host DNA and frees a 3-OH group
that serves as a primer for RT (not shown). (B) The LINE RNA intermediate (green),
stabilised by ORF1 and ORF2 proteins (blue), harbours a poly-A tail on the 3’ end
that can bind to the T-rich region of host DNA. (C) Encoded RT synthesises the first
strand of DNA, and the second strand of host DNA is nicked by the encoded nuclease
a few base pairs away from the first break. (D) The second strand is synthesised. (E)
FEndogenous repair machinery fixes the gaps.
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The transposition process is then completed by LINE-encoded enzymes and endoge-
nous host-repair machinery (Figure 1.3) [53]. The integration of LINEs into host DNA
generates a truncated 5 region in the element, hence new insertions are often partial

and non-functional.

1.2.3 Class II: DNA transposons

Class 2 elements, or DNA transposons, are present in almost all eukaryotes [50]. These
elements mobilise via a DNA intermediate. Currently, Class II elements can be cate-
gorised into two main subclasses by virtue of the transposition mechanism (subclass I
and subclass II), and are further divided into four major groups (orders) on a basis of
enzymatic differences. As the focus of this thesis is fungal TEs, here I will focus on
TIR DNA transposons, a member of the subclass I “cut-and-paste” elements. These
elements are mobilised by DDE transposases, named after the DDD or DDE amino
acid triad found within the protein domain [32]. As a result, they are often referred
as DDE transposons, however, the classification of these elements by virtue of DDE
transposases has been debated, as DDE transposases may be one of the most abun-
dant and ubiquitous genes in nature [64], and have been found in non-DDE TE groups
[50]. TIR elements are characterised by terminal inverted repeats (TIRs) that flank
the coding sequence of the TE. Members of this order can be further distinguished into
superfamilies by virtue of features such as TIR length, TSD length, and the TSD motif

that is representative of target site preference (Figure 1.1).

Transposition of TIR elements typically involves a double stranded break at
each end of the transposon, and at the new target site in host DNA. Transposition is
mediated by the encoded transposase and endogenous repair machinery (Figure 1.4)
[65]. In contrast to Class I elements, the “cut-and-paste“ mechanism used by Class
IT elements does not itself lead to an increase in copy number. Nevertheless, these

elements can proliferate within a genome. In particular, DNA elements often transpose
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during DNA synthesis, copying themselves from replicated to as-yet-replicated regions

of the replication-fork and creating new copies [50].

A

I
. . I |

E

Figure 1.4: Basic transposition of Class II cut and paste elements. (A-B) Excision of
the DNA element from the host DNA (grey) is catalysed by transposase. The excised
element contains the complete TIRs (black) and internal sequence (green). (C) Both
strands of the host DNA are cleaved by the encoded endonuclease at its sequence-
specific target site (yellow). (D) The excised DNA intermediate is reintegrated into the
new chromosomal location, and (E) the fixed staggered gaps are repaired by endogenous
DNA polymerase and DNA ligase, forming target site duplications representative of the
target site that flank the newly integrated element.
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1.2.4 Class II: MITEs

Miniature inverted repeat transposable elements (MITEs) are non-autonomous deletion
derivatives of DNA elements that can be structurally characterised by their terminal
inverted repeats, high copy number, and small size (50-800 bp) [66]. They are abun-
dant in plants and fungi and reported to show target site bias close to genic regions.
Consistent with this, MITEs are proposed to play a role in gene regulation [66-69],
and are over-represented near transcription start sites of upregulated genes [70]. Al-
though MITEs lack the capacity to independently transpose, they are present in high
copy numbers, due to a process termed cross mobilisation; as these elements are often
deletion derivatives of Class II elements, they can retain transposase binding sites of

autonomous DNA transposons and utilise this as a means for mobilisation [71, 72].
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1.3 TEs as mutagens

Despite their ubiquity among eukaryotic genomes, TEs were historically dismissed as
“junk DNA”, or selfish genomic parasites: non-functional DNA sequences that serve
no benefit to the host [73]. Pioneering work by Nobel laureate Barbara McClintock
first discovered TEs and their impact on the host genome [74, 75]. McClintock, while
studying the mosaic colour patterns in maize, noted that the frequency of kernel color
changes were too rapid to attribute to classic genetic mutations. McClintock proposed
genes were able to “jump” across or within chromosomes, consequently impacting the
expression of genes, and turning physical traits “on” or “off.” In this work, she identi-
fied two genetic loci responsible for these changes observed in maize: Activator (Ac),
and Dissociation (Ds). This work lead to the discovery of what is now known as the
Ac/Ds transposable element system [76]. Ds (now known to be a non-autonomous
DNA transposon) was discovered first, and could mobilise when associated with Ac (a
self-mobilising, autonomous DNA transposon). McClintock reported that both Ac and
Ds could insert into genic regions and alter the kernel colour of maize. Taken together,
her results suggested that the genome harboured dynamic loci that contributed to phe-
notypic variation. At the time of discovery, McClintock’s hypothesis remained ignored;
the theory of a dynamic genomic landscape deviated from the existing understanding
of gene expression, and was not well-received. However, more than 30 years later in

1983, she was awarded a Nobel Prize in honour of her discoveries [77].

Today, it is recognised that in most cases, the effects of TEs are ‘nearly neu-
tral’” with regard to their host’s fitness. Thus, these elements are able to accumulate
and reach fixation within the host genome [78, 79]. However, the extent of TE im-
pact can span the continuum between beneficial and deleterious. Beneficial insertions
may undergo molecular domestication to serve function in the genome, and deleterious
mutations are rapidly selected against. Above all, as TEs are potent sources of poly-

morphisms, their activity can have a profound impact on the fitness of the host genome.
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Their insertion, relocation, and repression can give rise to functional consequences such
as alterations to gene expression and regulation, large scale structural rearrangements,

and mutant phenotypes [80-82].

1.3.1 TE-induced mutant phenotypes

Mutant phenotypes and genetic diseases that arise as a consequence of TE activity are
well documented in the human genome. LINESs, the only autonomous elements that
remain active in man, are responsible for over 120 genetic diseases [81]. A majority of
these diseases are a result of insertional mutagenesis that results in gene inactivation.
This may occur when the element inserts into an exon, or may arise as a result of an
intronic insertion that results in aberrant splicing [81]. Further, LINE-1 insertions in
human and primate genomes have been reported to induce target-site deletions as a

result of their target-primed reverse transcription [83, 84].

Due to the threat of TEs on host fitness, TEs are typically silenced by epige-
netic modifications such as DNA methylation [85]. While it is unsurprising that new,
active TEs can cause disease, epigenetic dysregulation and derepression of TEs are also
reported to underpin multiple diseases such as cancers and autoimmune disorders in

man [31, 86].

1.3.2 Rearrangements, gene acquisition, and transduction

The movement of TEs within a genome can induce novel chromosome restructuring,
giving rise to karyotypic variations or acquisition of new genes. As TEs present the
genome with multiple near-identical sequences, strand-transfer can occur between these
homologous sequences [87]. This enables ectopic recombination between transposable
elements and is reported to produce chromosomal rearrangements. Further, a high TE

density has been reported to correlate with high recombination rates and chromosome
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length polymorphisms [82, 88, 89]. It is important to note that immobile TEs can
also serve as a substrate for ectopic recombination due to sequence similarity, thus
deactivated TEs can still indirectly contribute to genome evolution. In addition to
inactive TEs and newly inserted TEs, the host genome can be negatively impacted
erroneous double strand break (DSB) repair following the excision of a DNA element

during transposition [90].

The transposition of TEs can lead to the formation or acquisition of new
genes. For example, during transposition, flanking nucleotide sequences can be mo-
bilised alongside the TE. On rare occasions, captured fragments such as exons and
promoters may be transduced into existing genes. In turn, this has reportedly given
rise to gene fragment duplications [91], and the formation of new chimaeric genes [92].
Non-mendellian inheritance of genes via transposon-mediated horizontal gene transfer

has also been reported [93].

1.3.3 Molecular domestication

TE-invaded genomes are replete with relics of TEs that have mutated and immobilised
throughout evolution. It is widely accepted that among these ancient TEs, some have
been co-opted to serve a cellular function in the host genome. Here, TE-derived se-
quences are captured by the host genome and repurposed to serve functions that are
beneficial for host fitness [80, 94, 95]. These TE-derived sequences are widely reported
to play a role in gene-regulatory networks. For example, TEs have been demonstrated
to contain binding sites for transcription factors, and up to 40% of transcription factor
binding sites in the mouse and human genome were derived from TEs [96]. Further,
epigenetic studies have revealed TE-derived transcription start sites and TE-derived
promoters to act as tissue-specific promoters. [97, 98]. Other functions of co-opted
TEs include domestication of TE nucleases, and TE-derived non-coding regulatory

RNA transcripts that modulate transcriptional and post-transcriptional alterations to
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host gene expression [99, 100].

1.4 TEs in plant-associated fungi

Plant-associated fungi are ideal systems to study the contribution of TEs to genome
evolution. These species typically have relatively compact genomes, which nevertheless
house a diversity of TEs. In addition, it has become increasing clear that these TEs
play an important role in the co-evolution between a given fungus and its plant host(s)
[67]. There are already considerable genomic resources built around plant-associated
fungi. Fungal phytopathogens are well studied due to their economic and agricultural
importance, and the threat they represent to global food security [101]. Conversely,
plant-symbiotic fungi can provide their hosts with increased tolerance to abiotic stres-
sors, thus there is motivation to exploit these factors for agricultural applications [102,

103].

In many characterised fungal species, TEs play an important role in genome
structure and plasticity. In particular, the activity of TEs is proposed to accelerate the
evolution of fungal genes that mediate the colonisation of plants. By extension, this
allows the fungus to outpace detection by its host plant, assists in the host-microbe co-
evolution, and potentially extends the host range of the fungus [104]. This phenomenon
is believed to occur by virtue of both TE-intrinsic and genome-intrinsic factors that

act to expand and restrain TE populations.

1.4.1 Fungal defences against TEs

The potentially deleterious impacts of TE integration have given rise to adaptive de-
fence mechanisms in eukaryotic genomes that act to prevent further transcription and
proliferation of TEs. These defence mechanisms include transposon methylation [105],

meiotic silencing and quelling [106], and repeat-induced point mutations (RIP; [107]).
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RIP, a homology-dependent genome defence system, is a defence mechanism unique
to fungi that targets repeat sequences for hypermutation, and can facilitate epigenetic
silencing of targeted sequences via methylation [107]. RIP promotes irreversible C-to-T
transitions in large repeat sequences (>400 bp) that share >80% identity [108, 109].
This is believed to deactivate and immobilise TEs over the course of one or several

generations [110].

RIP targets cytosines in a preferred nucleotide context, often CpA dinu-
cleotides with the favoured 3’ adjacent nucleotide differing between species, leading to
an accrual of AT-rich genomes with characteristic dinucleotide patterns [109, 111]. The
current understanding of RIP was pioneered by work in Neurospora crassa. Selker and
colleagues first observed a tandem duplication in 5S rRNA with unusual methylation
of cytosines, and robust C-to-T mutations throughout the genome [112]. In following
work, Selker et al. [113] defined that RIP involves detection of duplications in chromo-
somal DNA, specifically in haploid germline nuclei in pre-meiotic mitosis events. This
detection occurs regardless of factors such as the origin of duplication, transcriptional
state, and relative position in the genome. Cytosines on both strands of the duplex are
mutated, and occasional mutation of cytosines in neighbouring non-repetitive regions
may occur [114]. The process of RIP leads an accrual of C-to-T transitions, hence

AT-rich regions are biochemical hallmarks of RIP-deactivated repeat sequences [114].

The underlying molecular mechanism of RIP remains poorly understood in
most fungal species [115]. In N. crassa, concomitant methylation of RIP-detected cy-
tosines was reported to be catalysed by RID, a putative C5-cytosine methyltransferase
(5mC MTase). The putative model suggested the signal for cytosine methylation is the
DNA duplication itself [116]. The C5-cytosine methylation (5mC) seen in N. crassa is
conserved in all domains of life [117], and the methylation mediated-deamination of cy-
tosines is known to promote C-to-T transitions, consistent with the action of RIP [112,
118, 119]. However, DNA and chromatin modifications of the fungal epigenome remain

poorly investigated beyond the findings that 5mC is enriched in regions of repetitive
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DNA and TEs. In addition, further investigation into the phylogenetic distribution
of 5bmC MTases determined unique combinations of 5mC MTases possessed between
fungal clades; the gain and loss of genes encoding these enzymes across fungi have
been shaped by gene duplications and losses, and RIP-associated MTases such as RID
are more recently derived in fungi from ancestral maintenance enzymes [117]. Consis-
tent with the non-uniform composition of MTases across fungal taxa, the methylation
associated with RIP is suggested to occur by virtue of functionally distinct methyl-
transferases across different fungal species. For example, there is an absence of RID in
several RIP-competent species [114]. In these instances, combinations of unique non-
RID MTases can mediate RIP [114]. Taken together, these findings make apparent
that while the mechanisms of RIP require further investigation, there is heterogeneity

of the RIP mechanism across fungal species.

In addition to differences in the RIP mechanism between fungi, the extent to
which RIP affects the genome also varies between species. Interestingly, the abundance
of MTases does not positively correlate with levels of 5mC across fungal genomes [117].
A near complete absence of active TEs by virtue of RIP is one notable feature of the
N. crassa genome, however, evidence of RIP remains undetected in its close relative
Sordaria macrospora [120]. It must also be noted that RIP can be costly to the host,

and the RIP-mediated defense against TEs can be lost via the loss of MTases [121].

While the primary role of RIP is to immobilise TEs, the impact of RIP can
extend to non-TE genetic elements. For example, as RIP targets regions of high se-
quence similarity, it may prevent new genes that could otherwise arise as a result of
duplications. In addition, “leaky RIP” may induce C-to-T transitions in genes proximal

to TEs, or promote TE-mediated silencing of genes proximal to TE clusters [122].
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1.4.2 TE organisation in fungal genomes

Fungal pathogens and symbionts are highly diverse in both lifestyle and in the interac-
tions they share with their host plant. However, a common characteristic in plant-fungi
interplay is the recognition of the fungus by the plant innate immune system. In order
to dampen a host defence response and successfully colonise the plant, plant-associated
fungi must deploy secreted proteins, collectively referred to as effectors. Upon delivery
into the plant, effectors modulate plant immunity and govern the invasion process by
altering host cell structure and function [123-125]. Thus, effectors inhibit plant defence
and are used similarly by both pathogenic and mutalistic fungi [126, 127]. In addition to
effector genes, fungal secondary metabolites, which perform an array of functions, are
also crucial players in interactions with other organisms [128]. Comparative analyses of
effectors and secondary metabolites between fungal genomes have demonstrated aber-
rant phylogenetic distribution, extreme sequence diversity, and very few homologues
between fungal species [126]. These observations substantiate the theory that genes
involved in the colonisation of plants continually evolve to retain and improve their
capacity for plant invasion. Interestingly, effectors and secondary metabolite genes are
non-randomly distributed throughout the fungal genome, and have been observed to

localise with TEs [129].

TEs are reported to play a profound role in the genome organisation of the
pathogenic fungi of plants. While the genomes of fungal pathogens are highly diverse,
many species are often described to have ‘core’ chromosomes, and ‘accessory’ or ‘dis-
pensable’ chromosomes. Here, the core chromosomes comprise of highly conserved genes
that are essential for the survival of the organism. Conversely, accessory chromosomes
are not required for survival, but may confer an adaptive advantage in plant invasion.
Accessory chromosomes, often cited in the literature as “lineage-specific”, “type B”
or “supernumerary”’ chromosomes, are typically dense in TEs and other repetitive se-
quences, and are largely devoid of genes [130-132]. However, the genes present in these

gene-poor regions often encode effectors and other virulence-specific genes. As TEs
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are potent sources of polymorphisms that can induce structural variations and regulate
gene expression, these accessory chromosomes and the genes within them are observed
to evolve faster than core chromosomes [104, 133]. In addition to TE activity, this rapid
evolution may be attributed to a relaxation of selection against mutations in these re-
gions due to low gene density. On occasion, the evolution of accessory chromosomes
is so great that they show no detectable synteny even between closely related species
that share conserved core genomes [131]. Further, the accessory chromosomes may be
present or absent in select individuals within the same population. Thus, although the
organism does not rely on accessory chromosomes for survival, it is widely accepted
that these accessory regions can be important determinants for virulence and host
specificity [134]. This phenomenon is well supported in Zymoseptoria triciti, a fungal
wheat pathogen, in which deletion of accessory chromosomes negatively impacted the

fitness of the fungus during infection of its host [134].

Associations between plants and fungal pathogens are underpinned by an an-
tagonistic co-evolution in which the fungus evolves to evade plant immunity whilst
the plant evolves to recognise fungal secreted proteins. Hence, the accelerated evolu-
tion of virulence-related genes presents new means of overcoming plant-recognition and

resistance [135] and, by extension, may contribute to host-specificity.

The distinct separation of core and accessory chromosomes is not the only
way in which conserved genes and virulence-related genes may be organised. Instead,
in several characterised species, this same phenomenon is observed as what could be
described as a “patchwork” genome in which highly conserved core sequences are in-
terspersed with blocks of divergent accessory regions (Figure 1.5). This structure,
termed the “two-speed genome” is well documented in several fungal lineages [67, 82,
136-138|. The accessory regions in these genomes are typically AT-rich as a result of
RIP-deactivated TEs [67, 139]. As a result, these two-speed genomes harbour a distinct
bipartite structure consisting of alternating regions of AT-rich blocks enriched with TEs

and effectors, and gene-rich regions of relatively equal nucleotide composition [104]. It
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Figure 1.5: Two observed genome structures in plant-pathogenic fungi. (A) The core
chromosome (green) is enriched with non-virulence-related genes (yellow) with low or no
TE content. The accessory chromosome (purple) is enriched with TEs and genes that
mediate virulence and plant-invasion (blue). (B) The two speed genome structure con-
sists of alternating blocks of gene-rich regions (green) enriched with non-virulence genes
(yellow), and TE-rich regions (purple) enriched with virulence-related genes (blue).

is important to note that while several unrelated species have diverged to have two-
speed genomes [82, 137, 140, 141], “one-speed” genomes with no compartmentalisation
[142], and multi-compartmented “multi-speed” genomes have also been reported [143].
Thus, co-evolutionary selection pressures do not result in one chromosomal structure.
The generation of more high-quality genomes across fungal species may provide further
insight into genome architectures and elucidate the origin of these compartmentalised

structures.
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1.5 Epichloe

The study of plant-colonising fungi has predominantly been restricted to fungi of agri-
cultural and economic importance. As a result, far less is known about genome organi-
sation of fungi in natural ecosystems. This is largely due to fewer telomere-to-telomere
chromosomal assemblies of these populations which are highly valuable when elucidat-
ing genomic structure and evolution [130]. An exception to this is Epichloé, a genus of
filamentous fungi that lives in close association with grasses in the subfamily Pooideae
[144]. Species within this genus can span the continuum between parasitic and mutual-
istic; the asexual life cycle exhibits asymptomatic infection that provides the host plant
with protective benefits, and the virulent sexual life cycle encloses the host inflorescence
in the fungal fruiting structure and can sterilize the host plant [145-148]. The focus of
this project is predominantly asexual Epichloé species, which are considered to act as
mutualists. The systemic infection of these asexual Epichloé species can provide the
host plant with profound bioprotective benefits such as increased resistance to drought,
pathogens, and pests [149-151]. These benefits prompt significant interest in extending
the host range of these species for agricultural applications [152]. To further understand
how Epichloé associates with its host plants, Epichloé secondary metabolites have been

extensively studied, with fewer studies currently conducted on effector genes [153-157].

Recent studies have characterised TE populations within select species of
Epichloé. Preliminary research in Epichloé festucae prior to this project found that
TEs have a profound influence on the genome structure. In addition to creating the
distinct, compartmentalised two-speed structure, the AT-rich tracts in the E. festucae
genome accounted for almost half of all inter-chromosomal contacts, and thus act as key
determininants to the 3D structure of the genome. Further, MITEs within E. festucae
appear to have been transcriptionally active in the recent history of the genus and are
proposed to be regulators of gene expression that may contribute to host-adaptation

[67, 158]. This hypothesis is strengthened by the overrepresentation of MITEs near



24 CHAPTER 1. INTRODUCTION

transcription start sites of near genes that demonstrate the largest differential expres-
sion in axenic culture and in planta growth conditions. However, beyond these findings,
the role of TEs in Epichloé remains obscure. This is largely due to the fact that most
DNA transposons and retrotransposon families have been extensively affected by RIP,

and it is unclear whether active elements remain in this genome [67].

1.6 Research objectives

Epichloé species provide an excellent system in which to study the impact of trans-
posable elements on gene regulation and genome evolution, particularly in the con-
text of plant colonisation. The relatively small genomes, considerable repeat content,
and diversity of species within the Epichloé genus allows whole-genome approaches
to elucidate the roles of TEs in the evolution of this genus. In this work, I focus
on three sub-species belonging to the Epichloé typhina species complex: E. typhina
subsp. clarkii (Ecl), E. typhina subp. typhina (Ety), and E. typhina subsp. poae
(Epo). These subspecies are genetically differentiated in natural populations and have
adapted to different grass species across a short evolutionary timeline [159, 160]. While
phylogenetic analyses have been conducted in Epichloé [161], a precise timeline of the
divergence of Epichloé lineages is yet to be established. Thus, in this work, any refer-
ence to the “recent history” of this genus refers to the time lapsed since the divergence
between members of this species complex. A currently unpublished phylogentic study
(I. Dumville, personal communication) has established the relationships between my
focal subspecies, and suggests the divergence has occured within the last 10 million

years (Figure 1.6).
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E. clarkii

E. typhina

E. poae

E. bromicola
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E. festucae

E amarillans

E. baconii

E. brachyelytri

E glyceriae

E. scottii

E. gansuensis

Figure 1.6: A representative model of the phylogenetic relationship shared between the
E.typhina species complex and its relatives. The focal sub-species of this project are
denoted in red. Figure adapted from work by Quenu et al. [161]

The objectives of this project were therefore to:

1. Identify TEs in three sub-species of the Epichloé typhina species complex and

create a high quality custom TE library for these genomes.

2. Determine the TE populations in all three focal lineages, and investigate factors
such as the class composition, copy numbers, estimated age of transposition, and

distribution of TEs.

3. Infer the association between TEs and genes predicted to play a role in host

invasion.



26

CHAPTER 1.

INTRODUCTION




Chapter 2

Manual Curation of a custom TE

library for Epichloe typhina

27



28 CHAPTER 2. LIBRARY CURATION

2.1 Abstract

Transposable elements (TEs) are major genomic constituents in allmost all eukaryotic
genomes. However, the study of these elements presents myriad analytical challenges
that require extensive labour to resolve. As a result, current TE analyses cannot keep
pace with the ever-growing production of reference genomes, and the study of TEs

remain subordinated to that of non-TE genomic components.

An accurate classification of TEs requires high quality databases of known
TEs. However, the lack of representative TEs for most non-model organisms substan-
tially contributes to the generation of poorly-annotated or unclassified TEs. As such,
it is widely accepted that in order to obtain robust TE annotations, one must use a
combination of de movo- and homology-based annotations coupled with an extensive
manual curation step in which all TEs within a given genome are characterised via

conserved structural and enzymatic features.

In this chapter, I have completed the manual curation of an Epichloé typhina
TE library using three sub-species of the Epichloé typhina species complex: (sub-
species clarkii, poae, and typhina). This process achieved a substantial decrease in
the proportion of unknown elements, precise reclassification of previously incorrectly
annotated TEs, and the characterisation of several TEs that can not be identified by
automatic-identification software. This work resulted in a high quality library tailored
for Epichloé genomes, and will serve as a robust database for future TE studies in

Epichloé.
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2.2 Introduction

The development of long-read sequencing technologies has revolutionised the study of
TEs. Previously, the repetitive, complex, and nested structure of these elements re-
quired reconstruction of full-length TEs from short reads. Further, the TEs present
in short-read assemblies were often excluded from analyses, as these reads could not
be reliably mapped back to the genome [162, 163]. Long read sequencing technologies
have largely overcome these technological hurdle; the increased read-length and quality,
alongside the reduced cost of sequencing technologies now sees high quality assemblies
being routinely produced for almost any organism. Despite the wealth of TE data
produced by long read sequencing, the analyses of these elements still present myriad
analytical challenges. Currently available software tools are able to identify repeti-
tive regions in assembled genomes and match structural elements of reference TEs to
genome assemblies. However, these programs are not typically able to accurately define
the boundaries of TE-encoding sequences, accurately identify the key sequence proper-
ties necessary for robust classification, or confidently identify families and sub-families
of TEs within a genome. Thus, careful analysis of the TE content of a genome re-
quires both automated detection of putative TE sequences and manual curation of the

resulting libraries [164].

TE discovery begins with the automated detection of putative TEs from an
unannotated genome. Currently, TE annotation approaches can be split into two cat-
egories. The first is repository- or homology- based annotation, in which genomic
sequences are compared to a database of known TEs. The second, de movo annota-
tion, searches for over-represented sequences in genome assemblies or raw-read data.
Homology-based annotation is most powerful when a database of known TEs from a
closely related species is available. De movo annotation typically identifies common
repeats, but may miss low-copy number TEs. The most robust automated annotation

will therefore combine these approaches. Nevertheless, the combination of de novo and
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homology-based annotation is unable to accurately annotate lineage-specific, heavily
mutated, or low-frequency TEs, particularly those in non-model species [164, 165]. For
example, it has been demonstrated that when using sub-optimal annotation approaches,
an increase in phylogenetic distance between a queried genome and the source of refer-
ence TEs leads to decreased ability to accurately identify TEs [164]. Taken together,
these restrictions demonstrate that no single software can detect all repeats [163, 165],
and robust TE prediction requires manual curation of a custom library in addition to

de novo- and homology-based annotation [164, 166].

High quality TE libraries tailored for the species of interest is the most power-
ful way to prevent inaccuracies in downstream analyses. However, manual curation of
TEs is time-consuming, labour intensive, and therefore not performed in a large number
of TE studies. Furthermore, manual curation is a specialised and exclusive skill often
passed down within TE research groups [166]. To ensure these skills are accessible to
those outside of the field, Platt et al. [164] and Goubert et al. [166] outlined current
approaches to hand-curation that have been demonstrated in many studies [167-171].
In this chapter, I have followed these protocols to generate a high quality TE library
for three closely related strains of the Epichloé typhina species complex: E. typhina
subsp. clarkii (Ecl), E. typhina subsp. typhina (Ety), and E. typhina subsp. poae
(Epo). For each lineage, I generated an initial TE annotation using automated meth-
ods. Alignments of resulting TE families were then extracted from their respective
reference genomes and used to classify each family according to current TE taxonomy.
A representative model sequence was generated for each TE family. This hand curation

process resulted in the first high-quality TE library for Epichloé.
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2.3 Methods

2.3.1 Genome Sequences

Reference genomes for Epichloé typhina subsp. clarkii strain Ecl-1605-22 (BioProject
ID PRJINAS5’33212), Epichloé typhina subsp. typhina strain Ety 1756 (BioProject
ID PRJIJNAS533210), and Epichloé typhina subsp. poae strain Etp76 were already
prepared for this work [148]. Each genome was resolved with 7 telomere-to-telomere
chromosomes and no gaps, making these genomes ideal for the analysis of difficult-to-

assemble regions like TEs.

2.3.2 Automatic TE annotations

An iterative approach was used to automatically identify TEs in each reference genome.
First, de novo TE libraries were estimated from each reference genome using Repeat-
Modeler2 (v.2.0.1) [20]. This suite of programs uses RepeatScout to identify multi-copy
regions of a genome [172], and RECON to discover sequences that contain motifs as-
sociated with known transposable element families [173]. This pipeline also makes use
of LTR retriever and LTR_Harvest to identify LTR retrotransposon sequences [174,
175]. All putative repetitive elements identified in this way are then clustered to form
repeat families and classified into repeat classes following DFAM specifications [176].
Following this, the locations of specific transposable elements were then discovered by
running RepeatMasker (v4.0.6) [19], a homology-based annotation method that also

uses the default DFAM database to perform searches against known TEs.
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2.3.3 Library preparation

The discovery algorithms of automatic identification softwares utilise databases of
known TE sequences sourced from a wide range of organisms. The phylogenetic dis-
tance between the Epichloé and the source of the known TE can lead to inaccurate
annotations; many sequences returned this way may be denoted as unknown repeat
elements, or be represented by poorly-matched model consensus sequences that are not
specific to the Epichloé genomes. To create a library of consensus sequences specific to
Epichloé, the RepeatModeler4 pipeline was used. This pipeline is a specialised script
provided for this work by specialists in the field (J. Blommaert, personal communi-
cation). The script queries automatic RepeatMasker-predicted consensus sequences in
each lineage against their respective reference genome. Following this, up to the top 20
best BLAST hits for each consensus sequence is retrieved [6] from the genome, and the
retrieved sequences are aligned using MAFFT under EINSI parameters (recommended
for aligning <200 sequences containing large, unalignable regions) [13]. All returned
alignments harbour 2 kb flanking sequence on the 5’ and 3’ end of each repeat element

to ensure the entire element is retrieved.

2.3.4 Consensus generation

All sequence alignments produced by the RepeatModeler4 pipeline were manually in-
spected in AliView (v. 1.26) [2]. TE classes and superfamilies may have canonical
structures, such as 5’ - TG...CA - 3’ motifs in LTR elements, or they may harbour
TSDs of a specific length or motif (Figure 1.1). Thus, each alignment was searched for
known TE start and end signatures in accordance to the classification system proposed
by Wicker et al. [50]. In the absence of known TE boundaries, the well conserved
portion of the alignment was used to generate the new consensus sequence, and the
sequence was assigned the suffix ‘.inc’ to denote an incomplete sequence. After de-

termining the element boundaries, a new consensus was generated from the aligned
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sequences using Advanced Consensus Maker [1] with the majority threshold set to
0.75. By default, if the most common nucleotide was below a minimum fraction of
0.5, the consensus nucleotide was recorded as ‘?’. All bases denoted as ‘?” were later
defined using a custom python script that applies a strict logical tie-breaking algorithm
to resolve ambiguities. The final consensus sequences were then aligned to the original
sequence alignment in AliView (default aligner MUSCLE v3.8.425 [177]) and manually

inspected to ensure they sufficiently represented the sequence alignment.

2.3.5 Higher order classification

Self-similar domains such as LTRs and TIRs are an important feature of many TE
classes. These were identified in each new consensus sequence by performing a self-
alignment with MAFFT under default parameters [13]. The dotplot generated from self
alignment was then assessed for structural features characteristic of different TE orders
(Figure 2.1). If the sequences were determined to have LTRs or TIRs (Figure 2.1A-
C), these sequences were extracted using LAST web servers under default parameters
[12]. Satellite sequences are often identified by RepeatMasker as long sequences of
unknown classification. As these sequences comprise of multiple repeating monomers,
any consensus sequence that appeared to be a satellite (Figure 2.1E), was submitted to
Tandem Repeat Finder under default parameters [22], and a monomer was determined
based on a combination of copy number and length. Following advice from experts,
each monomer was duplicated to form a dimer. This was done to increase coverage as
it is often impossible to determine the beginning and end of a monomer (J. Blommaert,
personal communication). To confirm that the dimer was representative of the satellite,
the dimer was aligned to the full-length consensus sequence using MAFFT. The dimer
was considered to be representative if the partial dotplot generated this way retained
the overall pattern that was observed in the self-alignment of the full-length sequence

(Figure 2.1E-F).
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Figure 2.1: Self-similar domains for order classification. Black central line represents
internal TE sequence and arises from self-alignment of consensus sequences. (A) Termi-
nal repeats (red) characteristic of LTR elements are shown in the upper left and lower
right corner. (B) Small TIRs (blue) can be observed in DNA elements in the upper
left and lower right corners. (C) Proportionally large TIR sequences are representative
of MITEs (blue). (D) An example of a simple repeat sequence. Self alignment reveals
multiple short repeats throughout the consensus sequence (red and blue). (E) Satellite
sequences form a distinct pattern of short, repetitive sequences (red). (F) Alignment
of a single satellite dimer to its full-length consensus sequence shows that the pattern
exhibited in E is represented by the dimer (red).
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2.3.6 Conserved Domains

Many TEs encode characteristic protein domains (Figure 1.1). Identifying conserved
domains therefore allows for confident annotation of TE classes and superfamilies. To
identify conserved domains, all sequences were submitted to NCBI Conserved Domain

Search under default parameters [7].

2.3.7 Comparison to known TEs from Repbase

To query each new consensus sequence against known fungal TEs, all consensus se-
quences were submitted to the Repbase database using the CENSOR tool [9]. A cus-
tom R script was written to identify TE-consensus sequences where the best hit to a
Repbase sequence had an alignment score = 2.5 times the mean of all other hits for
that consensus. This threshold was determined by inspecting alignment scores for TEs
with existing accurate annotations. The CENSOR results were also manually inspected
to identify elements that may have been removed by this threshold as a result of hav-
ing a a number of high scoring alignments, or scored marginally below the the elected

threshold but nevertheless offered insight to potential classifications.

2.3.8 Consensus clustering

Genomes often harbour fragmented TE sequences. These may arise as a result of TEs
transposing within other TEs in a nested structure [178], or due to mutations that leave
partial length remnants of TEs [179]. These partial sequences can generate multiple TE-
models for a single TE-family, with each model representing only a portion of the true
consensus sequence. Similarly, the three TE libraries produced to this point will contain
considerable redundancy, as many TE families will represented in all three genomes.
I used an all-against-all search approach to identify and merge redundant consensus

models across all three libraries. All new consensus sequences were queried against
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one another using BLAST (Blast 2.0.0+, blastn default parameters [6]). In addition,
the consensus sequences from all three genomes were clustered using CDhit (v4.8.1,
90% identity, local alignment [8]). Local alignment was favored as DNA elements and

MITEs may share TIRs, but harbour divergent internal sequences.

2.3.9 Reannotation of TEs

The final classifications were determined via a combination of structure, TSD length,
canonical motifs, conserved domains, and sequence homology to known fungal TEs.
Putative classifications that offered moderate but not extensive evidence for group-

" suffix to assist with downstream analyses. The

membership were denoted with a ‘7
consensus sequences from all three genomes were combined to create a single master

library which was provided to RepeatMasker for re-annotation of the focal genomes.

2.3.10 Data availability

A repository containing analyses and scripts developed for this project are available at

https://github.com/KelliSmith17/Masters
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2.4 Results and Discussion

2.4.1 Manual curation greatly improves classification of TEs

An automated annotation of the three focal genomes using RepeatMasker identified
559 unique TE consensus sequences in the E. typhina species complex. The sequences
identified this way prior to manual-curation will henceforth be referred to as the “auto-
matic library.” The number of consensus sequences identified in the automatic library
was approximately equal among fungal lineages, with 206, 195, and 158 sequences de-
rived from Ecl, Ety, and Epo respectively. As expected, the majority (72%) of these

consensus sequences were of 'unknown’ classification.

De novo annotation softwares are able to predict heavily degraded, novel, frag-
mented, or lineage specific repeat sequences. However, once identified, such elements
typically lack sequence homology to known TEs, making it impossible to successfully
classify them to an order or superfamily during homology-based annotation. The lack
of representative TEs for most non-model organisms substantially contributes to the

generation of poorly-annotated or unclassified TEs.

Currently, manual inspection of sequences is the most reliable method of re-
ducing the unknown elements in annotations [166]. By focusing on the structural
properties of TE orders and superfamilies, these approaches can classify sequences that
lack homology to any known TE. All 559 sequences identified in the automatic li-
brary underwent a complete manual-classification process. 77 sequences were excluded
from manual curation due to poor alignments or insufficient sequences in their respec-
tive alignments that gave rise to a new consensus sequence with extensive ambiguity.
To account for within- and between-lineage TE redundancy, all curated consensus se-
quences were clustered using CDhit. Following clustering, the final hand-curated TE

library was reduced to 288 unique consensus sequences across all lineages.

To examine the changes in classification between the two libraries, I compared
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each automatically identified consensus sequence to its manually-curated counterpart
in the pre-clustered library. Manual-curation resulted in an increase in classification
at the level of order and superfamily, and a dramatic reduction in unknown elements
(Figure 2.2A). As a result, 41.5% of the new curated library comprised of consensus
sequences that were previously annotated as unknown repeat elements. In addition,
3.22% of the library consisted of order-level annotations that were successfully refined
to a superfamily. In contrast, 2.86% of sequences previously classified to a superfamily
were demoted to an order due to insufficient evidence during manual curation. Lastly,
1.25% of sequences were reclassified as unknown and 3.58% of the initial library was
entirely reclassified across orders. Only 33.81% of automated annotations were not

altered by the hand-curation exercise (Figure 2.2B).

2.4.2 Manual curation allows accurate determination of the TE con-

tent of each genome

As is typical for a non-model organism, my initial TE libraries had a high proportion
of unclassified elements. A high non-classification rate can lead to biased estimates of
the TE content of genomes, in turn giving rise to incorrect conclusions about the roles
of different classes in genome evolution. It is striking that the manual-curation process
improved the identification of some TE classes more than others. In particular, man-
ual curation identified many MITEs, short or complex LTR elements, and DNA /hAT

elements.

MITEs are of interest in plant-associated fungi in general, and Epichloé in
particular. However, these non-autonomous Class II TEs are often overlooked in TE
analyses. Indeed, RepeatMasker, the most widely used tool for TE-annotation, does
not predict these elements. Multiple softwares dedicated to detecting MITEs have been
developed, however these pipelines are limited by insufficient databases of reference

MITEs and technical difficulties in detecting these elements. Current softwares often
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come with high error rates, false positive MITE annotation for LTR and DNA elements,
struggle to process large-scale genomes, and fail to detect MITEs that harbor indel
mutations within the TIRs [66, 180-182]. In Epichloé genomes, MITEs have been
associated with the upstream regions of important genes [67, 68, 158] and may play a
regulatory role in the expression of these genes. Thus, it was of considerable interest to
characterise the MITE population in Epichloé genomes. Initial hand curation identified
73 MITE consensus sequences that were reduced to 41 unique consensus sequences.
These elements were previously annotated as simple repeats and unknown elements.
(Figure 2.3). The MITEs had a mean length of 350 bp, and mean TIR length of 67
bp. TSDs were identified for all but 6 elements, with the most common TSD being a
2 bp TA motif (Table S2.1). The curated MITEs were highly conserved: all retained
full TIRs and only two MITEs harbored divergent internal structures. The 41 unique
MITE families identified in this work is a dramatic increase from the 13 MITE families

previously characterised in Epichloé [68].

In addition to MITEs, automatic identification by RepeatMasker struggled to
resolve many DNA elements in the focal genomes. In particular, DNA /hAT elements
were most frequently unclassified in the automatically library, and almost all elements
initially identified as ’buffer’ elements were shown to be DNA/hAT elements. These
hAT elements were often difficult to identify during hand-curation as many were AT-
rich, had poorly defined boundaries, and indiviual elements within a given family could
be highly divergent from each other. Despite these challenges, hand-curation identified
19 hAT consensus sequences that retained conserved domains, structural features such
as 8 bp TSDs, and/or shared high similarity with known fungal hAT elements reported

on the RepBase database.

Although the automatic TE annotation accurately identified full-length LTR
elements, many short or incomplete LTR sequences could only be identified by hand-
curation. The missed LTRs were often short, complete LTR elements (<650 bp), or were

partial LTR copies that harbored the canonical 5'TG start or 3’CA end, and retained
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conserved domains or sequence homology with other known LTR elements. Some of
these elements may be solo-LTRs (short elements that arise as a result of unequal
recombination between two LTR elements) that are often missed by RepeatMasker
[183]. In addition, many of the longer LTRs elements harboured satellite-like structures
between their LTRs. These satellite-like structures may result from nested insertion of
TEs, with transposition or recombination within a compound-element generating very
complex repetitive structures. Reclassification of these elements was determined by the
presence of LTRs and TSDs consistent with LTR elements. Overall, 90 short, complex,
or nested elements that were previously annotated as unknown, simple repeats, or

satellites were successfully reclassified as LTR, LTR Copia, and LTR Gypsy elements.

While manual curation substantially resolved a number of MITEs, LTRs, and
DNA elements, LINE elements annotations were disadvantaged during manual cura-
tion. LINE elements get truncated upon insertion due to their transposition mechanism
[53], hence new insertions gradually decrease in length. Putative LINEs were classified
on a basis of sequence homology to known fungal LINE elements, and truncated 5’
sequences. In the absence of robust matches to LINEs in the RepBase database, these

elements were not further classified into superfamilies.

2.4.3 Conserved domains within the curated TE library

Some TE classes have characteristic protein domains that mediate their transposition
(Figure 1.1), thus the identification of these domains assists with the classification of
elements. TE populations within a host genome may harbor no conserved domains, all
conserved domains, or retain partial conserved domains such as in the case of degraded
autonomous elements. Consistent with this, in the curated library 54 of the 288 con-
sensus sequences harbored at least one conserved domain associated with a TE class.
Of these, only 10 sequences harboured two characteristic domains. In addition, two

elements contained domains of an unknown relevance (Table 2.1).
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Most notably, more than half of DNA/hAT consensus sequences retained a
highly conserved C-terminal dimerization domain found widely in transposase of hAT
superfamily members [184]. A small number of DNA elements had putative DDE trans-
posases, characteristic of these classes of TEs [50]. LTRs elements harbored a Ribonu-
clease H enzyme or a reverse transcriptase, consistent with previous LTR studies [185].
Finally, two LINE elements harboured reverse transcriptases. MITEs, as expected, har-
boured no conserved domains as they are non-autonomous elements with no functional
domains. Other elements lacking conserved domains may include degraded copies of

once-functional elements.

Conserved Domain TE group Count
DDE_Tnp_ISL3 super family DNA 1
DDE_Tnp_ISL3 super family DNA/MuLE 4
Dimer_Tnp_hAT DNA/hAT 11
Glycosyltransferase_GTB-type super family Unknown 1
RNase_H_like super family LTR/Copia 3
RNase_H_like super family LTR/Gypsy 4
RNase_H _like super family, RT _LTR LTR/Gypsy 1
RNase_H_like super family, RVT_2 superfamily LTR/Copia 1
RNase HI_RT _Ty1, RVT_2 super family LTR/Copia 2
RT_like super family LINE 2
RT like super family LTR 1
RT like super family LTR/Gypsy 9
RT like super family, RT _RNaseH_2 super family LTR 1
RT like super family, RT _RNaseH_2 super family LTR/Gypsy 2
RT_LTR LTR/Gypsy 4
RT_LTR, RNase_H_like super family LTR/Gypsy 1
RT_LTR, RT_RNaseH_2 super family LTR/Gypsy 1
RT_RNaseH_2 super family LTR 1
RVT_2 super family LTR/Copia 2
RVT_2 super family, RNase_H_like super family =~ LTR/Copia 1
SEN1 N terminal Unknown 1
Total 54

Listed domain names are NCBI assigned IDs for each unique domain
Tnp: Transposase; RT & RVT: reverse transcriptase; RNase: ribonuclease

Table 2.1: Conserved domains within the curated library.
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2.4.4 Manual curation leads to decreased TE content

To assess the effect of manual curation on total TE content, I reannotated each of the
three focal genomes with the new TE library. I then compared the total length and
copy number of all primary TE annotations across the pre- and post-curated library.
Interestingly, the new library reduced genome coverage by a sum of 35.7Mb across all
lineages, and the total copy number of TEs reduced by 38,515 (Table 2.2 - 2.3). Some
reduction in total length was expected due to the refinement of element boundaries
during manual-curation. For example, satellites in the original library were often an-
notated as long unknown elements many kilobases in length. Manual curation resolved
these satellites, and identified them to have repeat-units of 54-166 bp in length. Cor-
rect annotation of these satellites reduced the total length covered by satellites while
increasing copy number of individual satellites. My manual-curation approach also re-
moved many non-TE repeats, including low complexity sequences and microsatellites,
short AT- or GC- rich sequences, and poly- purine or pyrimidine stretches that are
masked by RepeatMasker. These non-TE sequences were present in high copy numbers
in the automatic library (n = 20 859). In addition to these sequences, my hand-curated
library excluded 77 consensus sequences identified by RepeatMaker but for which I was
unable to generate a majority rule consensus sequence. Given the highly-divergent na-
ture of the sequences identified in these excluded sequences, it is unlikely they represent
a true TE family. Thus excluding these elements from my manually-curated library

improved the over-all accuracy of my TE annotations.

Interestingly, the most dramatic reduction in TE coverage was seen in LTR
elements, despite the fact that the curated library contains 77 more LTR consensus se-
quences than the automatic library. The total length of LTR elements across all three
genomes decreased by 42.32%. This reduction can be partly explained by the exclusion
of 11 LTR consensus sequences and reclassification of four others. In addition, my man-
ually curated library revealed that many LTR consensus sequences in the automated

library had overly-large flanking sequences. Thus my refined LTR models decreased
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the size of many LTR elements. The decrease in size of many individual LTR consensus
sequences combined with the identification of 77 new LTR models in my hand-curated
library means the copy number of these elements was reduced by only 5.12% . Despite
these reductions, LTR remain both the most common elements (>12,000 copies) and
the largest component of the TE-set (>50 Mb) when the curated library is used to

annotate genomes.

The only TE classes to increase in genome coverage following the manual cu-
ration process were LINEs and DNA elements. This result can be explained by the
number of new consensus sequences that were identified for these elements during hand
curation (Table S2.2). In particular, the new curation identified 50 new consensus
sequences for DNA elements that were previously annotated as unknown or buffer ele-
ments. The total length of DNA elements increased by 5Mb (289.59%) with an increase
in copy number of 2008 elements (214.3%). LINEs increased by 710 kb (40.42%) in
length and 179 (38.49%) in copy number. In addition, MITEs, which were previously

not predicted by RepeatMasker, occupied a total of 583.75 kb with a copy number of

2795.
Total length (Mb) Change

Order Automatic library Curated library Length (Mb) %
DNA 1.73 6.75 5.01 289.59
LINE 1.76 2.47 0.71 40.42
Low_complexity 0.10 0.00 -0.10 -100.00
LTR 91.03 52.51 -38.53 -42.32
rRNA 0.01 0.01 -0.00 -32.85
Satellite 0.05 0.27 0.22 404.07
Simple_repeat 2.01 0.83 -1.18 -58.65
Unknown 7.71 5.35 -2.36 -30.65

% denotes percentage difference in total length

Table 2.2: Comparison of total genome length covered by each library.
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Copy number Change

TE order Automatic library Curated library  Copy number %
DNA 937 2945 2008 214.30
LINE 465 644 179 38.49
Low_complexity 2187 0 -2187 -100.00
LTR 12922 12262 -660 -5.11
rRNA 15 76 61 406.67
Satellite 50 284 234 468.00
Simple_repeat 36184 713 -35471 -98.03
Unknown 9186 3712 -5474 -59.59

% denotes percentage change in copy number

Table 2.3: Comparison of total copy numbers detected by each library

2.4.5 A TE library for Epichloé typhina

The manual curation process resulted in the first TE library tailored for E. typhina.
Consensus redundancy between the three focal lineages resulted in a compact library of
288 unique consensus sequences. Of these, only 3 consensus sequences were lineage spe-
cific, and the remaining TEs were shared between two or more lineages, demonstrating
a high similarity in TE repetoire between the genomes. Of the 288 unique repeat se-
quences, 91.67% were TEs and 8.33% were other interspersed repeats (satellites, rRNA,
simple repeats). 194 (67.36%) of all consensus sequences provided conserved structural
and/or enzymatic features of the respective classes. 26 sequences (9.03%) retained
partial features and were denoted with a “?’ suffix, and 67 sequences (23.26%) were
incomplete sequences denoted with an “.inc” suffix. One sequence (0.35%) was both
partial and incomplete (.inc? suffix). Reannotation of the three genomes revealed that
the TEs predicted in this new curated library account for 67.04%, 46.1%, and 57.44%
of the total genome length in Ecl, Ety, and Epo, respectively (Table S3.1). Other inter-
spersed repeats such as satellites, rRNA, and simple repeats account for 0.37%, 0.36%,

and 0.26% of total genome length in Ecl, Ety, and Epo, respectively.
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TE class Total Number %.inc %.7
DNA 6 16.67 33.33
DNA/hAT 19 73.68 21.05
DNA /MuLE 8 0 50
DNA /PIF-Harbinger 4 0 25
DNA /Tcl-Mariner 4 0 100
LINE 8 0 25
LINE/Tad1 1 0 0
LTR 45 6 0
LTR/Copia 23 8.7 0
LTR/Gypsy 31 22.58 0
MITE 41 0 9.76
rRNA 1 0 0
Satellite.dimer 11 0 0
Simple_repeat 12 0 0
Unknown 74 50 0

%.inc denotes percentage of consensus sequences that are incomplete
%.7 denotes percentage of consensus sequences that are putative

Table 2.4: Overview of final consensus sequences in the curated library

2.5 Conclusion

This work created the first manually-curated library for Epichloé typhina. By combining
de novo- and homology-based annotation alongside in-depth and current approaches
to TE classifications, this library successfully tailored a set of TE consensus sequences
specific to these genomes. This process greatly improved the classification of TEs,
strengthening the theory that manual curation is essential for robust TE annotation,
particularly in non-model species. Most notably, 72% of sequences in the pre-curated
library were annotated as “unknown” repeat sequences. During manual curation, over
40% of these sequences were successfully classified, reducing the total percentage of
unknown elements to 25.69%. Further, manual curation was able to refine several TE
consensus’ from the level of order to the level of superfamily. In total, only 33.81% of

all annotations remained the same across the pre- and post-curated library.

During reclassification, the new library was able to resolve several under-

represented TE classes that were commonly annotated as unknown elements, buffers,
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satellites, or simple repeats. In particular, these underrepresented elements were re-
classified as small LTR elements, DNA/hAT elements, and MITEs. The new library
characterised 41 unique MITE consensus sequences, providing valuable insight to a
class of interest in fungi that are currently not detected by RepeatMasker. These 41
new consensus sequences are a stark increase from the 13 MITEs previously charac-
terised in Epichloé [68]. Further, manual curation successfully identified the presence
of conserved domains present in 18.75% of sequences. These domains are not detected

using automatic annotation methods, but are crucial determinants in classification.

Interestingly, despite the merit of performing manual-curation, the new library
showed an overall decrease in genome coverage, both in copy number and in length.
This may be due to limitations caused by computational restrictions and properties
intrinsic to TEs. In particular, 77 automatically-identified TE consensus sequence
were excluded from manual curation. This is due excessive sequence divergence in
the alignments that meant a majority rules consensus sequence could not be reliably

generated. Such degraded TEs would likely add little to downstream analyses of TEs.

The final TE library comprises of 288 unique consensus sequences, of which
264 are TEs and 24 are other interspersed repeats (satellites, simple repeats, short
rRNA). Almost 70% of all sequences retained conserved domains and structural fea-
tures that paved the way to robust reclassification. The remaining sequences were a
combination of putative sequences that retained partial features, and incomplete, frag-
mented sequences that retained just a portion of the full element. Despite limitations,
this library substantiates the belief that manual curation is essential for accurate TE
annotation, and demonstrates how high quality reference genomes can assist in gener-
ating high quality TE libraries, even for non-model species that are underrepresented
in homology-based TE databases. Above all, the data produced in this work will serve

as a valuable resource for future fungal TE studies.
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2.6 Supplementary Information

Name Class Length TSD length TSD motif TIR length
Ecl.rnd-1_family-42 MITE 292 2 TA 36
Ecl_rnd-1_family-47 MITE 244  2-3 TA? 42
Ecl rnd-1_family-115 MITE 269 2 TA 38
Ecl rnd-1_family-127 MITE 368 6-9 unique 111
Ecl rnd-1_family-130 MITE? 78 2 TA 39
Ecl_rnd-1_family-138  MITE 421 2 TA? 51
Ecl rnd-1_family-142 MITE 318 2 TA 61
Ecl rnd-1_family-155 MITE 466 6-8 unique 57
Ecl rnd-1_family-165 MITE 107 5 unique 109
Ecl_rnd-4_family-324 MITE 403 7-8 unique 57
Ety_rnd-1_family-39 MITE 376 9 unique 116
Ety_rnd-1_family-44 MITE 429 6-8 unique 59
Ety_rnd-1_family-53 MITE 243 2 TA 30
Ety_rnd-1_family-57  MITE 398 89 unique 85
Ety_rnd-1_family-58 MITE 442 8-9 unique 84
Ety_rnd-1_family-59 MITE 430 8-9 unique 74
Ety_rnd-1_family-63 MITE 501 NA NA 32
Ety_rnd-1_family-107 MITE 497 2 TA 154
Ety_rnd-1_family-117 MITE 357 2 TA 60
Ety rnd-1_family-136 MITE 357 89 unique 91
Ety_rnd-1_family-138 MITE 332 2 TA 61
Ety_rnd-1_family-139 MITE 327 2 TA 61
Ety_rnd-1_family-141 MITE 344 2 TA 61
Ety_rnd-1_family-145 MITE 492 7-8 unique 61
Ety rnd-1_family-148 MITE 518 8 unique 57
Ety rnd-1 family-163 MITE? 775 NA NA 124
Ety_rnd-1_family-176 MITE 453 89 unique 73
Ety_rnd-4_family-223 MITE 249 6-9 unique 112
Epo_rnd-1_family-12  MITE 586 2 TA 118
Epo_rnd-1 family-38  MITE 265 24 unique 32
Epo.rnd-1_family-41  MITE 135 2 TA 56
Epo_rnd-1_family-43  MITE 266 2 TA 35
Epo_rnd-1_family-67 MITE 194 2 TA 35
Epo_rnd-1_family-68  MITE 251 24 unique 40
Epo.rnd-1_family-71  MITE 340 NA NA 113
Epo_rnd-1_family-93 ~ MITE? 389 NA NA 59
Epo_rnd-1_family-94  MITE 271 NA NA 35
Epo_rnd-1_family-97 MITE 270 2 TA 36
Epo.rnd-1_family-120 MITE 192 2 TA 88
Epo_rnd-2_family-40  MITE 280 2 TA 45
Epo_rnd-3_family-47  MITE? 442 NA NA 52

Table S2.1: MITEs in E. typhina
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Automatic Class

Curated Class

Number of sequences

buffer

DNA/hAT
LTR

Unknown

DNA

DNA /hAT

DNA /hAT-Ac

DNA /hAT
LTR/Gypsy

DNA/MuLE-MuDR

DNA/MuLE

DNA /PIF-Harbinger

DNA /PIF-Harbinger
DNA /hAT

DNA /PiggyBac

DNA

Unknown

DNA /TcMar-Marina

Unknown

LINE/Tad1

LINE
LINE/Tad1

LTR

excluded
LTR/Copia
LTR/Gypsy

LTR/Copia

LTR/Copia
LTR
excluded

LTR/Gypsy

LTR/Gypsy

LTR/Gypsy
excluded
LTR

DNA /AT
LTR/Copia
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Unknown 2
LTR/Unknown LTR 6
LTR/Copia 3
LTR/Gypsy 2
rRNA excluded 1
Satellite LTR 1
Simple repeat Simple repeat 5
LTR 4
excluded 2
Satellite 2
MITE 1
Unknown Unknown 104
MITE 72
excluded 63
LTR 53
Satellite 19
DNA/hAT 18
LTR/Gypsy 17
LTR/Copia 14
DNA 9
DNA/MuLE 9
Simple repeat 9
DNA /PIF-Harbinger 6
LINE 5
DNA /Tcl-Mariner 4
rRNA 1

Table S2.2: Change in classification between libraries
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2.6.1 Curation table and annotation data

The following section contains the data collected during consensus generation and clas-
sification of TEs. For brevity, some columns have been removed from the pages below,
however, the full spreadsheet and the guide to interpretations are available at cura-

tion_records.xlsx at https://github.com/KelliSmith17/Masters.

The curation spreadsheet contains extensive detail on each consensus sequence
created during manual-curation and records features such as: consensus name and TE
class; consensus length and sequence; TSD length and motif; the internal structure
of the TE, i.e., satellite-like or simple-repeat-like; the status of the TE with regards
to truncated ends; conserved domains and Repbase results; general comments; the
previous RepeatMasker classification using the automatic library; and information on

the consensus clusters formed by CDhit.

In addition to the consensus spreadsheet, the RepeatMasker outputs generated
upon reannotating all three genomes with the new curated library are also available on
the repository under RepeatMasker_outputs. This raw data contains information
such as the genomic locations of every TE copy within each genome, and the divergence

of each copy from its respective consensus sequence.
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3.1 Abstract

In recent years, there has been growing enthusiasm around the roles of transposable
elements (TEs) in gene regulation and genome evolution. Currently, a large body
of evidence suggests TEs accelerate the evolution of virulence-related genes in plant-
associated fungi, aiding in the antagonistic co-evolution with their host plants. How-
ever, the potentially deleterious impact of TEs have given rise to adaptive genome
defence systems that prevent proliferation of these elements. One defence mechanism
unique to fungi is repeat-induced point mutations (RIP). Previous studies reported that
the extent of RIP is so great in Epichloé that it is unclear if active elements remain
in these genomes. As a result, it is unknown if TEs have contributed to evolution and

gene regulation in the recent history of this genus.

In this chapter, I investigate the contribution of TEs to the evolution of three
sub-species of the Epichlo€ typhina species complex. All three genomes showed diversity
in TE composition and frequency, and the invasion and subsequent inactivation of TEs
largely explained the between-lineage variation in genome size. In addition, many
sequences within the TE repertoire of each species remained unaffected by RIP. Taken
together, these results suggest that TEs drive the evolution of Epichloé typhina, and
active element remain in these genomes. Above all, a striking example of TE-mediated
lineage-specific expansion was observed in Epichloé typhina subsp. clarkii, evident in
the correlation between genome size and recent expansion of LTR Copia elements. In
addition to identifying recent activity of TEs within this species complex, this work
also demonstrated that MITEs are overrepresented near two classes of genes involved
in the invasion of plants. These results will provide a foundation for future functional

studies to elucidate regulatory roles of TEs in Epichloé.



CHAPTER 3. TES IN EPICHLOE TYPHINA 63

3.2 Introduction

In recent years, TEs have been reappraised in pathogenic fungi of plants as important
contributors to evolution. Although fungal genomes are highly diverse, comparative
analyses have revealed a number of common concepts. Namely, a distinct, compart-
mentalised genome structure has been reported in several fungal species as a result of
non-random TE distribution [67, 82, 138]. This structure, termed ”two speed genomes,”
is an archetypal model of genome plasticity in plant-associated fungi. Here, physical
compartmentalisation of the genome gives rise to a discrete bipartite architecture con-
sisting of gene-dense/TE-poor regions that alternate with with gene-poor/TE-dense
regions [136]. The two-speed genome presents a number of adaptive advantages for
plant-associated fungi. In many characterized species, conserved housekeeping genes
are present in the gene-dense regions, and the gene-sparse/TE-rich region harbour an
enriched repertoire of effector genes (Figure 1.5) [136, 186]. Effectors, a collective
term for a suite of secreted proteins, mediate the invasion of plants by modulating the
plants immune response. Markedly, the gene-sparse/TE-rich regions that harbour the
effectors appear to evolve faster than gene dense regions as a result of TE-mediated
instability. This prompts uneven rates — or two speeds — of evolution across the genome
[104, 136]. The localisation of effector genes proximal to TEs is proposed to affect the
pathogenicity and host range of fungi. By consensus, it is agreed that these two-speed
genomes create a niche for accelerated fungal evolution, allowing the fungi to undergo

rapid evolution of virulence-related genes and outpace detection by its host plant [136].

Epichloé is an agriculturally important genus of filamentous fungi that can
form intimate mutualistic relationships with cool season grasses [144]. Due to the bio-
protective benefits received by Epichloé-infected hosts, there is considerable interest in
developing novel strains with extended host ranges for agricultural purposes. Epichloé

genomes harbour the compartmentalised two-speed genomic structure, and insight on
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two sibling strains within the Epichloé typhina species complex determined that the TE-
dense regions underpin the divergence between two otherwise syntenic sibling strains.
Further, recent studies in E. festucae demonstrate the genome is replete with TEs that
play a profound role in the 3D organisation of the genome, and some elements (MITEs)
are associated with the regulation of effector candidate genes [67, 158]. However, in
these Epichloé strains, the extent of RIP is so great, that it is unclear whether active
elements still contribute to the genome evolution of this genus. Hence, the dynamics

of TEs in Epichloé remains obscure.

In this study, I present a complete genome for Epichloé typhina subsp. poae,
and focus on three closely related sub-species within the E. typhina complex: E. ty-
phina subsp. typhina (Ety), E. typhina subsp. poea (Epo), and E. typhina subsp.
clarkii (Ecl). These sub-species will henceforth be referred to as lineages, with sibling
strain referring specifically to the relationship between Ecl and Ety. The E. typhina
species complex is genetically differentiated in natural populations, and gene flow be-
tween lineages is restricted or prevented by virtue of host-specificity [159, 160]. The
selected strains of these sub-species therefore provide an example of ecologically dis-
tinct lineages that have adapted to different grass hosts across a short evolutionary
timeline (estimated to be within the last 10 million years; Section 1.6)). Here I use
the first TE library manually curated for Epichloé to test the hypotheses that TEs
still contribute to genome evolution over a time-scale at which they may contribute to
host adaptation, and investigate the association between TEs and genes that underpin

plant-colonisation.
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3.3 Methods

3.3.1 Data availability

A repository containing analyses and scripts developed for this project are available at

https://github.com/KelliSmith17/Masters

3.3.2 Genomic Sequences and TE annotation

The work here used the TE annotations for each of the focal genomes developed in

Chapter 2.

3.3.3 (Gene annotations

Initial gene prediction and functional annotations for each genome were achieved us-
ing Funannotate v1.6.0 [11], a pipeline widely used and designed for the annotation
of fungal genomes. I additionally identified several classes of proteins known to be
of particular importance in plant-associated fungi. Secreted proteins for each genome
were predicted using SignalP (v5.0)[21], a deep neural network-based approach that
predicts signal peptides and cleavage sites characteristic of secreted proteins. Candi-
date effector proteins (small secreted proteins that interact with the fungi’s plant-host)
were identified using EffectorP (v2.0)[10]. This software implements a machine learn-
ing approach that uses the composition and chemical properties of known effectors to
calculate the probability that a given protein is an effector. Candidate effectors were
defined as proteins with fewer than 200 amino acid residues, containing a signal peptide
motif and having an EffectorP probability > 0.5 [158]. Fungal secondary metabolites,
proteins associated with the production of chemicals that interact with the fungi’s host
or environment, were predicted using Antibiotics and Secondary Metabolite Analysis

Shell (antiSMASH)|3].
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3.3.4 Synteny

Synteny between the three genomic sequences was analysed from pairwise alignments
of all genomes produced using minimap2 (v2.2)[14] with the command line argument

‘-x asm20’. The resulting alignments were filtered and visualised using pafR [187].

3.3.5 Genome compartmentalisation

AT-rich compartments of each reference genome were identified using Occultercut
(v.1.1)[15] This program identifies regions of distinct nucleotide composition within
a given genome without requiring a threshold that defines an AT-rich region. This
software assumes that the genome comprises of AT- and non-AT-rich blocks, and the
provided reference genome is recursively split at genomic regions where the Jensen-
Shannon divergence statistic is maximised. Nucleotide sequences of AT- and non-AT-
rich regions identified by OcculterCut were extracted from reference genomes using

Bedtools getfasta [4].

3.3.6 TE localisation and dating

The localisation of TE classes and orders within AT- or non-AT-rich regions of each

genome was determined using Bedtools intersect [4].

The relative timing of of TE mobilisation was estimated using RepeatR [188], an R
package developed as part of this work. The timeline was estimated by examining
the percent deviation between a TE copy and its respective consensus sequence. This

divergence performs as an indirect measure of the time lapsed since transposition.
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3.3.7 RIP

A custom python script that takes advantage of BioPython [5, 16] was developed to
calculate the RIP index of Margolin et al [189]. The RIP indices measure the depletion
of RIP-targeted nucleotides by calculating the frequency known pre- and post-RIP
dinucleotides, namely (CpA+TpG)/(ApC+GpT). By measuring these frequencies, the

presence of RIP can be determined in a given sequence.

3.3.8 TE/gene associations

The hypothesis that certain TE classes are over-represented near classes of functional
genes was tested using a permutation approach. The specific test used for effector pro-
teins serves to demonstrate this approach. The number of TEs of a given class occurring
within 1 kb of an effector (i.e. being close that the TE may plausibly contribute to
regulation of this gene [122]) was calculated for each genome. To test whether the ob-
served number of TEs occurring close to these genes was more than should be expected,
a null distribution of this statistic was generated. This null distribution was produced
by generating 1000 size-matched samples from all non-effector genes, and calculating
the number of TEs neighbouring within 1 kb of these randomly selected control genes.
TEs were considered to be under- or over-represented within 1 kb of an effector when
they fell outside of the 0.025 — 0.975 quantiles of the null distribution (i.e the observed

value was more extreme than > 95% of samples in the null distribution).

This permutation approach was used to test the hypotheses that effector or
secondary metabolite genes were (A) more likely to occur within 1 kb of a an AT-rich
region of the genome and (B) more likely to have TEs of different classes within 1 kb

of their coding region.
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3.3.9 Analyses

Analyses were conducted using R v. 4.0.0 [17] in RStudio v 1.2.5042 [18].
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3.4 Results and Discussion

3.4.1 The E. poae genome has undergone extensive rearrangement

The reference genome used for E. poae (Epo) has not appeared in a published paper.
Although the sequencing and assembly of this genome was not part of this project, and
will be described in an upcoming paper, I report a brief summary of this genome here.
The complete Epo genome comprises of seven nuclear chromosomes and a complete
mitochondrial chromosome with a total length of 38.3Mb. The genome harbours 7
620 predicted genes, of which 7 504 are predicted protein-coding genes. Of these pro-
tein coding genes, 585 (7.98%) were predicted encode secreted proteins and 130 were
predicted to be putative small secreted proteins. Among these, 82 were likely to be
effectors, 43 predicted to be non-effectors, and 5 unlikely effectors. In addition, 300

secondary metabolite genes were identified.

The E. typhina (Ety) and E. clarkii (Ecl) genomes are known to be highly
syntenic, sharing a highly conserved core genome that is interspersed with AT-rich
regions comprised of differing repeat content [148]. My results confirmed this finding,
with a high degree of synteny between Ecl and Ety at the chromosome level and no
evidence of large rearrangements between non-homologous chromosomes (Figure 3.1A).
However, it is important to note that chromosome 3 in Ecl is homologous to chromosome
1 in Ety. This is due to the fact that chromosomes are numbered from largest to
smallest in Epichloé. My results further confirm that the near-perfect synteny is largely

restricted to the non-AT-rich regions of the Ecl and Ety genomes (Figure 3.2) [148].

In contrast, the Epo genome has undergone extensive recombination. Pair-
wise alignments between Epo and Ecl show each Epo chromosome is a patchwork of
sequences homologous to multiple different chromosomes from Ecl and Ety (3.1B). Fur-
ther, the distinct conservation of non-AT-rich regions observed between Ecl and Ety is

less pronounced in Epo (Figure 3.2). The contrasting patterns of synteny revealed by
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this comparison suggests the Epo genome has been the subject of large scale genome

rearrangements following the divergence these E. typhina sub-species.

Figure 3.2: Synteny of chromosome 2. Ety (top) and Ecl (middle) demonstrate high
conservation of chromosome 2. This synteny is largely confined to non-AT-rich regions
(green) in comparison to AT-rich regions (purple). Each region is defined by a black
border. The conservation of non-AT-rich regions is less pronounced in Epo (bottom).

Although reconstructing evolutionary events occurring in Epo is beyond the
scope of this work, the large number of rearrangements in this genome is a striking
and unexpected result. A recent paper examining the evolution of genome structure in
15 Epichloé lineages (including the previously published Ety and Ecl genomes) showed
genome structure is conserved across many Epichloé species [161]. Although some rear-
rangements are observed between Epichloé chromosomes, the degree of rearrangement

between the closely related lineages described here is unusual.
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Previous studies report distinct boundaries in the genome organisation of
Epichloé with AT-rich regions comprised mostly of repetitive DNA sequences such
as TEs, and non-AT-rich regions of relatively equal nucleotide composition [67, 148].
These equilibrated non-AT-rich regions will henceforth be referred as gene-rich regions.
Consistent with previous reports in Epichloé, the Epo genome was highly partitioned
with alternating gene-rich and AT-rich blocks. The gene-rich region contained 99.71%
of known genes, and 16% of known TEs. Contrarily, the AT-rich region was almost
devoid of genes (0.29% of known genes) and harboured 84% of known TEs. These
results are very similar to those already published for Ecl and Ety: between 99.88%
and 99.93% of genes in these genomes cross a gene-rich region, and TEs localise within

the AT-rich blocks [148].

3.4.2 Genome size differences are explained by AT-rich regions

Despite their recent divergence, the genomes of the three lineages vary considerably
in size, with Ecl the largest (45.6Mb), its sister strain Ety the smallest size (33.8Mb),
and Epo an intermediate size (38.2Mb). This between-strain variation in genome size
is almost entirely explained by the AT-rich portion of each genome (Figure 3.3A),
with respect to the total length, number, and genomic proportion of AT-rich blocks
(Table 3.1). In line with previous reports in Epichloé [148], the AT-rich regions of all
focal lineages were remarkably rich in A/T nucleotides (Figure 3.3B). The mean AT
contents of all AT-rich blocks were 72.61%, 75.39%, and 74.51% in Ecl, Ety, and Epo,
respectively. Contrarily, gene-rich regions had relatively equal nucleotide content, with

a mean G/C content of 51.12% (Ecl), 51.18% (Ety), and 51.11% (Epo).

AT-rich regions in fungal genomes are typically the result of RIP inducing
C-to-T transitions in repetitive sequences [114]. To confirm the contribution of RIP
to the abundance of AT-rich regions in all focal genomes, I calculated the RIP indices

according to Margolin et al. [189]. As RIP tends to be targeted on CpA and TpG
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within each genome. (B) Nucleotide composition of AT- and gene-rich regions. The x-
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each AT-rich or gene-rich region in the genome.
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Lineage reflen (Mb) AT n AT len (Mb) proportion

Ecl 45.6 648 22.16 48.57
Ety 33.8 362 10.67 31.53
Etp 38.2 538 15.46 40.43

ref len (Mb) = total length of reference genome in Mb

AT n = total number of AT-rich regions

AT len = total length of AT-rich regions in Mb

proportion = total proportion of AT-rich blocks in the genome

Table 3.1: AT rich regions

dinucleotides, thus causing a corresponding increase in TpA dinucleotides, the relative
frequency of each dinucleotide can be used to calculate the action of RIP in a sequence
[139]. Using (CpA+TpG)/(ApC+GpT), a RIP index of <0.9 suggests a presence of
RIP [67]. The AT rich regions of our focal species were all observed to have low RIP
index values, demonstrating the remarkable extent of RIP in these regions (Table 3.2).
Further, the presence of RIP is substantially limited to these AT-rich regions, with very
little RIP indicated in the gene-rich regions in all three genomes (Figure S3.1). Taken
together, these findings confirm that the accrual of AT-rich tracts in these genomes is
a consequence of RIP-recognition and deactivation following TE invasion. Thus the
observed differences in genome size among the FE. typhina lineages are underpinned by

differing TE populations within each genome.

Mean RIP index

Lineage AT-rich region Gene-rich region

Ecl 0.37 1.24
Ety 0.26 1.24
Epo 0.29 1.25

Table 3.2: Mean RIP index of AT-rich and gene-rich regions of each genome

3.4.3 Distribution of TEs among genomic components

The results reported so far demonstrate that Epichloé typhina sub-species have the typ-

ical compartmentalised structure of an Epichloé genome, with distinct AT-rich regions
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dominated by inactivated TEs and contrasting gene-rich regions with approximately
equal nucleotide content. Nevertheless certain TE classes demonstrate insertion prefer-
ences for specific motifs, nucleotide content or, in the case of MITEs, gene-rich regions
[68]. To determine if specific TE classes are present outside of the AT-rich regions, I
examined the localisation of TE classes within AT- and gene-rich regions in each focal

genome.

As expected, the AT-rich regions of all genomes are dominated by TEs (Figure
3.4). The AT-rich component of the each genome is mostly comprised of LTR elements,
with a substantial minority of DNA and LINE elements in all species. The gene-rich
regions are densely packed, with the majority of this component being occupied by
gene-sequences. Interestingly, all three genomes contain a considerable number of LTR
elements in the gene-rich regions. This was an unusual discovery as LTR elements are
known to preferentially insert into AT-rich sequences or into other LTR elements [190].
The detection of these elements in this work may be as a result of the curated TE
consensus sequences used for this TE annotation, which identified several shorter LTR

families.

MITEs make up only a small proportion of each genome, and are almost
entirely restricted to the gene-rich regions, consistent with reports that these elements
preferentially insert into genic regions [67]. In addition to MITEs, a small proportion
of DNA elements were also present in the gene-rich regions. With the exception of
some LTR elements, TEs within the gene-rich region were typically very short (<500
bp; Figure S3.2). Many of these sequences are only partial fragments of their respective
consensus sequences (Table S3.1), thus they may be fragmented relics of inactive TEs

that are often evenly distributed throughout the genome [191].
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Figure 3.4: Mosaic plots demonstrating the composition of Epichloé genomes. Each
sub-figure represents one genome, with the AT-rich and gene-rich regions of each divided
into rectangles proportional to the size of each component (x axis). Each rectangle is
then further subdivided according to proportion of sequences assigned to the TE classes
identified in the legend (y axis).
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3.4.4 Some TE sequences show no evidence of RIP

The presence of non-MITE TEs in gene-rich regions is a surprising result. Previous
work on TEs in Epichloé [67, 148] concluded that the majority of LTR and DNA
elements had been deactivated by RIP, and were thus restricted to the AT-rich regions
of the genome. To better understand how RIP has acted on different classes of TEs, 1
calculated the RIP index for each individual TE sequence in each genome and compared
the distribution of this score between TE classes. Each TE class has a characteristic
distribution for the RIP index, which is reflected in each genome (Figure 3.5). It is
notable that LTR Copia, LTR Gypsy, and all LINE elements have very low RIP scores,
suggesting the majority of these elements have been deactivated. However, overall, TE

classes in each genome show considerable variation in RIP extent.

Interestingly, several elements within each TE class exceeded the typical length
threshold for RIP, however showed no evidence of RIP (Figure S3.3). It is possible that
RIP is not completely effective at targeting all repetitive sequences in these lineages.
These non-mutated TE sequences may represent recent transposition or copying events;
Epichloé species that are able to reproduce asexually and rarely undergo meiosis likely
demonstrate less RIP activity, as RIP predominantly occurs in the pre-meoitic mitosis
events. Therefore, newer insertions in the focal lineages may have still evaded RIP. An
additional explanation for these non-targeted sequences may be due to the relaxation
of RIP deactivation for neutral TE insertions such as those within AT-rich regions that
are therefore not proximal to genes. I tested these hypothesis by isolating TE copies
that exceed the 400 bp RIP threshold and examining the presence of RIP. No notable
pattern of RIP could be detected when the age and localisation of TEs was considered
for these longer elements (Figure S3.4 - S3.5). Taken together, this suggests that the
RIP mechanisms in the three focal genomes do not target all TEs, and active elements

may remain.
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Figure 3.5: Density plot depicting distribution of RIP index scores across all TE copies
per genome. Vertical line represents RIP cut-off of 0.9, where values lower than this

line suggest a presence of RIP.

3.4.5 The TE repertoire of each focal genome differs

The results so far presented have demonstrated similarities in the TE content of all three

focal genomes. Each genome has an AT-rich component predominantly comprised of

deactivated TEs and a number TE sequences in an otherwise gene-rich component.

Nevertheless, these genomes differ markedly in size as a result of the total amount

of deactivated TEs present in the AT-rich component. This raises that question of
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whether these genome size differences are the result of active expansion and subsequent
deactivation of TE families in each lineage, or the differential loss of deactivated TEs

in some lineages.

If active TEs have contributed to the genome evolution of E. typhina post-
divergence, the frequency of repeat classes is expected to differ between each genome.
To investigate this, I calculated the frequency of each TE class per genome to investigate
the contribution of individual classes to each genome. I found a considerable diversity
in the composition and frequency of TE families in each genome (Figure 3.6). LTR
retrotransposons were the predominant constituent across all three lineages; the total
length of LTR retrotransposons accounted for 78.09%, 72.66%, and 81.34% of the total
length of all TEs in Ecl, Ety, and Epo, respectively (52.35%, 33.5%, and 46.72% of the
total genome size in Ecl, Ety, and Epo, respectively; Table S3.1). In addition to greatest
total length, LTR elements also demonstrated the highest copy numbers, particularly
in Gypsy elements (Epo), and Copia (Ecl and Epo). Secondary to LTR elements, all
genomes also harboured high copy numbers of MITESs, consistent with previous studies

in Epichloé [67].

The differences in the composition of TEs in each genome described above
could be explained by the loss of TE classes present in a common ancestor of all
three lineages, i.e., elements that have undergone such great mutation that they are
no longer detected on a basis of sequence homology. Alternatively, the difference may
be underpinned by lineage specific expansions of TEs in select lineages. I tested these
alternative hypotheses by investigating the age of transposition events in each genome.
This was achieved by investigating the percentage differences between a given copy of
each repeat in comparison to its respective consensus sequence. Elements that have
recently undergone transposition will show little deviation from the consensus sequence,
with older TE copies showing higher sequence divergence by virtue of natural processes
such as genetic drift. All three lineages demonstrated a recent expansion of TEs (<10%

divergence; Figure 3.7), demonstrating TE activity that post-dates the divergence of
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this species complex. The <10% divergence measure can not precisely predict the
timeline of transposition events, however, active TEs can mutate at rates 103 times
greater than nuclear genes and fixed, inactive TEs [192, 193], thus divergence below
10% suggest an insertion has occurred relatively recently in the history of TE activity.
Ecl has undergone the greatest recent TE invasion, and its sister strain Ety appears
to be the least impacted. LTR elements were the largest contributor to this recent
TE expansion, and one striking example of this is seen in LTR Copia elements in Ecl
(Figure 3.8). Interestingly, Ecl and Ety share a closer phylogenetic relationship with
one another than with Epo (Figure 1.6), however Ety does not exhibit TE invasion at
the same scale as Ecl and Epo. This suggests that the proliferation of TEs within each
genome post-dates the divergence of Epo from Ecl and Ety, as well as the divergence
of Ecl and Ety. Further, despite all three genomes sharing the same repertoire of TE
sequences with only 3 lineage specific TE sequences present in these genomes (Section
2.4.5), the expansion of LTR elements in Ecl and Epo is underpinned by different LTR
sequences in each genome (Figure S3.6). Taken together, this recent expansion of TEs

indicates lineage-specific expansion of TEs in this species complex.

3.4.6 Are TEs associated with important genes?

Having established that TEs have likely been active in the recent history of E. typhina
genomes, I next considered whether these elements may have contributed to phenotypic
evolution in these lineages. Classes of genes that are known to play a particularly
important role in the evolution of plant-associated fungi include effectors and secondary
metabolite genes. The former are small secreted proteins that leave the fungal cell and
interact directly with the host plant, and the latter encode proteins that synthesise
small molecules that underpin interaction with the host and environment [124, 128].
Previous studies in FE. festucae show that the most highly up-regulated genes harboured
an overrepresentation of MITEs near their transcription start sites [158]. This may be

due to positive selection of MITEs following integration events that confer an adaptive
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advantage for plant-colonisation. In addition, MITEs may contribute to gene expression

responsible for other growth conditions in Epichloé [67].

In many plant-associated fungi, important genes fall within or near to a repeat-
heavy genomic component [104]. Consistent with this, if TEs contribute to the reg-
ulation of gene expression in F. typhina, they are expected to more frequently occur
near function specific genes. Although there are very few genes in AT-rich regions of
E. typhina genomes (<1% in all three genomes), it has been suggested these AT-rich
regions contribute to the regulation of neighbouring genes that localise near to these
regions [67, 191]. I found neither effector genes or secondary metabolite genes are more
likely to fall within 1 kb of an AT-rich region than the sampled control genes (Figure
3.9). The result suggests the large AT-rich tracts created by RIP do not contribute

directly to the regulation of these important genes.

Having demonstrated no general relationship between specific AT-rich regions
of the genome and functionally important genes, I next considered whether specific TE
classes might be associated with these gene classes. The sequence motifs present in
TEs can act as regulatory sequences, which either drive or modify the expression of
nearby genes. My results show MITESs are significantly more likely to occur in the 1 kb
upstream region of both effector genes (Figure 3.10) and secondary metabolite genes
(Figure 3.11). This result is consistent across species, but most striking in Ecl where
MITEs are three-fold over-represented within 1 kb upstream of effectors. While some
LTR elements appear to be overrepresented in individual lineages, MITEs are the only
class of TEs that are consistently over-represented across all lineages for both classes

of functional genes.
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Figure 3.9: Association between AT-rich regions and functional genes. Each bar repre-
sents the total number of effector or secondary metabolite genes falling within 1 kb of
an AT-rich region. The overlaid error bars show the 0.025 and 0.975 quantiles of the a
null distribution for the same statistic, generated through a permutation process (1000
iterations). A gene-class is significantly associated with AT-rich regions if the shaded
bar for that class extends beyond the corresponding error bar.

The analyses above focus only on those genes known to be associated with
important biological functions in Epichloé. It might be argued that TEs other than
MITEs still contribute to gene regulation in this genus, despite not being associated
with the relatively small number of genes considered here. I examined this possibility
by comparing the distribution of distance to nearest gene for all TEs in all genomes.
For all TE classes, the majority of sequences did not localise near any gene, however,
DNA elements and MITEs localised within 1 kb upstream or downstream of a gene

more frequently than other elements (Figure 3.12).
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3.5 Conclusions

In this chapter I have used the high quality TE annotations produced in Chapter 2
to analyse the role of these elements in the evolution of three closely related fungal
lineages. The results I have produced suggest that TEs have actively contributed
to the evolution of Epichloé genomes in recent timescales. Although it is clear that
these elements have influenced the evolution of genome structure, their contribution to

phenotypic evolution is much less certain.

Comparative analyses of all three lineages demonstrated that the differences in
genome size are almost entirely explained by AT-rich regions. Consistent with previous
reports [67, 148], these AT rich regions were significantly affected by RIP in comparison
to gene-rich regions, suggesting that these genome size differences are underpinned by
TE invasion followed by deactivation. However, despite the high signals of RIP within
the genome, not all TEs showed signals of RIP, suggesting that active elements remain
in the genomes. The sequences that have evaded RIP appear to be relatively random;
RIP is established to target sequences above a length threshold (>400 bp), however
TEs that measure above the 400 bp RIP threshold remain unaffected by RIP, while
others measuring below the threshold show high levels of RIP. As the focal lineages
of this work undergo asexual reproduction, it is possible that newer insertions have
not yet been detected by RIP, as RIP predominantly occurs in pre-meiotic mitosis
events. However, when testing this hypothesis, the age of transposition did not exhibit
clear patterns of RIP. In addition, proximity to genes (ie TEs in AT-rich or gene-rich
regions) did not appear to explain the absence of RIP in these long TE copies. Thus,

it is possible that RIP in Epichloé do not target all TEs.

All three genomes had unique TE repertoires comprising of different copy
numbers of select TE classes. These results suggest lineage specific expansion of TEs,
thus to investigate the timeline of insertions, I examined the divergence of each TE

copy with its consensus sequence. Newer insertions are expected to show very little
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sequence divergence from its respective consensus, while older integrations and ancient
TE copies are expected to show high levels of divergence by virtue of mutational pro-
cesses. An enrichment of TEs with <10% divergence substantiated the hypothesis that
lineage-specific expansion of TEs has occurred post-dating the divergence of the three
lineages. These expansions were predominantly underpinned by LTR retrotransposons,
and one striking example of this phenomenon was observed in Ecl, where a considerable

expansion of LTR Copia elements was observed.

Though it is clear that TEs have contributed to genome evolution in FE. ty-
phina, it is not certain that they have made a major contribution to phenotypic evo-
lution during that time. It has been suggested that the AT-rich regions of Epichloé
genomes contribute to gene regulation through the 3D structure of DNA in the nucleus
[67]. However, I found no evidence that secondary metabolite and effector genes, crucial
contributors to host-interaction in Epichloé, are associated with these regions. How-
ever, there is clear evidence that MITEs are associated with effectors and secondary
metabolite genes, suggesting the possibility that these elements act as regulators for
the expression of functionally important genes. However, this pattern could also reflect

the insertion bias that sees MITEs preferentially inserting into genic regions [68].

The results presented here suggest it is unlikely that the contribution of TEs to
gene expression is pervasive across these genes. Nevertheless, it is possible that specific
TE insertions are of importance for gene regulation. Notably, I have demonstrated that
the gene-rich component of these genomes is not entirely devoid of TEs. It has long been
known that MITEs are common in genic regions [68], but I have shown elements of all
classes occur in proximity to genes. Future work building from my results could include
identifying specific novel TE insertions in gene-rich regions of genome. In addition, if
functional genomic data such as RNAseq data was generated for these species, it might
be possible to link novel gene expression traits occurring in a fungal lineage with specific

TE insertions near to that gene.
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In addition to the TE analysis presented here, this chapter represents the
first description of a full-length telomere-to-telomere genome for Epo. Although this
genome will be described in more detail in forthcoming publications, it is interesting to
note how unusual the Epo genome is among Epichloé sequences. A recent study has
demonstrated a high degree of conservation of genome structure across the entirety of
this genus [161]. However, the Epo genome showed extensive chromosomal rearrange-
ments when compared to its sibling taxa. This genome has not been more subject to
TE-expansion than Ecl or Ety, so this marked difference cannot be simply tied to the ac-
tion of TEs. Determining whether TEs may have contributed to these rearrangements
would require a complete reconstruction of the chromosomal evolution in Epichloé ty-
phina, a task that is well beyond the scope of this work. However, the high quality
TE annotations produced here will be an important resource for any investigation into

genome evolution in Epo.
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3.6 Supplementary Information

lineage TE group tot. len. (Mb) mean. len. (kb) n %TE %genome %complete
Ecl DNA 0.14 1.04 130  0.44 0.30 7.69
Ecl DNA/hAT 2.28 2.81 811 7.44 4.99 7.64
Ecl DNA/MuLE 0.33 1.49 220  1.07 0.72 19.55
Ecl DNA /PIF-Harbinger 0.24 1.62 146 0.77 0.52 22.60
Ecl DNA/Tcl-Mariner 0.03 1.19 26 0.10 0.07 19.23
Ecl LINE 0.92 3.07 299  3.00 2.01 9.03
Ecl LINE/Tadl 0.09 3.66 25 0.30 0.20 0.00
Ecl LTR 1.40 1.67 837  4.57 3.06 15.29
Ecl LTR/Copia 11.17 4.00 2792 36.54 24.50 24.25
Ecl LTR/Gypsy 11.31 4.15 2724 36.98 24.79 20.56
Ecl MITE 0.21 0.21 1027 0.69 0.46 18.40
Ecl Unknown 2.47 1.50 1651  8.08 5.42 14.48
Ety DNA 0.13 1.01 125 0.81 0.37 11.20
Ety DNA/hAT 1.30 2.59 502  8.35 3.85 5.38
Ety DNA/MuLE 0.23 1.53 149 1.46 0.67 14.09
Ety DNA /PIF-Harbinger 0.20 1.58 126 1.27 0.59 23.02
Ety DNA/Tcl-Mariner 0.02 0.93 25  0.15 0.07 16.00
Ety LINE 0.51 3.43 149 3.28 1.51 7.38
Ety LINE/Tadl 0.18 3.82 46 1.13 0.52 0.00
Ety LTR 0.71 1.44 490  4.53 2.09 16.12
Ety LTR/Copia 4.58 3.60 1272 29.37 13.54 14.39
Ety LTR/Gypsy 6.04 4.41 1372 38.76 17.87 22.38
Ety MITE 0.22 0.21 1037 1.39 0.64 15.91
Ety Unknown 1.48 1.29 1146  9.50 4.38 13.70
Epo DNA 0.09 0.92 98 041 0.24 13.27
Epo DNA/hAT 1.19 2.48 479 541 3.11 8.56
Epo DNA/MuLE 0.13 1.25 102 0.58 0.33 15.69
Epo DNA /PIF-Harbinger 0.42 1.93 216 1.90 1.09 19.91
Epo DNA/Tcl-Mariner 0.03 0.87 38 0.15 0.09 13.16
Epo LINE 0.72 3.55 204 3.30 1.89 13.24
Epo LINE/Tadl 0.03 3.23 10 0.15 0.08 10.00
Epo LTR 1.06 1.76 600  4.82 2.77 13.33
Epo LTR/Copia 5.31 3.72 1426 24.17 13.88 22.37
Epo  LTR/Gypsy 11.50 4.26 2608 52.35 30.07 21.83
Epo MITE 0.16 0.19 818  0.71 0.41 13.33
Epo Unknown 1.33 1.14 1162 6.05 3.47 15.92

tot. len = Total length of elements in Mb

mean. len = mean length of elements in kb

n = total copy number

%TE = total percent of each TE order accounted for by the element denoted in “TE group”
%genome = total percentage of the genome accounted for by the TE class

%complete = total percentage of genomic TE copies that encompassed the entire consensus sequence

Table S3.1: Summary statistics for TE annotation
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Figure S3.1: RIP across genomic compartments in Ecl. The RIP index was measured in
1 kb stretches across the genome and is represented as a line graph. The horizontal line
represents 0.9 RIP threshold, with lower scoring values indicative of RIP deactivation.
AT-rich regions are represented in purple. The patterns of RIP across AT and gene-rich
regions is almost identical in Ety and Epo (not shown).
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Figure S3.2: Length of TE elements residing in the gene-rich region. Vertical line
indicates 500 bp in length.
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Figure S3.3: RIP vs length of element. Horizontal line depicts RIP length threshold,
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TEs measuring higher than this value are expected to be targeted by RIP. Thus, TEs
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each plot are if RIP targets all sequences >400 bp.
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4.1 General Discussion

The remarkable success of modern sequencing technology has revolutionised the way
we generate, study, and understand genomes. Despite the explosion of research in
genomics, TEs remain subordinated to non-TE genomic components despite the fact

that they are a major genomic constituent in most eukaryotic genomes.

Generating a comprehensive understanding of TEs within a genome is hin-
dered by factors intrinsic to TEs themselves, coupled with restrictions in the softwares
and methods currently employed for the study of these elements. For example, TEs
are dynamic genomic units that can rapidly proliferate, degrade, and accrue mutations.
These factors give rise to lineage-specific TE populations that are recalcitrant to TE
annotation softwares. Even so, there is a large motivation to study TEs due to their
impact on the host genome; TEs are becoming increasingly recognised as important

contributors to gene regulation and genome structure.

The focus of this project was Epichloé, a genus of symbiotic fungi that live
in close association with pasture grasses. Preliminary results prior to this project pro-
posed that TEs profoundly impact the structure of Epichloé genomes, and regulate
the expression of specific genes that allow Epichloé species to adapt to specific plant
hosts. However, due to the extent of RIP, it was unclear whether actively transposing
elements remained in this genus. As a result, the overall impact of TEs in the evolution
of Epichloé genomes remained obscure [67]. Epichloé genomes are relatively small with
rich TE content, making them an excellent model for the study of TEs. By studying
TEs across a range of Epichloé species that are ecologically distinct and adapted to
different grass hosts, I was able to test the hypothesis that TEs contribute to the evo-
lution Epichloé genomes and, in particular, contribute to the evolution of functionally

important genes involved in host-specificity.
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The objectives of this project were completed:

1. Complete the manual curation of a custom TE library for three Epichloé genomes.
This work produced the first high quality TE library to ensure robust downstream

TE analyses.

2. Study the TE populations present in the three focal genomes. This included
identifying whether TEs have been active within these genomes post-dating the
divergence of the three lineages, as well as characterising the TE populations and

extent of RIP within each genome.

3. Identify host-association genes from each FEpichloé genomes. By identifying pu-
tative effectors and secondary metabolites, I could test for associations between

novel TE integration and host-association genes.

4.2 Findings

4.2.1 Objective One

An Epichloé typhina master TE library was curated using three strains of the E. typhina
species complex (sub-species clarkii (Ecl), typhina (Ety), and poae (Epo)). During
manual curation, 66.19% of all TE consensus sequences were reclassified. A large
portion of these sequences were previously classified as unknown repeat sequences. In
total, the process of manual curation reduced the number of unknown elements from
72% to 25.69%, emphasising the need for manual curation in non-model species (Section

2.4.1).

Further, a number of repeat elements previously annotated as interspersed
repeats such as satellites and simple repeats were found to be nested, complex, or de-
graded TE copies. In particular, these elements were resolved to be LTR elements,

DNA/hAT elements, and MITEs (Section 2.4.2). MITEs are a class of interest due to
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their abundance in fungal genomes, and potential role in gene regulation [67, 68, 158].
These elements are not currently identified by RepeatMasker, the most widely used
software for TE annotation. Further, programs designed to identify MITEs routinely
fail to do so in fungal genomes. In this work, I characterised 41 unique MITE consen-
sus sequences that provided a valuable resource for downstream MITE analyses (Table
S2.1). In addition to MITEs, automatic identification does not currently identify con-
served domains within TEs. My manual curation process identified conserved protein
domains in 54 of the 288 consensus sequences. As conserved domains can serve as key
determinants in TE classification, the identification of these domains ensures robust

classification of TEs (Section 2.4.3).

Interestingly the curated library improved the quality of TE annotations (as-
signing more TEs to a class and identifying conserved domains), but reduced the cov-
erage of TEs within each genome when compared to the automatic library. This result
is partly due to the exclusion of 77 automatically-identified consensus sequences during
manual curation. These excluded sequences harboured excessive ambiguity upon gen-
eration of a new consensus sequence. Such highly degraded (or possibly paralagous)
sequences add little to downstream analyses of TEs, so their exclusion has little impact
on conclusions drawn in this report. Another reason for the lower total coverage was
refining of the boundaries of TE elements (Section 2.4.4). The manual curation process
identified many TE consensus sequences with poorly-defined boundary sequences. Ex-
cluding these flanking regions from the consensus models decreased the total coverage

of TEs, but improved the accuracy of each TE annotation.

The final TE library for E. typhina presents 288 unique consensus sequences,
of which 67% retain characteristic structural and/or enzymatic features, 9.06% retain
partial features, 23.26% were incomplete copies retaining only a portion of the TE,
and 0.35% that were both partial and incomplete. The three E. typhina genomes show
a high level of TE sharing, with only three lineage-specific TEs identified within the

library. In total, the sequences predicted in this new curated library account for 67.03%,
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46.1%, and 57.44% of the total genome length in Ecl, Ety, and Epo, respectively.
(Section 2.4.5).

4.2.2 Objective Two

Previous work on Epichloé has established this genus has a rich TE repertoire, and
suggested some elements may contribute to gene regulation. However, because these
studies focused on a single genome [67] or a single class of TE [68], an overview of
the action of these elements in this genus has not yet been presented. In Chapter 3, 1

present the first multi-lineage study on the dynamics of TEs in Epichloé.

This work includes the first summary of a complete genome for Epo. The
contents of this genome are typical for the genus, a patchwork of AT-rich regions that
are almost devoid of genes and gene-rich regions with approximately equal GC con-
tent. However, this genome has undergone a remarkable number of rearrangements,
with each Epo chromosome appearing as a patchwork of homologous Ety and Ecl chro-
mosomes. While previous studies have observed large chromosomal rearrangements
between members of the Epichloé genus, the degree of rearrangement between the

three closely related sub-species studied in this work is unusual (Section 3.4.1).

Upon investigating the divergent AT-rich regions of each genome, I found that
the between-lineage difference in genome size was almost entirely explained by these
AT-rich regions. As AT-rich regions are often biochemical hallmarks of RIP deactivated
sequences [139], I calculated the extent of RIP across the genome. I found the AT-rich
regions of all genomes indeed showed very high signals of RIP. The action of RIP was
distinctly limited to the AT-rich regions, with very little RIP detected in the gene-rich
regions of each genome. Taken together, this suggests the between-lineage variation in
genome size is underpinned by the proliferation and subsequent deactivation of TEs in

each genome (Section 3.4.2).



104 CHAPTER 4. GENERAL DISCUSSION

To determine the distribution of TEs across these AT- and gene-rich regions,
I investigated the localisation of TEs and genes within these distinct blocks. While
TEs did indeed reside predominantly within the AT-rich regions, some exceptions in-
cluded the localisation of MITEs, a small portion of LTR elements, DNA elements, and
unknown repeat elements within the GC-rich regions. These elements were typically
<500 bp in length, and may be fragmented relics of deactivated TEs that are often

evenly distributed throughout fungal genomes (Section 3.4.3) [191].

Having established the presence of TEs in the gene-rich regions, I examined
the extent of RIP for every type of TE present in each genome. I found not all TEs
had been deactivated by RIP, however, the presence of RIP appeared to be relatively
random. For example, some long TEs expected to be targeted by RIP showed no signals
of RIP, while other TEs that were not expected to be affected by RIP showed extensive
hallmarks of RIP (Section 3.4.4). Previous studies hypothesised that all long repeat
elements had been detected by RIP [67], however the work here has demonstrated that
some long sequences have evaded RIP, and suggests that active elements may remain

in these genomes.

To investigate potential TE activity post-dating the divergence of the three
genomes, | investigated the TE repertoire of each genome. Consistent with other stud-
ies in FEpichloé, the predominant constituent in all three genomes were LTR elements
and MITEs, however, each genome showed considerable variation in the frequency of
each TE class, suggesting lineage-specific expansion of specific TE classes following the
divergence of this species complex. To confirm this TE activity, a timeline of inser-
tions was estimated by examining the percentage deviation of any given TE from its
respective consensus sequences. All three genomes demonstrated a recent expansion of
TEs with <10% divergence, substantiating the theory that each genome has undergone
lineage-specific expansion. One striking example of this recent expansion was seen in
LTR Copia elements in Ecl. The expansion of LTR elements, particular in Ecl and

Ety were underpinned by unique TE families, suggesting that unique TE families are
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responsible for the expansion of each genome (Section 3.4.5).

4.2.3 Objective Three

Having confirmed recent activity of TEs among the three genomes, it was of consider-
able interest to investigate the association between TEs and genes known to mediate
host-plant invasion. In particular, the genes of interest were effector genes and sec-
ondary metabolite genes. In many plant-associated fungi, virulence-related genes fall
within or near to repeat-heavy genomic regions. TEs that localise within 1 kb up-
stream of a gene are hypothetically capable of impacting gene regulation [122]. I tested
whether these virulence-related genes are more likely to fall within an AT-rich region
or within 1 kb of these regions, and found that they are not more likely to localise
in these areas. This suggests that the TE-dense AT-rich regions do not directly con-
tribute to the regulation of these genes. I next considered associations between TEs and
virulence-related genes, and found that MITEs are significantly more likely to localise
within 1 kb upstream of both effector and secondary metabolite genes than within 1
kb of non-virulence related genes. This phenomenon is most pronounced in Ecl, and is

consistent with previous findings in E. festucae (Section 3.4.6) [67].

Similar results have also been observed beyond the Epichloé genus. For ex-
ample, in Fusarium oxysporum, MITEs are closely associated with effector genes, and
partial copies of MITEs are always present in the gene promoter regions of effectors
[194]. Further, in the filamentous fungus Zymoseptoria, genes that are potentially in-
volved in plant infection were identified via presence/absence variations between 26
strains of Z. triciti. Upon examining an association between TEs and the genes iden-
tified this way, it was established that MITEs are located significantly closer to these
genes than what would be expected from a random distribution [115]. Interestingly, in
this study, Lorrain et al [115] also established that non-MITE TEs are associated with

effector genes in each Z. triciti genome, however the TE class associated with these
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genes differ between the selected strains. This phenomenon was also observed in my
results, where some non-MITE elements appeared to be over-represented within 1 kb
upstream of an effector or secondary metabolite genes, however, unlike MITEs, this
over-representation was not consistent across all three genomes (Figure 3.10 - 3.11).
Future lineage-specific TE studies may elucidate roles of these specific TEs in the reg-

ulation of each genome.
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4.3 Limitations

4.3.1 Objective One

Fragmented sequences: TE copies are very often nested or partial [178, 195-197].
This presents challenges during manual curation if the fragmented sequence has not
retained sufficient length to identify structural features or conserved domains. When a
sequence appeared to be a fragment of a TE, the consensus sequence was rerun through
the RepeatModelerd pipeline with extended flanking sequences. Despite this, on many
occasions, the boundaries of the element could not be retrieved, and the sequence
could not be classified. Partial sequences were also queried against each consensus
sequence in the new library I created in an attempt to obtain a full length copy. While
clustering of the library and reciprocal BLAST resolved some incomplete sequences,
a number obtained no matches and could not be classified into the appropriate TE
class. Unfortunately, this is a current limitation intrinsic to the nature of TEs. In the
future, the availability of new high-quality fungal TE libraries may help elucidate the

classification of these unknown sequences.

Classification of lineage-specific TEs: During propagation, active TEs can mu-
tate at rates 10® times higher than nuclear genes and fixed, inactive TEs [192, 193].
This presents a number of difficulties when creating a unified classification system for
TEs as the accumulation of mutations may see TE classes diverging from their char-
acteristic features. This phenomenon is seen in TEs that have evolved across a long

evolutionary timescale in multiple taxa [192, 198].

In this work, hAT elements in Epichloé were one example of this phenomenon
as they were not always consistent with the unified classification system outlined by
Wicker et al [50]. In Chapter 2, classification of hATs was determined by a combination

of conserved domain, TSD length and motif, TIR length, and sequence similarity to
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known hATs. More than half of all hAT consensus sequences retained part of a trans-
posase domain characteristic of hATs, and almost all of the consensus sequences (93%)
had high sequence similarity with other fungal hATs reported on RepBase. They also
harboured 8 bp TSDs characteristic of hATs. However, on occasion, the TIR length
and total length of the element were not consistent with previous literature. Mem-
bers of the hAT superfamily are reported to typically have short TIRs of 5 to 27 bp
in length with limited sequence similarity between family members. The total length
is typically less than 4 kb [50, 199]. However, the aforementioned hATs in Epichloé
often harboured longer TIRs, and exceeded 4 kb in length, with the longest complete
element measuring greater than 7 kb in length. In the presence of conserved domains
or TSDs consistent with hAT elements, these atypical TIR lengths and total lengths
were not considered in classification. This decision was based on previous reports of
hAT elements that exceed 4 kb in length, such as a previously published 12 kb hAT
element in Chlamydomas reinhardtii [200]. In addition, TIR lengths are reported to

differ between species.

However, after acknowledging that TIRs in hAT elements may be longer than
expected, it became increasingly difficult to discern between hATs and MuLEs. This
is due to the fact that MuLEs, close relatives to hATs, also often harbour 8 bp TSDs
(typically 8-10 bp), but are often distinguished by longer TIRs [201]. In the absence of
conserved domains or similarities to other known fungal TEs, many putative hATs or
MuLEs were denoted with a ‘7’ suffix, or demoted simply to DNA elements. Further
characterisation of fungal TEs may elucidate the atypical structures of some TEs in

fungi.

4.3.2 Objectives Two and Three

Secondary alignments: During annotation, RepeatMasker identifies TEs to be a

primary alignment, or a secondary alignment. Matches are considered to be secondary
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when there is a higher scoring match that partly includes the domain of the match
(>80%)[19]. Hence, the risk of including secondary matches is an over-representation
of TEs in the genome due to overlapping boundaries between the primary and secondary
match. In addition, secondary alignments are difficult to manage during downstream
analyses as RepeatMasker does not record pairings between secondary alignments and
their primary partner. I determined these associations based on overlapping boundaries
between the primary and secondary copies. Many secondary alignments belonged to
the same family as their primary match, hence their inclusion would not serve any
purpose in downstream analyses, and it would increase the copy number and perceived
length of TE content simply due to sequence similarity between two TEs of the same
class. Contrarily, primary DNA annotations often had secondary MITEs. This may
be due to the MITE elements being deletion derivatives of the DNA element, i.e.,
RepeatMasker assigns a fragment of a DNA element (such as the TIR) as a primary
match, and identifies the derivative MITE as a secondary match. If MITEs are a
class of interest in downstream analyses, the exclusion of secondary alignments may
risk under-representation of this class in the genome, or the inclusion of secondary
alignments may hinder the analyses due to partial fragments of DNA elements being
perceived as MITEs. Due to the difficult nature of managing secondary alignments, for

the purpose of this project, secondary alignments were excluded from the analyses.

RIP-affected sequences In chapter 3, I measured the divergence of a TE copy
from its respective consensus sequence to estimate the relative age of the TE. It is
important to note here that divergence values can only serve as rough estimates not
only due to the rapid evolution of TEs, but also due to the accrual of RIP-induced
mutations. In addition to potentially obscuring the estimated timeline of insertions,
detecting RIP in itself comes with limitations. The presence of RIP is detected via
dinucleotide frequency variations and point-mutations. As RIP targets nucleotides
in a preferred dinucleotide context (CpA dinucleotides), known pre- and post- RIP

dinucleotide frequencies can be used to measure the extent of RIP. However, it must be
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appreciated that C-to-T transitions in the CpA dinucleotides can also occur as a result
of spontaneous mutation. As a result, it can be difficult to discern whether mutations
that are typical of RIP have indeed occurred purely due to a targeted defence against
TEs. Some studies utilise methods to potentially differentiate between RIP-induced
mutations and random mutations by reconstructing trees from TE alignments with
masked CpA dinucleotides (as described by Winter et al. [67]). This, however, was
beyond the scope of this project. However, in all three focal genomes of this study, the
extent of RIP was so great, and largely consistent with other Epichloé studies that it
is very unlikely that natural mutational processes had the capacity to obscure these

results.

Sequence similarity between DNA transposons and MITEs MITEs are typi-
cally deletion derivatives of DNA elements. As a result, the TIR of MITEs may retain
very high sequence similarity to the DNA element from which it was derived. This
risks the incorrect annotation of MITEs as DNA elements when using homology-based
annotation software such as RepeatMasker. In this work, some short DNA elements
resided within genic regions which is an insertion preference typical of MITE elements.
However, it was impossible to discern whether these elements were indeed MITESs that
had been incorrectly annotated as DNA elements. This is due to the fact that while the
total length of a TE serves as a classification determinant, many of these short elements
were only partial copies. Thus, it was not possible to determine whether these TEs
were truncated copies of DNA elements or true MITEs. Nevertheless, the potential
for MITEs to be incorrectly annotated as DNA elements is an important feature to

consider when interpreting results.
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4.4 Future Work

Transposable elements are a greatly understudied genomic component due to their
dynamic and repetitive nature. However, the the work produced in this thesis may
serve as a resource for future TE studies. Within and beyond the Epichloé genus, the
curation of a high quality TE library will provide a resource for future fungal studies
that wish to conduct homology-based annotations of TEs. As current homology-based
TE databases remain dominated by animal- and plant-derived TEs, the fungal TEs
characterised in this work may assist in more robust fungal annotations due to the

decreased phylogenetic distance between a given fungal genome and Epichloé.

Within the Epichloé genus, the identification of long TE elements that have
not been targeted by RIP suggests that TEs may indeed remain active in these genomes,
a result that was not determined prior to this project [67]. This hypothesis is strength-
ened by the TE activity that has been shown here to post-date the divergence of
members of the E. typhina species complex. This activity prompts motivation to con-
tinue studying the dynamics of TEs within the Epichloé genome, particularly in their

association with genes.

While this research demonstrated that effector and secondary metabolite genes
are not significantly enriched near TE-dense regions of this genome, the data did identify
that MITEs reside in gene-rich regions and are consistently overrepresented within 1 kb
of effector and secondary metabolite genes across all three genomes. This is a distance
at which a TE can hypothetically influence gene expression [191]. Thus, future studies
may benefit from conducting gene expression studies using functional genomic data such
as RNAseq data for the three focal genomes. This may elucidate novel gene expression
traits such as up-regulation or down-regulation of these genes proximal to MITEs.
In addition, the genes of interest may be extended beyond effectors and secondary

metabolites, for example to genes involved in fungal growth.
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Above all, the curation of a high quality TE library for Epichloé, characteri-
sation of recently active TE classes, and the large body of literature that appraises the
role of TEs in fungal genome evolution presents reason to continue the study of TEs

within the Epichloé genus.
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