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Abstract

Transposable elements (TEs) are almost ubiquitous components of eukaryotic genomes that have

long been considered solely deleterious or ’junk DNA’. They are split into two main forms, retro-

transposons and DNA transposons, depending on the method of replication employed. Hosts

have developed strategies for combating TEs including RNAi, methylation and copy number con-

trol. TEs have also evolved ways of persisting in the genome in order to survive, such as target site

specificity. Two additional ways which may be utilised by TEs, positive selection and horizontal

transfer, were investigated here primarily using the budding yeasts in the Saccharomyces sensu

lato complex. These species typically contain up to five families of retrotransposons, designated

Ty1-5, and multiple subfamilies, all of varying transpositional activity.

Discoveries of insertions evolving under positive selection and providing benefits to their hosts

have been sporadic and serendipitous findings in a number of organisms. Full genome screenings

for such insertions are rarely published, despite the impact TE insertions have upon their hosts.

A population genomics approach was performed to address this issue in the genomes of Saccha-

romyces cerevisiae and sister species S. paradoxus. Signatures of positive selection acting upon

Ty insertions were identified using Tajima’s statistical D test. Neighbouring genes were also anal-

ysed to ascertain the true target of selection where hitchhiking linked the two. A subset of LTR-gene

pairings were explored using qPCR in order to identify any effects on host gene expression the

occupied loci may cause. Two genes displayed significantly increased levels of expression, which

may be due to the presence of positive selection candidate LTRs, which in turn may contribute to

improving host fitness.

This thesis further documents the systematic screening for Ty-like elements of all available

genomes of budding yeast and related species. Extensive phylogenetic analyses estimated evo-

lutionary relationships and possible horizontal transfer events of elements between the species.

Evidence for in excess of 75 horizontal transfer events was uncovered here, around half of which



x

were successful in propagating in new genomes. The occurrence of horizontal transfer of TEs in

the genomes of budding yeast is therefore far more common than previously documented.

During screening of genomes, a further potential method of avoiding host defences was un-

covered. The divergence of the highly active Ty4 family, which coincided with population isolation

of multiple Saccharomyces species into subfamilies, was surprising given previous reports of this

family being of particularly low activity. Such events are rarely recorded in eukaryotic genomes,

and may also illustrate the compulsive spread of a new subfamily via horizontal transfer.

The investigations reported here represent the first genomic screening of Ty insertions in Sac-

charomyces for signatures of positive selection, and an updated, comprehensive search for evi-

dence of HT between species of budding yeast. Both may act as methods for TE families to persist

in the genomes of their hosts, and represent far more than simply ’junk DNA’.
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Chapter 1

Introduction

1.1 Transposable Elements

Transposable elements (TEs) are almost ubiquitous components of eukaryotic genomes. They

have long been assumed to be detrimental to the host in which they reside due to their replicative

autonomy and have an ability to survive on a long-term basis within a genome (Biémont et al.,

1997; Kidwell and Lisch, 1997; Montchamp-Moreau, 1990; Arkhipova and Morrison, 2001; Wloch

et al., 2001; Dolgin and Charlesworth, 2008; Johnson et al., 2010; Startek et al., 2013). Discovered

in maize by Barbara McClintock in the 1940s (McClintock, 1944), it took decades for the existence

of widespread mobile genetic elements to be accepted.

There are some striking differences in TE variety, activity, copy number, distribution and ge-

nomic fraction across species. Genomic fractions range from as little as 2.7% of the puffer fish

genome (Aparicio et al., 2002) to more than 90% in maize (Jiao et al., 2017). TEs are absent in

a small number of species, such as the malaria parasite Plasmodium falciparum (Gardner et al.,

2002).

TEs are divided into two main groups based upon their transposition mechanisms: retrotrans-

posons (Class I) and DNA transposons (Class II; reviewed in Slotkin and Martienssen, 2007). Both

classes form families which can be active or inactive, the elements of which can be present in a

genome as full-length, mutated and fossil copies (Le Rouzic and Capy, 2006; Pritham, 2009).

Over 45% of the human genome consists of TE insertions (Cordaux and Batzer, 2009) and

it is likely that far more is derived from older insertions (Burns and Boeke, 2012). Approximately

3% of the human genome comprises DNA transposons (Cordaux and Batzer, 2009) and none

are currently active (Burns and Boeke, 2012). The majority of TEs found in humans are non-

LTR retrotransposons such as L1, Alu and SVA (Cordaux and Batzer, 2009; Burns and Boeke,
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2012). Human endogenous retrovirus (HERV) LTR retrotransposons are present in the genome,

predominantly as degraded copies (Burns and Boeke, 2012).

1.1.1 DNA transposons

DNA transposons primarily move their DNA in a ’cut and paste’ fashion via double strand breaks

(reviewed in Slotkin and Martienssen, 2007). Many DNA transposons encode a transposase en-

zyme flanked by inverted terminal repeats (ITRs; reviewed in Kazazian, 2004). Non-autonomous

copies, in which the transposase has become defective due to mutation, are not always inactive as

they can still utilise the functional enzyme of autonomous elements (Hartl and Clark, 2007). Trans-

posons are able to increase copy number if, after transposition, the double-strand break (DSB)

left by the element is repaired using the host’s sister chromatid, resulting in a copy of the original

element being replicated. Transposition may, however, be non-replicative if the DSB is repaired

without a template (Hartl and Clark, 2007).

A subclass of DNA transposons contains the helitron family, which lack ITRs and transposase,

instead encoding a DNA helicase and replicator initiator protein which enables them to replicate

using a rolling circle mechanism (reviewed by Kapitonov and Jurka, 2007).

As DNA transposons are not widespread in the yeast species studied here, the focus is on

retrotransposons.

1.1.2 Retrotransposons

Retrotransposons, particularly when they are the only type of elements inhabiting a genome, are

used as model systems as they reflect the evolutionary history of their hosts and also the impact

that they alone impose on an individual (Bowen et al., 2003) and on a population (Hosid et al.,

2012). Constructed elements containing selectable genes can be useful for gene mutation, target

gene activation, chromosomal mapping and in gene cloning (Garfinkel et al., 1988).

Retrotransposons replicate in a way similar to that of retroviruses: via reverse transcription us-

ing anRNA intermediate to reintegrate cDNA into the host genome. The first retrotransposons were

discovered in the yeast Saccharomyces cerevisiae (Cameron et al., 1979) and the fly Drosophila

melanogaster (Mount and Rubin, 1985). Like DNA transposons, non-autonomous retrotrans-

posons are able to utilise the products of autonomous elements in order to transpose, threatening
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the continuation of the family to which they belong (Le Rouzic and Capy, 2006; Le Rouzic et al.,

2007).

Retrotransposons are divided into three orders: according to the presence or absence of flank-

ing long terminal repeats (LTRs), and also the small group of variable Penelope-like elements (PLE;

Eickbush and Jamburuthugoda, 2008). They are then further divided by superfamily (Figure 1.1).

Non-LTR retrotransposons consist of long interspersed elements (LINEs) and short interspersed

elements (SINEs) that typically possess a 5’ untranslatable region (UTR) and a 3’ polyadenylate

tail (reviewed in Kazazian, 2004). Retrotransposons typically contain two open reading frames

(ORFs; Boeke and Devine, 1998).

Figure 1.1: Phylogenetic relationships and structures of the main retrotransposons. Left: phyloge-
netic summary of the main lineages using transposase and reverse transcriptase sequences. Right: typical
structures of each order of elements. ORF – open reading frame; RT – reverse transcriptase; RH – RNase
H; PR – protease; IN – integrase; T – tether domain; APE – apurinic endonuclease; EN – endonuclease;
Uri – domain similar to endonuclease; YR – tyrosine recombinase; AAA – polyadenylate tail. Boxed ar-
rows indicate LTRs or internal complimentary repeats (ICRs). Adapted from Eickbush and Jamburuthugoda
(2008).

Although the line between retroviruses and LTR retrotransposons is somewhat blurred (re-

viewed by Sandmeyer and Menees, 1996), retroviruses have most likely descended from retro-

transposons (Figure 1.1). Retroelements acquired infectious abilities and the env gene, possibly

during hybridisation with another virus, in order to evolve into the diverse family of Retroviridae.
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The presence of env, encoding envelope proteins, was once used to distinguish between retro-

viruses and retrotransposons, but independent work by Laten et al. (1998) and Wright and Voytas

(1998) has shown that this additional ORF can be present in retrotransposons. Additionally, some

elements are endogenous retroviruses that possess these viral characteristics, such as the gypsy

element in D. melanogaster, and act as retroviruses (Kim et al., 1994; Song et al., 1994). However,

the overwhelming majority of retrotransposons did not gain an env-like gene and so are confined

to their hosts.

1.1.2.1 LTR retrotransposons

The order of LTR retrotransposons encompasses BEL (Frame et al., 2001), tyrosine recombinase

(YR; which includes DIRS-1, Poulter and Goodwin, 2005), Pseudoviridae andMetaviridae families

(reviewed by Havecker et al., 2004; Figure 1.1). Pseudoviridae and Metaviridae are the focus of

this study, the structures of which are similar to that of retroviruses (Figure 1.1). Their ORFs are

homologous to retroviral gag and pol but lack the retroviral infectious elements and env encoding

envelope proteins (Wilhelm and Wilhelm, 2001). Gag encodes structural proteins to construct the

virus-like particles (VLPs) in which reverse transcription occurs (Chapman et al., 1992), whereas

pol encodes an enzymatic polyprotein with multiple domains. Its catalytic capabilities include pro-

tease (PR); a form of reverse transcriptase (RT); integrase (IN) and ribonuclease H (RH), all of

which are required for retrotransposition (Lesage and Todeschini, 2005; Wilhelm and Wilhelm,

2001). Pol is translated as a single polyprotein which is then processed by the element encoded

PR (Garfinkel et al., 1991; Kirchner and Sandmeyer, 1993). LTR retrotransposons fall into two ma-

jor superfamilies: Ty1/copia (Pseudoviridae) and Ty3/gypsy (Metaviridae) depending on the order

in which the domains of pol are encoded (Wilhelm and Wilhelm, 2001; Figure 1.1). RT is by far the

most conserved domain (Xiong and Eickbush, 1988, 1990).

Flanking the ORFs are LTRs, which are functionally similar to those of retroviruses, allowing

the element template to correctly be copied and terminated. LTRs are under different evolutionary

constraints than internal coding regions. Providing their regulatory regions stay functional (Figure

1.2), LTR sequences appear to be free to diverge beyond that seen in the gag and pol regions

(Benachenhou et al., 2009, 2013).
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Figure 1.2: Structure of the LTRs flanking a Ty1/copia element. // indicates the internal coding DNA
of the element. Adapted from Cullen et al. (1985), Jordan and McDonald (1998) and Curcio et al. (2015).
The U3 region of the 5’ LTR is not labelled due to the visualisation of the enhancer, promoter and initiator
regions.

1.1.2.2 LTRs and retrotransposition

LTRs contain three regions: a repeated region R which is located between two unique regions U3

and U5, containing sequences for transcription initiation and the site for polyadenylation (Jordan

andMcDonald, 1998; Perlman and Boeke, 2004; Varmus, 1988; Figure 1.2). The R and U5 regions

are generally more conserved than U3 (Benachenhou et al., 2009). A primer binding site (PBS) is

located immediately downstream of the 5’ LTR and a polypurine track (PPT) is found immediately

upstream of the 3’ LTR (Zhang et al., 2014). This basic structure of LTRs is thought to be common

across most families of elements.

The mechanism of retrotransposition is believed to be very similar to that of retroviruses, and

will only be briefly described here. The process begins when elements are transcribed to mRNA

by host RNA polymerase II (Pol II) in their entirety from the 5’ R region to the 3’ R region, which

then function as a template for retrotransposition and translation (Todeschini et al., 2005). During

retrotransposition, the mRNA is degraded by RH after being used as a template for reverse tran-

scription of the element into cDNA by RT. In a complex process, the 5’-U3 and 3’-U5 regions are

replaced (Elder et al., 1983; Clark et al., 1988; Perlman and Boeke, 2004) before the full-length

cDNA copy of the element is incorporated back into the genome by IN (Lauermann and Boeke,

1997). Insertion into the genome causes a target site duplication due to the staggered break made

in the host DNA (Gafner and Philippsen, 1980). LTR sequences within the same element are

identical upon retrotransposition (Jordan and McDonald, 1998; Bowen and McDonald, 2001) and

therefore indicate age relative to their insertion (Dangel et al., 1995; SanMiguel et al., 1996, 1998;

Kijima and Innan, 2010).
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1.2 Saccharomycetaceae

All yeasts within the Saccharomyces sensu lato group are members of the large Ascomycota phy-

lum, Saccharomycotina subphylum, and finally the Saccharomycetaceae family. Other yeasts

within the Ascomycota phylum are the Taphrinomycotina, or fission yeasts, such as Schizosac-

charomyces and Pezizomycotina such as Neurospora crassa. Saccharomycotina members as a

whole make up virtually two thirds of all known yeast species (reviewed in Dujon and Louis, 2017).

Sensu lato, meaning “in the broad sense”, was part of an older classification system used to

differentiate between the members of the sensu stricto (meaning “in the strictest sense”) complex

and the more divergent species, often still designated Saccharomyces. Many were later reclas-

sified by Kurtzman (2003) to new genera after extensive phylogenetic analysis of distinguishing

genomic regions. Kurtzman suggested changing the taxonomic status, abandoning the subdivi-

sion of sensu stricto and sensu lato in favour of establishing new genera including Naumovozyma,

Lachancea, Kluyveromyces, Kazachstania, and Torulaspora, among others (James et al., 1997;

Muller and McCusker, 2009; Figure 1.3). Despite the newly named genera, the group is still tradi-

tionally referred to as sensu lato, and consists of the first 12 of the 14 Saccharomycetaceae clades

(Figure 1.3; Kurtzman, 2003).

All but one clade (Zygotorulaspora, Clade 8) is represented by at least one fully sequenced

genome, revealing far more heterogeneity than within Saccharomyces species (Muller and Mc-

Cusker, 2009). However, sequencing quality across the species varies from relatively low cov-

erage Illumina to the single molecule PacBio and Nanopore-based methods (reviewed in Feng

et al., 2015; Rhoads and Au, 2015). New species are being discovered continually, even within

Saccharomyces (Naseeb et al., 2017), causing species phylogenies to frequently become out-

dated. Species are further complicated by hybridisation and reproductive isolation of individual

populations (reviewed in Dujon and Louis, 2017).

First proposed by Wolfe and Shields (1997), it has now been established that the ancestor of

clades 1-6 underwent whole genome duplication (WGD; Scannell et al., 2006; Marcet-Houben and

Gabaldon, 2015). The Vanderwaltozyma, Tetrapisispora and Naumovozyma clades for example,

diverged soon after the WGD event, accounting for major differences between these species and

members of the Saccharomyces clade (Scannell et al., 2006, 2007, 2011). More distant still are the

pre-WGD species such as Lachancea waltii, which contains only around 500 paralogues with the

∼6000 genes of S. cerevisiae (Replansky et al., 2008). The genes of post-WGD species evolved
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new functions, underwent sequence divergence and inactivation due to mutations which then left

relics of once functional genes (reviewed by Liti and Louis, 2005).

Figure 1.3: The clades of the Saccharomyces sensu lato complex. This figure illustrates the positions of
the 11 clades of the sensu lato group. Based on maximum likelihood performed by Hedtke et al. (2006), and
maximum parsimony analyses in Kurtzman (2003) and Kurtzman and Robnett (2003). Both used concate-
nated alignments of eight conserved genes. Clade numbers and revised genus names are from Kurtzman
(2003). The outgroup consists of sequences from Neurospora crassa and Schizosaccharomyces pombe.
Not all species from each genus are displayed. Adapted from Rozpędowska et al. (2011).
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1.2.1 The Saccharomyces sensu stricto complex

Yeast taxonomy has proven to be a very controversial topic. As most budding yeast are morpho-

logically identical and often physiologically invariable, few species could be distinguished on these

characteristics and reproductive studies alone. This classical system of species identification has

since been abandoned in favour of the sequencing of species specific regions, such as ribosomal

DNA, and whole genome sequencing (WGS). As a result, many species that were once designated

Saccharomyces have been reclassified as separate genera (Kurtzman, 2003; Kurtzman and Rob-

nett, 2003; Kurtzman et al., 2011).

The Saccharomyces sensu stricto complex originally consisted of S. cerevisiae, S. paradoxus

and S. bayanus (Vaughan-Martini and Kurtzman, 1985; Vaughan-Martini, 1989). S. pastorianus

(syn. S. carlsbergensis) was added as a member of the complex until it was realised to be a natural

sterile hybrid of S. cerevisiae and an unknown S. bayanus-like species (Casey and Pedersen,

1988; Hansen and Kielland-Brandt, 1994). Naumov et al. (2000) added three new species to the

sensu stricto complex: S. mikatae, S. kudriavzevii and S. cariocanus, the latter of which has been

labelled the ‘South American S. paradoxus’, and was later discounted as a separate species by

Liti et al. (2006, 2009). The debate as to whether these are separate species is ongoing (Naumov,

G. pers. comm., 2016). The novel species S. arboricola was later added to the complex (Wang

and Bai, 2008; previously incorrectly designated S. arboricolus).

Taxonomic and debates have surrounded S. bayanus for many years (Nguyen et al., 2011). S.

uvarum was long considered a variant of S. bayanus, mostly due to identification errors (Perez-

Traves et al., 2014). Many research teams argued that S. uvarum should be reclassified as its

own distinct species (Rainieri et al., 1999; Pulvirenti et al., 2000), and after careful consideration

of the available data and arguments, it is treated as such during this thesis. As of the most recent

Yeast Taxonomy (Kurtzman et al., 2011), it has not yet been granted taxonomic recognition, but

may be rectified in light of so much new information. S. bayanus is generally accepted as a hybrid

by geneticists, who mostly ignored the taxonomic debate and so adopted a pure S. uvarum as

the reference strain (reviewed by Hittinger, 2013). S. bayanus’ hybrid state was finally recognised

when the missing parental species of fellow hybrid S. pastorianus was revealed as S. eubayanus

(Libkind et al., 2011). It was thought that much of the Saccharomyces mystery had been solved

as of 2015, but very recently an additional species was isolated, S. jurei, by Naseeb et al. (2017).

Table 1.1 summarises the species details of Saccharomyces.
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Table 1.1: Summary of the Saccharomyces species. *data from Replansky et al. (2008), achieved with
whole genome alignments. mya - million years ago.

The Saccharomyces genus (Figure 1.4) is thought to have originated within the last 20 million

years (Kellis et al., 2003; Taylor and Berbee, 2006), but the exact location of its origin is unclear.

Wang et al. (2012) and Bing et al. (2014) both suggest a Far Eastern origin, whereas Almeida et al.

(2014) and Peris et al. (2014) instead hypothesised the ancient supercontinent of Gondwana or

Patagonia. Both the Far East and Patagonia show diversity in species and abundant populations,

so a compromise hypothesis is that the Saccharomyces ancestor originated in Gondwana before

subsequently moving to the Far East where it diverged further (Almeida et al., 2014). The most

recent work strongly supports an out-of-China origin for the genus (Peter et al., 2018).

Although the species are closely related, protein divergence is similar to that of humans and

chickens (reviewed by Dujon, 2006). Nucleotide sequence divergence between S. cerevisiae and

S. paradoxus is similar to that of humans and mice; that between S. eubayanus and S. uvarum is

likened to that of humans andmacaque, and differing populations ofS. kudriavzevii orS. paradoxus

is equated to the differences between humans and chimps (Hittinger, 2013).

Saccharomyces species occupymany habitats and environments (Landry et al., 2006; Goddard

and Greig, 2015). Wild Saccharomyces strains and species are most often found to be associated

with tree bark, soil and leaves (Sniegowski et al., 2002; Glushakova et al., 2007; Libkind et al.,

2011; Wang et al., 2012), and have also been isolated from insects such as Drosophila (Naumov

et al., 2000) and wasps (Stefanini et al., 2012, 2016). However, this could simply be down to

sampling bias, as yeasts which are colonised in the laboratory on rich, incubated media may not

accurately reflect the true range of species in any given sampled environment. Domesticated

strains and species are used in a vast variety of industrial settings, such as in the wine and lager
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Figure 1.4: Cladogram of species and populations of the Saccharomyces sensu stricto complex.
Topology is adapted from Dujon and Louis (2017). Taxonomic species on the left follow the colour scheme
used throughout this thesis. S. jurei is yet to be sequenced and so has not been assigned a colour. Ma-
jor hybrids are on the right; currently only two of which are named taxonomically (S. pastorianus and S.
bayanus). As it was not recognised as a species separate from S. paradoxus, S. cariocanus was omitted
here, but would lie within one of the existing populations of S. paradoxus. Additional populations of S. ar-
boricola has since been discovered, but their relationship to the Chinese type strain is yet to be elucidated.
Due to their abundance, not all S. cerevisiae populations are shown.

industries and also for baking (reviewed in Pretorius, 2000; Sicard and Legras, 2011). Hidden

fungal diversity studies suggest further environments are yet to be discovered (Bass et al., 2007;

Bass and Richards, 2011; Dunthorn et al., 2017).

Speciation in Saccharomyces is a complex matter. Although it is most likely to occur through

gradual accumulation of sequence divergences, it is clear that gross chromosomal rearrangements

(GCRs) encourage the process (Delneri et al., 2003). Due to hybridisation and population diver-

gence, it is becoming difficult to establish boundaries between species. Arguments have been

made to split existing species, for example, Taylor et al. (2006) suggested splitting S. cerevisiae

into a minimum of four separate species, allowing subspecies such as the probiotic S. boulardii to

be classified separately. Rather than the established bifurcating phylogeny as in Figure 1.4, the

evolution of the Saccharomyces clade appears to be reticulate, with gene flow between species

and populations far more common than previously thought (reviewed in Dujon and Louis, 2017).

A balanced approach in determining species boundaries, taking into account genome sequence,
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ecology, geographical origin and reproductive isolation would allow for gene flow caused by hori-

zontal transfer and introgression (see Section 1.4).

1.2.2 Sensu stricto species

1.2.2.1 S. cerevisiae

The original species of the sensu stricto complex, S. cerevisiae has been known bymany synonyms

and was the first eukaryote to have its genome sequenced (Goffeau et al., 1996). The reference

strain S288c was later discovered to be one of a number of strains possessing a mosaic genome

(Engel et al., 2014). Conversely, “clean” lineages are free from gene flow from other populations

(Liti et al., 2009).

Despite some initial debate, it has now been established that S. boulardii is a variant of S.

cerevisiae (van der Aa Kuhle and Jespersen, 2003; Fietto et al., 2004; MacKenzie et al., 2008;

Khatri et al., 2017). Many other variants were described as separate species of Saccharomyces,

but modern techniques such as genome sequencing have indicated that none are diverse enough

to be classed as entirely new species (Kurtzman, 2003).

Isolated on all continents (Liti et al., 2009), S. cerevisiae consists of several populations and

subpopulations (Figure 1.4), distinct on the basis of geographical origin as well as the extent of

association with human activities. As also seen in other yeasts, S. cerevisiae populations can be-

come reproductively isolated (reviewed in Greig, 2009), such as the distinct Malaysian population,

which has undergone ten GCRs in order to prevent further mating with other populations (Liti et al.,

2009; Cubillos et al., 2011). Many authors have conducted population genomics studies on strains

of S. cerevisiae (reviewed in Liti and Schacherer, 2011; Louis, 2011; Dujon and Louis, 2017; indi-

vidual reports include Fay and Benavides, 2005; Aa et al., 2006; Liti et al., 2009; Schacherer et al.,

2009; Almeida et al., 2015), but it is beyond the scope of this work to discuss them here.

1.2.2.2 S. paradoxus and S. cariocanus

In comparison to the extensively studied and domesticated S. cerevisiae, far less is known about

its wild sister species S. paradoxus. Of more limited geographical distribution than S. cerevisiae,

S. paradoxus contains a number of reproductively isolated populations and is highly divergent

(Sniegowski et al., 2002; Johnson et al., 2003; Tsai et al., 2008; Liti et al., 2009), so much so that
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it may be on its way to becoming three separate species, each occupying a different continent

(Taylor et al., 2006).

S. cariocanus was the first of three species described by Naumov et al. (2000) and for a time

considered a distinct species within the sensu stricto complex, but classified as a subpopulation

of S. paradoxus in the most recent Yeast Taxonomy (Kurtzman et al., 2011). It has yet to be

isolated outside of Brazil (Morais et al., 1992), and is very close in sequence to the North American

population of S. paradoxus (Liti et al., 2006, 2009). It is unable to form viable spores with S.

paradoxus, which has been attributed to four major reciprocal translocations in both existing strains

of S. cariocanus (Liti et al., 2006).

Whereas some authors believe it is a S. paradoxus variant (Liti et al., 2006, 2009), others

maintain that S. cariocanus is undergoing speciation (Naumov, G. pers. comm., 2016). After

careful consideration, it was decided that S. cariocanus would be treated as a separate species

for the purpose of the work conducted here.

1.2.2.3 S. mikatae

Very little documentation exists for S. mikatae and it has yet to be isolated outside of Japan (NBRC,

2010). It was first isolated by Yamada et al. (1993) and formally described by Naumov et al. (2000).

The single strain was later sequenced by Kellis et al. (2003) and vastly improved by Scannell et al.

(2011). No natural hybrids involving S. mikatae were reported until Bellon et al. (2013), but a 4.5kb

S. mikatae introgression region was previously reported in some strains of S. cerevisiae (Dunn

et al., 2012). The type strain shares 73% of overall nucleotide identity with that of S. cerevisiae

(Bellon et al., 2013).

1.2.2.4 S. kudriavzevii

Originally isolated by Kaneko and Banno (1991), S. kudriavzevii was the final of the three species

described by Naumov et al. (2000). The type strain was later sequenced by Scannell et al. (2011).

The number of studies involving S. kudriavzevii is on the increase, now that a further population

in Europe has been discovered (Sampaio and Gonçalves, 2008; Figure 1.4) outside of the original

Japanese population. Hybridisation with S. cerevisiae is regularly reported (Belloch et al., 2009;

Borneman et al., 2012; Combina et al., 2012; Lopandic et al., 2007).
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1.2.2.5 S. arboricola

A new species, S. arboricola, was discovered by Wang and Bai (2008) and sequenced by Liti

et al. (2013). The species was thought to be geographically restricted as it had not been isolated

outside of Eastern Asia (Naumov et al., 2013) until sampling in New Zealand forests revealed a

further population of this species (Gayevskiy and Goddard, 2016).

1.2.2.6 S. eubayanus

The existence of S. eubayanus was hypothesised when it became clear that S. bayanus was not

the parent species of hybrid S. pastorianus. The fact that S. eubayanus was discovered initially

in South America (Libkind et al., 2011), puzzled yeast geneticists as the hybridisation event that

resulted in S. pastorianus predated the discovery of the Americas. Further populations were dis-

covered in China (Bing et al., 2014), North America (Peris et al., 2014) and more recently New

Zealand (Gayevskiy and Goddard, 2016), providing an answer to the problem. Once the refer-

ence strain had been sequenced, it was apparent that S. eubayanus is 99.5% identical to the

non-S. cerevisiae portion of S. pastorianus (Baker et al., 2015) and allowed taxonomists to cor-

rectly identify S. uvarum and the hybrid species S. bayanus. Asian populations have been reported

as genetically distinct from the South American strains (Gibson et al., 2015).

1.2.2.7 S. uvarum

Originally considered a variant of S. bayanus, Nguyen and Gaillardin (2005) proved that S. uvarum

is in fact a separate species. It is also a parental species of hybrid S. bayanus alongside S.

eubayanus and S. cerevisiae (Libkind et al., 2011). S. uvarum was sequenced by Kellis et al.

(2003) and is the sister species of S. eubayanus, with a similar relationship to that of S. cerevisiae

and S. paradoxus. Diverse populations are found in South America and across Europe (Libkind

et al., 2011; Almeida et al., 2014; Sylvester et al., 2015). This species has now been isolated on

every continent except Africa and Antarctica (Hittinger, 2013).

1.2.2.8 A new species: Saccharomyces jurei

Isolated in the French Alps by Naseeb et al. (2017), S. jurei appears to be the sister species to

S. mikatae but also shows similarity to S. paradoxus based on ITS, 26s rRNA D1/D2 regions. It
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is reproductively isolated from the other Saccharomyces, as only up to 2% of spores were viable

depending on the mating species (Naseeb et al., 2017).

1.2.3 The complexity of the Saccharomyces sensu stricto species: hybridisation

There is evidence to suggest that, despite being classified as distinct species, Saccharomyces are

not truly reproductively isolated. Spontaneous hybridisation occurs between most Saccharomyces

species, commonly in association with industrial fermentation and vineyards (Barros Lopes et al.,

2002; Liti et al., 2005; González et al., 2006; Peris et al., 2012; Perez-Torrado et al., 2015; Sipiczki,

2008; Groth et al., 1999) and is thought to be a result of evolutionary adaptation to the harsh in-

dustrial environments (Zeyl et al., 1996; Matzke et al., 1999; Tofalo et al., 2013; Marti-Raga et al.,

2017). However, it appears that away from industry, stable hybrids are far less common as the in-

terfertility of species is generally low (Naumov, 1996; Marinoni et al., 1999; Muller and McCusker,

2009). Interfertile hybrids are however able to backcross with one of the parental species, with

each successive mating cycle becoming easier (Hittinger, 2013). Due to this high rate of variabil-

ity caused by introgression and hybridisation, species boundaries can be remarkably ambiguous

(Muller and McCusker, 2009).

Before the Kurtzman (2003) taxonomic changes, almost 10% of previously classified sensu

stricto species were actually hybrids (Liti and Louis, 2005). Now, only two have been recognised

taxonomically and therefore named: S. bayanus (a complex triple hybrid of S. cerevisiae, S. eu-

bayanus and S. uvarum) and S. pastorianus (S. cerevisiae x S. eubayanus, sometimes referred

to as S. carlsbergensis) (Kurtzman, 2003). These are both the products of artificial environments

and are rarely found in the wild (Tofalo et al., 2013). Away from human influence and industrial

settings, it is unclear how often hybridisations naturally occur (Landry et al., 2006). Unnamed nat-

ural hybrids include S. cerevisiae x S. kudriavzevii (Borneman et al., 2012; Peris et al., 2012) and

S. cerevisiae x S. paradoxus (Barbosa et al., 2016), whereas others have to be artificially created

in a laboratory environment such as S. cerevisiae x S. uvarum (Dunn et al., 2013). Besides S.

bayanus, only two reports of triple hybridisation have been made (Groth et al., 1999; González

et al., 2006).
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1.3 Transposable elements in Saccharomyces cerevisiae: a model

organism

S. cerevisiae is one of the most thoroughly studied eukaryotes in biology, and is a model organism

in the study of population and evolutionary genetics (reviewed by Zeyl, 2000; Liti and Louis, 2005;

Landry et al., 2006; Ruderfer et al., 2006; Replansky et al., 2008). It was also used as an early

system for studying TE insertions in eukaryotes (e.g. Ciriacy and Breilmann, 1982; Errede et al.,

1980, 1985, 1987; Klein and Petes, 1984; Silverman and Fink, 1984; Adams and Oeller, 1986;

Paquin and Williamson, 1986; van Arsdell et al., 1987; Clark et al., 1988; Stucka et al., 1989). With

few exceptions, such as the study by Liti et al. (2005), the TE content of the other Saccharomyces

species has not been extensively explored. TEs are also rarely investigated in other yeast species.

Neuvéglise et al. (2002) used data generated by the Génolevures Consortium (Souciet et al., 2000)

to survey the TE content of 13 yeasts. Using random sequence tags (RSTs), the authors were

able to construct the sequences of many of the elements in most species. However, the state of

TEs over the entirety of the genomes could not be truly elucidated due to low coverage and small

fraction of the genomes sequenced (∼20%). It is thought that most hemiascomycetous yeasts have

undergone a massive loss of their TEs (Neuvéglise et al., 2002; Dujon, 2006), as other yeasts such

asCandida and Yarrowia also possess DNA transposons and non-LTR retrotransposons (Goodwin

et al., 2001; Casarégola et al., 2002; Neuvéglise et al., 2005).

Various strains of S. cerevisiae have undergone extensive TE screenings which have shown

that the yeast contains only LTR retrotransposons (Figure 1.5), with the exception of two strains,

AWRI1631 (Borneman et al., 2008) and M2ONO800-1A (Legras et al., 2018), which contain de-

generate copies of the DNA transposon family Rover (Sarilar et al., 2015). It is most likely to

have arisen by horizontal transfer (Section 1.4) from a closely related member of the Saccha-

romycetaceae taxonomic group such as Torulaspora (Legras et al., 2018), some species of which

contain DNA transposons, but these elements are, as a whole, absent from the Saccharomyces

sensu stricto complex.

Initial full genome surveys of TEs in the reference strain S288c were independently performed

by Kim et al. (1998) and Hani and Feldmann (1998). These have since been updated by Carr et al.

(2012), who used less strict constraints when identifying elements, and included partial insertions

in the total copy number. 51 insertions in the reference strain are intact and likely functional;

the remaining 432 are incomplete due to degradation and age. The TE content of S. cerevisiae
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is estimated at ∼3% (Carr et al., 2012). However, the TE fraction of a genome will always be

an underestimate as older insertions become increasingly difficult to recognise due to sequence

divergence. There is also a degree of disruption of existing insertions caused by the repeated

transposition of new elements into occupied loci (Carr et al., 2012).

Figure 1.5: Basic structure of the main families of retrotransposons in S. cerevisiae. Elements within
the Ty1/2 superfamily are grouped together as they share a structure that is virtually identical. Boxed arrows
represent LTRs, joined by the mRNA template produced. Ty1-4 contain a frameshift between TYA and TYB,
whereas Ty5 elements possess fused ORFs. Adapted from Kim et al. (1998), Jordan and McDonald (1999b)
and Lesage and Todeschini (2005).

The elements in S. cerevisiae are representative of retrotransposons in that they contain two

open reading frames, TYA and TYB (homologous to retroviral genes gag and pol, respectively)

and are flanked by 5’ and 3’ LTRs (Figure 1.5). Based on structure and sequence differences, they

form a number of variant families (Ty1-5), subfamilies and chimeric families. The main five families

were named in the order in which they were discovered (Lesage and Todeschini, 2005).

Numerous investigations into the genomic content of other strains have now been completed

(e.g. Wei et al., 2007; Borneman et al., 2008; Argueso et al., 2009; Fritsch et al., 2009; Novo et al.,

2009). Bleykasten-Grosshans et al. (2013), alongside the reference strain, surveyed a further

40 strains obtained from various sources and countries worldwide. The authors could not find
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a correlation between strain source or use and TE content. Small insights into strain content

have been made by other authors, including Dunn et al. (2005) and Carreto et al. (2008), who

discovered that wine strains typically contain lower Ty content than S288c-related laboratory and

pathogenic strains. An inversion of the Ty1/Ty2 ratio with respect to the reference strain has also

been observed in wine strains (Ibeas and Jimenez, 1996; Novo et al., 2009).

1.3.1 Recombination and solo LTRs

Around 85% of TEs in the S. cerevisiae reference genome exist as remnant LTRs in a ’solo’

state due to recombination events (Lesage and Todeschini, 2005; Bleykasten-Grosshans and Neu-

véglise, 2011; Chan and Kolodner, 2011). These recombination events are most common between

the two identical LTRs flanking the same element, and the internal element DNA and a single

copy of an LTR is excised as circular DNA (illustrated in Figure 1.6; Kim et al., 1998). This ex-

tracircular DNA usually degrades, but has been known to be reintegrated into a new site in the

genome (Ciriacy and Breilmann, 1982; Garfinkel et al., 2006; Møller et al., 2015, 2016). Genomic

rearrangements due to recombination between full-length elements (FLEs) have been extensively

documented (Kupiec and Petes, 1988a,b; Umezu et al., 2002; Lemoine et al., 2005; VanHulle et al.,

2007; Argueso et al., 2008; Pennaneach and Kolodner, 2009 and reviewed by Chan and Kolodner,

2011).

Recombination can also occur in the same element if one of the LTRs has degraded, between

an element and an existing solo LTR (Downs et al., 1985) or between autonomous and non-

autonomous elements (Bleykasten-Grosshans et al., 2011) as long as the sequences have not

diverged beyond the level of complementarity required for efficient recombination (Moore et al.,

2004). Not all recombination events occur between LTRs, as breakpoints are also observed in

coding regions of elements (Jordan and McDonald, 1998, 1999a; Garfinkel et al., 2005). Other ob-

served rearrangements between elements have also been attributed to recombination (Liebman

et al., 1981; Downs et al., 1985).

Transposition rates of Ty1 elements are estimated at 1x10−8 to 1x10−9 per locus per gener-

ation, or 1x10−4 to 1x10−5 per genome (Roeder et al., 1984), whereas the rate of recombination

has been estimated at 10−5 events per element, which is far higher than transposition frequency

(Liebman et al., 1981; Winston et al., 1984) but lower than recombination rates between other

repeated sequences (Kupiec and Petes, 1988a,b).
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Figure 1.6: Recombination between the LTRs of an element. The recombination process results in the
excision of circular extrachromosomal DNA containing the coding region of an element and a single LTR.
The remnant solo LTR remains in the host’s genome whereas the circular element is usually lost.

1.3.2 The Ty1/2 Superfamily

The Ty1/2 superfamily comprises the subfamilies of Ty1, Ty2, recombinational hybrids and Ty1’,

all of which are Ty1/copia elements. It is also the largest family, making up almost 75% of the TE

content in the S. cerevisiae genome (Hani and Feldmann, 1998; Kim et al., 1998). Ty1 and Ty2 are

structurally highly similar, but previous attempts at differentiating between the two was complicated

by the presence of Ty1/2 recombinational hybrids (Section 1.3.1; Jordan and McDonald, 1999a).

Ty2 has arisen in S. cerevisiae via horizontal transfer, having been donated from S. mikatae (Liti

et al., 2005; Carr et al., 2012). Ty1’ is characterised by its divergence from Ty1 in the gag ORF

(Kim et al., 1998) and like Ty2, is believed to have arisen in S. cerevisiae by horizontal transfer

rather than speciation (Bleykasten-Grosshans et al., 2011).

Ty1 elements were first observed gaining considerable nucleotide variation during the reverse

transcription process by Xu and Boeke (1987), which was further investigated and confirmed

by Gabriel et al. (1996) and Wilhelm et al. (1999). The elements also undergo extensive re-

combination, even with non-autonomous copies, the progeny of which can then be autonomous
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(Bleykasten-Grosshans et al., 2011). The high success of non-autonomous Ty1 elements observed

by Bleykasten-Grosshans et al. (2011) may become a problem for the family if there is competi-

tion between functional and non-functional copies, and reflects a delicate balance between the

elements (Le Rouzic et al., 2007).

1.3.3 Ty3

Ty3 is the sole member of the Ty3/gypsy group of retrotransposons. The reference strain contains

two copies of Ty3 FLEs (Kim et al., 1998) and also Ty3p, an extinct family in the form of degenerate

LTRs, the true origin of which is still unclear (Fingerman et al., 2003; Carr et al., 2012). This family

is still thought to be active, but undergoes effective recombination between elements, resulting in

a high frequency of solo LTRs (Carr et al., 2012).

Ty3 activity is typically low, but can be induced by exposing cells to the mating pheromone α

factor (van Arsdell et al., 1987; Clark et al., 1988). Bilanchone et al. (1993) discovered that the

pheromone responding element (PRE) present in Ty3 LTRs was responsible for this effect.

1.3.4 Ty4

The next Ty1/copia family to be discovered, Ty4, was documented by Stucka et al. (1989) and

Janetzky and Lehle (1992). It is unclear whether Ty4 is still active as direct transposition has never

been observed (Stucka et al., 1992), and Hug and Feldmann (1996) found that most transcripts

prematurely terminated at the 3’ LTR boundary. Past activity is evident as S. cerevisiae contains

multiple copies of Ty4 along with solo LTRs as evidence of recombination events (Kim et al., 1998;

Carr et al., 2012). The current global population of Ty4 in S. cerevisiae is polymorphic, consistent

with current activity (Carr et al., 2012).

Ty4 is unusual in that its LTRs contain a transcription repression region, unlike Ty1/2 whose

LTRs contain positive regulating regions (Hug and Feldmann, 1996). Ty4 LTRs also contain a

sequence similar to the consensus sequence of the PRE present in Ty3 LTRs, but is unresponsive

to α factor (Stucka et al., 1992). Ty4 is thought to be the most recently acquired family, and arose in

the Saccharomyces ancestor before the speciation of the sensu stricto species (Neuvéglise et al.,

2002).
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1.3.5 Ty5

The final Ty1/copia family, Ty5 is extinct and non-functional in S. cerevisiae (Voytas and Boeke,

1992; Kim et al., 1998; Le Rouzic and Capy, 2006; Carr et al., 2012) but is transpositionally com-

petent in S. paradoxus (Zou et al., 1996b). Like Ty3, Ty5 is also regulated by the pheromone

response pathway and is induced during mating and exposure to α factor (Ke et al., 1997). Un-

like other families however, the gag and pol ORFs have fused (Figure 1.5). Ty5 displays poor

sequence conservation, most likely due to age (Neuvéglise et al., 2002). It may also contribute

to the organisation of chromosome ends due to its tendency to integrate into telomeres and form

tandem insertions (Figure 1.7; Ke and Voytas, 1997).

Figure 1.7: Formation of a tandem element. Recombination between a new and an existing element can
result in the elements sharing an LTR in a tandem formation. In this simple model, the elements are in the
same orientation, but recombination can also result in other placements of elements.

1.3.6 Target site specificity

Ty1-4 are transcribed by Pol II (Bolton and Boeke, 2003) and generally integrate into areas 1kb

upstream of genes transcribed by Pol III such as tRNA genes and 5S ribosomal genes. Ty3 has a

highly defined integration window of just one to three bases upstream of Pol III genes (Kinsey and

Sandmeyer, 1991; Voytas and Boeke, 2002; Sandmeyer, 2003; Lesage and Todeschini, 2005).

Some tRNA genes are hotspots – areas of frequent retrotransposition – especially for de novo Ty1

insertions (Kim et al., 1998) such as chromosome III (Warmington et al., 1986, 1987), and con-

versely, 33% of tRNAs are not associated with insertions, suggesting that not all tRNAs are ideal

targets (Kim et al., 1998). Ty1 elements, alongside the preference for tRNAs, have been shown to

target sites nearby or containing a degenerate element or solo LTR (Roeder et al., 1980; Liebman

et al., 1981; Ciriacy and Williamson, 1981). Bachman et al. (2004) found that the higher the de-

generacy of the Ty sequence, the more frequent the rate of a new element insertion, suggesting

Ty1’s target site selection mechanism may be more complex than initially thought. However, this
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may in fact be due to selection acting upon different sites, as a locus containing multiple insertions

is more likely to be a ’safe’ region of the genome. Ty5, when active, favoured insertion sites within

telomeres and heterochromatin (Boeke and Devine, 1998; Zou et al., 1996b).

Exactly why element target site specificity has evolved in this way is unclear. Boeke and Devine

(1998) believe it to be a method of protecting the host’s coding regions, which most likely arose due

to intergenic regions upstream of tRNAs being larger than other intergenic regions in yeast (Bolton

and Boeke, 2003). It could also be a method of maximising the element’s chances of survival

or, more likely, it simply reflects the conserved mechanism used for integration. Element integra-

tion complexes, as a result of interactions with host proteins, become tethered to specific regions

upstream of coding regions, causing their transposition to happen there rather than immediately

within a gene (Bushman, 2003). Ty3 IN interacts with two subunits of RNA Pol III preinitiation fac-

tors, TFIIC and TFIIB (Yieh et al., 2000; Aye et al., 2001). Ty5 integrates into silent heterochromatin

though an interaction with the Sir4 protein (Zou and Voytas, 1997; Zhu et al., 1999, 2003; Xie et al.,

2001). The interaction of Ty4 has not yet been elucidated as transposition is yet to be observed

(Stucka et al., 1992), and elements from the Ty1/2 superfamily are still under investigation as the

interactions have proved to be far more complex than the other families. Possible sites of interac-

tion for Ty1 have so far been shown to include Esp1 (Ho et al., 2015), nucleosomes (Baller et al.,

2012) and a subunit of Pol III (Bridier-Nahmias et al., 2015) among others.

Interestingly, the upstream targeting system has evolved in parallel multiple times in Saccha-

romyces (both Ty1/copia and Ty3/gypsy families), but also in other species. For example, Dic-

tyostelium discoideum, a species of slime mould, possesses a family of non-LTR retrotransposons

which has a preference site upstream of Pol III genes (Winckler et al., 2002) much like Ty insertions

in Saccharomyces.

1.4 Movement of DNA: horizontal transfer and introgression

The homologous introduction of sequences via horizontal transfer (HT) and introgression is con-

sidered rare in yeast (Dujon, 2006; Liti and Louis, 2005), but recently there has been an increase

in the reports of foreign DNA in varying species. It is also thought to contribute to eukaryotic evo-

lution (reviewed by Keeling and Palmer, 2008; Oliver and Greene, 2009). When only concerning

host genes, the event is known as horizontal gene transfer (HGT) in order to make the distinction
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between HT events involving TEs (sometimes referred to as horizontal transfer of transposable

elements; HTT).

1.4.1 Mechanisms of HT and introgression

The mechanisms underlying transfer of DNA is well understood in prokaryotes (reviewed in Frost

et al., 2005) but is less clear in eukaryotes. It is likely to differ depending on the host species and

the genomic regions or TE families involved. In plants, a direct transfer of DNA between species in

close contact or hybridisation events can explain some cases of HT and introgression. However,

in those plants that do not hybridise or share an environment, it is most likely that a parasitic, viral,

bacterial or fungal vector is the reason behind DNA movement. Similar vectors are also likely

to be the mechanism for HT events in animals (Piskurek and Okada, 2007; Shen et al., 2003).

Baculoviruses are a possible vector for insects (Gilbert et al., 2014) while Drosophila parasites

and parasitoids such as wasps and mites and also its symbiotic bacteria Wolbachia, could all

act as potential vectors for transmission (Ortiz et al., 2015). In some species, HT events are not

confined to a single mechanism, and could well occur simultaneously (Loreto et al., 2008).

In yeast, genetic transfer is most likely to occur via hybridisation and then backcrossing (Mari-

noni et al., 1999). The species involved therefore need to share the same environment. As in-

terspecies hybridisation results in very low levels of spore viability, repeated backcrossing with

one of the parental species must occur in order for the yeast to avoid reaching an evolutionary

impasse (reviewed in Dujon and Louis, 2017). In numerous wine strains, the structure of the DNA

inserts indicated a circular intermediate that was gained independently in different genomic loca-

tions (Borneman et al., 2011; Galeote et al., 2011).

1.4.2 Horizontal gene transfer and introgression in fungi

HGT is the transfer of genes between species (Andersson, 2009, 2012) whereas introgression is

the transfer of DNA as a result of species hybridisation, such as the 23kb subtelomere gained by

European strains of S. paradoxus from S. cerevisiae (Liti et al., 2006).

Reports of HGT and introgression are widespread, particularly in prokaryotes. Cheeseman

et al. (2014) documented a large genomic region containing 250 genes transferred between Peni-

cillium species of fungi. Interestingly, the functions of the 250 genes appear to convey advantages

to the recipient species. Reviews of HGT and introgression events in fungi by Richards (2011) and
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Fitzpatrick (2012) suggest that the acquisition of some genes is likely to be highly advantageous,

allowing fungi to thrive in new environments and even utilise new nutrient sources.

Many examples have also been documented between yeasts, such as the ASP3 locus in S.

cerevisiae which originated in Wickerhamomyces (League et al., 2012). Marinoni et al. (1999)

described small scale transfer events, whereas Novo et al. (2009) reported three large foreign

regions in the strain EC1118 of S. cerevisiae, one of which was acquired from Zygosaccharomyces

bailii. The region from Z. bailii has since been found in different strains of S. cerevisiae but in

varying genomic locations, suggesting that a circular episome is themechanism behind the transfer

(Borneman et al., 2011; Galeote et al., 2011). Another of the regions in strain EC1118 containing

FOT genes, was later found to be donated by Torulaspora microellipsoides (Marsit et al., 2015)

after polymerase chain reaction (PCR) amplification. Despite the increasing numbers of transfers

being reported, the evolutionary advantage of such events is unclear in many cases. The strains

and species involved are usually in close contact with one another, often in industrial or other man-

made unusual and stressful environments, suggesting this could play a part in the transfer events.

These environments cause a strong selective pressure on the organisms, with the HT events often

resulting in favourable adaptations, such as those documented by Marsit et al. (2015).

Wei et al. (2007) reported introgression on a large scale between species of yeast, something

that has now been reported between almost every species of Saccharomyces (reviewed by Hit-

tinger, 2013). As each newly discovered population is analysed, further examples of introgression

are documented (Almeida et al., 2014). Dunn et al. (2012) discovered genomic regions of S.

mikatae origin had been introgressed into S. kudriavzevii. Not surprising for sister species, one of

the highest rates of introgression is between S. cerevisiae and S. paradoxus, with the latter being

the donor more often than not (Naumova et al., 2005; Liti et al., 2006, 2009; Wei et al., 2007; Muller

and McCusker, 2009; Dunn et al., 2012). Similarly, there are numerous introgressions between

S. eubayanus and S. uvarum (Almeida et al., 2014; Peris et al., 2014). S. kudriavzevii has also

gained regions from both of these species (Peris et al., 2014).

Away from sister species, Saccharomyces isolated from natural sources seem less susceptible

to introgression and HT events (Hittinger et al., 2010; Libkind et al., 2011), which would suggest

that a human domestication pressure on industrial strains has had an important role in selecting

for these rare occurrences (Hittinger, 2013).

Unfortunately, there is a bias towards genes as studies tend to focus on coding areas of the
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genome, overlooking TEs and non-coding regions. This is due to the fact that the impact of HGT

on a recipient can be more easily evaluated than those caused by non-coding regions and TE

insertions (Gilbert and Cordaux, 2013).

1.4.3 HT of TEs

1.4.3.1 HT is widespread in many species

Despite most elements lacking an apparent infectious ability, HT has been proposed as a natural

part of the TE life cycle (Le Rouzic and Capy, 2005). A successful HT event requires the transfer

of an active TE into the recipient, followed by a burst of transposition in order to propagate through-

out the genome, and then further into the population by vertical transmission (Silva et al., 2004;

Le Rouzic and Capy, 2005). Depending on the recipient organism, the newly acquired TEs may be

regulated or suppressed by the hosts’ defences until copy number is reduced to an equilibrium or

extinction of the family. Random mutations, excision via recombination leading to stochastic loss

and purifying selection all contribute to a reduction in copy number (Le Rouzic and Capy, 2005;

Le Rouzic et al., 2007). Should the element escape host defences and selection, HT therefore

becomes a way for TEs to avoid extinction.

HT between prokaryotes and eukaryotes has been observed, but fewer incidences still involving

TEs. Rolland et al. (2009) located six genes present in Lachancea kluyveri that were likely to have

originated asmembers of the bacterial TE family IS607, andGilbert and Cordaux (2013) discovered

that this same family had spread into a further 13 species.

HT between eukaryotes has beenwell documented throughout most kingdoms, for both classes

of TEs (reviewed in Schaack et al., 2010). Examples of the transfer of DNA transposons include

the OC1 family in an ancestor of the Tasmanian devil (Gilbert et al., 2013); SPIN transposons in

mammals (Pace et al., 2008), reptiles (Gilbert et al., 2012) and other tetrapods through a parasitic

vector (Gilbert et al., 2010). There are numerous examples in Drosophila (Loreto et al., 2008;

Sánchez-Gracia et al., 2005) including the P element family (Silva and Kidwell, 2000). There

are also a number of incidences of HTT in plants (reviewed in Fortune et al., 2008), such as the

MULE elements (Diao et al., 2006), and PIF-like elements in grasses (Markova andMason-Gamer,

2015). Also reported to have undergone HT is the mariner family between many species, such as

crustaceans and insects (Hartl et al., 1997; Dupeyron et al., 2014).
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For retrotransposons, the majority of documented HT events have been in Drosophila, span-

ning at least 20 families (Sánchez-Gracia et al., 2005; Bartolome et al., 2009; de Setta et al., 2009,

2011). Due to the high level of research interest that this genus has received, at least 100 putative

events have been suggested (Loreto et al., 2008; reviewed in Schaack et al., 2010). In other gen-

era besides Drosophila, events include the transfer of the RIRE1 LTR retrotransposon in Oryza

(Roulin et al., 2008); the SURL family in the Echinoidea (González and Lessios, 1999); Route66 in

plants (Roulin et al., 2009) and also the centromeric retrotransposons (CRs) in grasses (Sharma

and Presting, 2014).

It is more likely for DNA transposons to undergo HT than retrotransposons, and of the latter,

non-LTR retrotransposons are the least likely (Silva and Kidwell, 2000). In Drosophila, the number

of transferred transposons and LTR retrotransposons is roughly equal, but non-LTR retrotrans-

posons are transferred at a very low frequency (Loreto et al., 2008). Some TE families are also

more likely to undergo HT than others (Silva and Kidwell, 2000) and can be pervasive in new

species (Sánchez-Gracia et al., 2005; Gilbert et al., 2010; Thomas et al., 2010).

1.4.3.2 HT of elements is less frequent in Saccharomycetaceae

Few HT events of TEs have been recorded in Saccharomyces: Ty2 in S. cerevisiae obtained from

S. mikatae (Liti et al., 2005; Carr et al., 2012), and potentially Ty3p in S. cerevisiae obtained from

S. paradoxus or S. mikatae (Carr et al., 2012). However, this may reflect the limited number of

investigations into the TE content of other Saccharomyces species. In addition, many previous

studies utilised molecular laboratory techniques to provide presence/absence results (e.g. Liti

et al., 2005), rather than in depth phylogenies that were utilised in the work here.

A small number of copies ofRover, a hAT DNA transposon family, were gained by strains of both

S. cerevisiae and Naumovozyma dairenensis, most likely sourced from Torulaspora delbrueckii

(Legras et al., 2018) and a Lachancea species (Sarilar et al., 2015), respectively. Additionally,

the main Ty1/copia retrotransposon family, Tsk1, in Lachancea kluyveri, is thought to have been

gained from an unidentified source (Neuvéglise et al., 2002; Payen et al., 2009).

1.4.4 Detection of HT events

The evolutionary history of a TE family is expected to somewhat follow that of its host, therefore

deviations from the expected phylogeny can strongly suggest that HT events have occurred (Silva
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and Kidwell, 2000). However, HT can be difficult to detect because TEs naturally show differing

rates of evolution, and also experience degeneration and stochastic loss - the elimination of all

autonomous copies.

There are numerous methods employed for the detection of HT of TEs. For example, sequence

similarity searches can highlight differences in codon usage or nucleotide composition, which could

expose TEs that share more identity with donor than recipient species (Lerat et al., 2002). This

method is mostly used for prokaryotes, but can also be applied to sufficiently divergent eukaryotic

species (Rödelsperger and Sommer, 2011). Also, specific to LTR retrotransposons, is to test for

divergence between LTRs in two distinct species (Fortune et al., 2008).

The method used here is that of phylogenetic analysis, which has the benefit of allowing HT

events to be identified at the same time as generally exploring the evolutionary relationships of TEs

between species. There are a number ways in which HT events can be inferred using TE phylo-

genies. First, highly similar elements present in multiple, often phylogenetically distant species,

present on relatively short branch lengths, can indicate that there is less divergence between ele-

ments than between non-TE areas of the genome. Second, discrepancies between the topologies

of TE phylogenies when compared to those of host species may indicate HT events. Finally, and

offering weaker evidence for HT, is the patchy distribution of elements within sister species. How-

ever, while indicative of HT, this incongruence can also be the result of paralogous sequences,

stochastic loss and the domestication of elements by their hosts. The domestication of TE do-

mains can result in conservation across species, assuming the event occurred prior to speciation

(Silva and Kidwell, 2000; Wallau et al., 2012).

The direction of HT and the exact donor and recipient species are not always clear, as events

may have occurred in a recent common ancestor rather than the present species. The donor

species usually displays more diversity in its TE sequences due to increased age, allowing mu-

tations to accumulate, resulting in relatively long-branched phylogenies, whereas the recipient’s

element(s) likely underwent transposition upon HT, therefore the copies generated will be far more

homogenous. The well-supported nesting of sequences from one species within another also

strongly suggests a donor-recipient relationship, as the donor typically possesses copies of higher

nucleotide diversity than those of the recipient (Brookfield, 2005; Carr et al., 2012).
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1.4.5 Limiting factors

A number of factors may impact the rate of success of a newly transferred family into a naive

genome. It is thought that effective population size plays a role in the propagation of elements

through HT, as species with higher effective population sizes are more efficient at removing TEs

from the population (Charlesworth and Charlesworth, 1983; Brookfield and Badge, 1997; Groth and

Blumenstiel, 2016). Selection (Section 1.6; reviewed in Nuzhdin, 1999), as well as the compatibility

of host factors with a newly acquired element, may influence the success of the transfer (Silva and

Kidwell, 2000). For example, activity of Ty elements in S. cerevisiae and Tf elements in Sz. pombe

is dependent on numerous host factors (Aye and Sandmeyer, 2003; Aye et al., 2004; Maxwell and

Curcio, 2007; Risler et al., 2012; Ahn et al., 2017; Rai et al., 2017). A naive genome lacking

such factors may halt the transposition of newly acquired elements. The introduction of a new

family, the activity of which is uncontrollable by the host, such as LINEs in S. cerevisiae (Dong

et al., 2009), may have deleterious effects, preventing propagation of the family further. For LTR

retrotransposons specifically, a high likelihood of intra-element recombination could quickly render

a FLE as a solo LTR (Section 1.3.1), unable to transpose in a new genome.

1.5 Element-host interactions

The relationship between a host and its TEs is complex. Initially viewed as a conflict between

element and host, it now appears that the relationship has co-evolved into a give and take nature

(reviewed by Kidwell and Lisch, 2000; Beauregard et al., 2008). Elements are able to harness

the transcriptional machinery of a host cell for their own replication, but in turn the host itself has

control over its own insertions to an extent, as Ty activity is dependent on host cell-type regulation.

In diploid a/α cells, studies have shown that Ty1 transcription (Elder et al., 1983; Errede et al.,

1985, 1987; Fulton et al., 1988), transposition (Paquin and Williamson, 1986) and expression are

all lowered, as well as the expression of neighbouring genes (Errede et al., 1980) due to mating

loci repression (Elder et al., 1983; Herskowitz, 1988). Even if a given transposition event does not

result in harm to a host per se, the insertion of elements can have significant effects on genomic

structure and profound influence over the expression levels of neighbouring genes (Winston et al.,

1984; Roeder et al., 1985; Natsoulis et al., 1989; Kinsey and Sandmeyer, 1991; Bolton and Boeke,

2003).
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1.5.1 Effects on gene expression

The fact that Ty insertions can result in the increased, decreased or constitutive expression of

nearby host genes was established in the 1980s (Chaleff and Fink, 1980; Farabaugh and Fink,

1980; Roeder et al., 1980; Roeder and Fink, 1982; Roeder et al., 1984; Williamson, 1983; Silver-

man and Fink, 1984; Roeder et al., 1985; Coney and Roeder, 1988; Goel and Pearlman, 1988).

Observations made on the changes in expression due to differing Ty insertions between strains

are still being made 30 years later (e.g. Fritsch et al., 2009).

In comparison however, few studies have focused on the effects of solo LTRs, despite 85% of

insertions existing in this form in theS. cerevisiae reference genome (Lesage and Todeschini, 2005;

Bleykasten-Grosshans and Neuvéglise, 2011; Chan and Kolodner, 2011). Solo insertions usually

retain their regulatory sequences and transcription factor binding sites required for interaction with

the host cell’s transcriptional machinery, therefore the excision of the coding region of the element

after recombination does not always allow the host to revert back to its original phenotype (Roeder

et al., 1980; Paquin and Adams, 1983). Despite receiving less attention, solo LTRs have been

known to affect transcription of adjacent gene promoters (Roeder et al., 1980; Winston et al., 1984;

reviewed in Thompson et al., 2016). The effects of LTR sequences of three elements were studied

by Roeder et al. (1985) and found to be homologous with enhancers of the HIS4 gene. When

inserted 5’ to the gene, the LTRs could enhance transcription and present a strong phenotype, a

weak phenotype or prevent transcription altogether. Roelants et al. (1997) later used the ability of

a Ty1 LTR to initiate transcription of the gene URA2.

1.5.2 Host defences against TE insertions

Due to their persistent nature, many organisms employ specific genomic defence mechanisms

such as RNA interference (RNAi) and DNA methylation in order to minimise the effects of TE

insertions (Hartl and Clark, 2007; Slotkin and Martienssen, 2007). Another method of defence is

repeat-induced point mutations (RIP), which are only present in certain fungi such asMicrobotryum

violaceum (Johnson et al., 2010) and Neurospora crassa (reviewed by Selker, 2002).

Saccharomyces and most related species have lost one or more crucial aspects of the RNAi

pathway (Wolfe et al., 2015). Drinnenberg et al. (2009) were able to show that the system could

be restored once core components of the pathway obtained from Naumovozyma castellii were

reinserted into S. cerevisiae. The results also suggest that the common ancestor of budding yeast
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possessed the pathway and that S. cerevisiae has subsequently lost RNAi as its current forms of

control are enough to keep the TE insertions contained. Methylation is also virtually absent in S.

cerevisiae (Proffitt et al., 1984) and species of Saccharomycetaceae, but just how many species

fail to employ methylation as a defence mechanism is unclear (Benachenhou et al., 2013).

However, S. cerevisiae is far from defenceless. In order to counteract the additive effect of

transposition, the yeast and its insertions have developed alternative methods of controlling copy

number in a number of intuitive and coordinated ways. For example, some families of elements

have developed very pronounced target site selection in order to avoid important areas of the

genome, thus increasing their chances of survival (Section 1.3.6; Boeke and Corces, 1989; Blanc

and Adams, 2003). Ty elements also undergo copy number dependent transcriptional and post-

transcriptional silencing (cosuppression) to limit further transposition (Jiang, 2008; Garfinkel et al.,

2003). Additionally, Ty elements require very specific host cofactors (Aye and Sandmeyer, 2003;

Aye et al., 2004; Maxwell and Curcio, 2007; Risler et al., 2012) and conditions for integration into

the genome such as optimal temperature (Lawler et al., 2002). Furthermore, the 3’ end of Ty1

elements possess a high rate of mutation and addition of non-templated nucleotides, both of which

have been shown to reduce the rate of integration into host DNA. This may have evolved as an

additional method of keeping Ty1 integration to a minimum (Gabriel and Mules, 1999).

1.6 Selection

Since the 1980s, TEs have been assumed to be purely deleterious due to their apparent parasitic

nature (e.g. Orgel and Crick, 1980; Doolittle and Sapienza, 1980; Hickey, 1982). TE insertions

appear to be mainly under the influence of negative (purifying) selection and are quickly and effi-

ciently removed if causing detrimental effects (Charlesworth and Charlesworth, 1983; Fink et al.,

1986; Jordan and McDonald, 1999c,b; Le Rouzic and Deceliere, 2005). Despite this, they have an

extraordinary survival ability within a host genome by avoiding selection altogether when causing

only mild or neutral effects on fitness, especially in species with a small effective population size

(Ne; Wilke and Adams, 1992; Biémont et al., 1997; Charlesworth et al., 1997; Kidwell and Lisch,

2000).

Upon arrival of a new TE into a genome or population, it must undergo immediate and efficient

transposition or be lost by genetic (random) drift or purifying selection (Le Rouzic and Capy, 2005);

an event that has been observed in Drosophila concerning the P element family (Anxolabehere
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et al., 1988; Biémont, 1994; Biémont et al., 1994; Kimura and Kidwell, 1994). It is thought that after

the initial invasion, transposition is balanced by the loss of elements, and a long-term equilibrium

is reached (Charlesworth et al., 1994; Le Rouzic and Deceliere, 2005).

Left unchecked, TEs can in theory increase their copy number indefinitely, but host defences

are able to control the rate of transposition before becoming fatal. Organisms that need to replicate

their DNA quickly or have found recombinational mechanisms to remove insertions seem to be able

to avoid the accumulation of elements (Charlesworth et al., 1994). Insertions cause deleterious

effects in a genome in a number of ways that would likely cause loss of fitness and consequently

the loss of the TE from the population (Eickbush and Jamburuthugoda, 2008). Transposition into

vital coding regions or regulatory sequences, chromosomal rearrangements and the physiological

impact of protein synthesis during transposition are all deleterious effects highly likely to negatively

affect host fitness (Dolgin and Charlesworth, 2008; Le Rouzic and Capy, 2006). All of these events

are selected against (Carr et al., 2002), and Pasyukova et al. (2004) have shown a clear link

between an increase in TE copy number and a decrease in fitness in D. melanogaster.

Even with selection working against them, large numbers of highly successful and diverse

retrotransposon families persist in the genomes of most organisms (reviewed by Eickbush and

Jamburuthugoda, 2008), yet their contributions to host evolution are rarely investigated (Hoban

et al., 2016). This is due in part to the complications that arise when sequencing and assembling

TE-rich areas of a genome (Treangen and Salzberg, 2011; Hoban et al., 2016), that may change

given the increasing use of 3rd generation single-molecule sequencing (Chaisson et al., 2015).

Although the current methods of identifying signatures of selection acting upon TEs is limited, they

are on the increase (Casacuberta and González, 2013; Villanueva-Cañas et al., 2017).

1.6.1 Genetic hitchhiking

LTRs and neighbouring genes are linked in a fashion comparable to that of alleles, and are there-

fore often inherited together in an effect known as linkage. Although it does not uncouple the

inheritance of the linked sites, the association between the two can be somewhat eroded by re-

combination (Barton, 2000; Gillespie, 2000). Favourable mutations cause a loss of nucleotide

variation within other areas of the genome, and so the effects of positive selection on a favoured

locus can also be extended to any other loci with which it is linked. In addition, insertions under pu-

rifying selection can cause lower nucleotide variation due to background selection (Maynard Smith
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and Haigh, 1974; Kofler et al., 2012). The term hitchhiking refers to a neutral variation, along with

its linked advantageous mutation, being driven to fixation in a population due to positive selection

(Maynard Smith and Haigh, 1974; Page and Holmes, 1998; Barton, 2000; Kim and Stephan, 2002).

1.6.2 Statistical methods

The effects of selection on loci can be calculated with statistical tests. The neutral theory of molec-

ular evolution was first proposed by Kimura (1968) who suggested many polymorphisms are not

under the influence of natural selection but as they confer no advantage on fitness, they are sim-

ply neutral. Within this theory, positive selection is considered to be a rare event, and negatively

selected mutations are eliminated when affecting functionally constrained areas of the genome.

1.6.2.1 Tajima’s D

A statistical method for testing the neutrality of nucleotide variants within a population was de-

veloped by Tajima (1989) and relies on sequence polymorphism data from only one species. In

Tajima’s method, the expected amount of genetic variation per nucleotide (denoted θ) is equal to

4Neµ, in which Ne is the effective population size, and µ is equal to the mutation rate per genera-

tion. θ is estimated using S, the number of segregating sites, or π (Nei and Li, 1979), the average

number of paired nucleotide or pairwise differences in the sample sequences (Page and Holmes,

1998). Under the neutral theory model, using either S or π with a constant population size would

give identical values of θ and thus D, based upon the difference between those values of θ, would

theoretically be zero. Tajima’sD statistic can therefore indicate the frequency of nucleotide variants

under neutrality on a spectrum (Page and Holmes, 1998; Rozas, 2009) and requires a minimum

sample size (n=4) in order to function (Tajima, 1989). The test relies on a calculated value of D

to signify statistical deviation from zero. If the D value has significantly deviated from zero, the

neutral hypothesis is rejected, and conversely if the deviation is not significant, the neutral hypoth-

esis cannot be rejected. A significantly negative value of D may be obtained by population growth

generating an excess of rare alleles, or positive selection. Conversely, significantly positive val-

ues are a result of population subdivision or balancing selection and is observed as an excess of

intermediate frequency alleles (Tajima, 1989).

In this research, Tajima’s test was applied to LTRs and their neighbouring genes in order to

identify potentially positively selected insertions, and possibilities of hitchhiking between the two.
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If it was the LTR that achieved a more statistically significant negative D value (i.e. deviated further

from zero) in comparison to its neighbouring gene, then it was more likely that positive selection

was occurring at the locus of the LTR rather than the gene. Therefore, it is the gene that is said

to be hitchhiking. Conversely, if it was the gene that achieved a more statistically significant value

of D, then the gene is more likely to be under positive selection than the LTR, which is therefore

hitchhiking along with the gene at that locus. Tajima’s D was also selected for use here as, unlike

other tests which are not based on a frequency of mutations, it is conservative on regions that have

undergone recombination (Ramírez-Soriano et al., 2008).

1.6.2.2 Fu and Li’s D statistic

Fu and Li (1993) built on the work of Tajima (1989) and proposed a genealogical based method to

test their hypothesis that all mutations at any given locus have a neutral effect. Their simulations

showed that the expected number of derived mutations present in the population Ne, is equal to

θ. Like Tajima’s D, Fu and Li’s D statistic fits onto a scale and significantly negative results are

indicative of positive selection. Unlike Tajima’sD however, Fu and Li’s test compares the number of

derived singleton mutations, rather than pairwise differences. A negative D statistic value indicates

an excess of singletons (equivalent to rare alleles for Tajima’s D) whereas a positive value implies

a lack of singletons (intermediate alleles in Tajima’s test; Fu and Li, 1993; Ramírez-Soriano et al.,

2008). It can be considered as amore sensitive method with which to confirm the results of Tajima’s

D.

1.6.3 Impacts on host evolution: the benefits of TEs

Despite often being called “junk” and assumed to confer no advantage to their host (Wong et al.,

2000), there has been speculation in the past 20 years that the presence of TEs and some in-

sertions, albeit rarely, can in fact be beneficial to their host. This may be on a genomic scale by

increasing genetic diversity, or on a localised scale by affecting gene expression. It was the pref-

erential insertion sites in regulatory regions of genes of S. cerevisiae that first inspired the thought

that specific Ty insertions could cause adaptive changes to their hosts from these critical genomic

positions (Roeder and Fink, 1982; Roeder et al., 1984).

In recent years, there has been evidence to implicate TEs in providing general benefits to their

hosts and contributing to adaptation and genome evolution in a variety of species (reviewed in
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Oliver and Greene, 2009, 2012; Belyayev, 2014; Rey et al., 2016). Genetic diversity generated

by TEs allow a host to adapt to new environments, increasing their chances of survival (reviewed

by Chenais et al., 2012; Hosid et al., 2012; Casacuberta and González, 2013). Adams and Oeller

(1986) were one of the first to document adaptations selected for in a population due to large scale

genomic rearrangements caused by Ty elements. More recently, Franco-Duarte et al. (2015) were

able to show that a particular strain of S. cerevisiae, VL1, has adapted to vineyard environments

at least in part due to its Ty insertions. In other species, González et al. (2010) documented TE

induced adaptations in Drosophila, whereas Grandaubert et al. (2014) recorded evidence of ben-

eficial changes in the plant pathogen Leptosphaeria. Such extreme TE-induced diversity in a host

to the point of speciation has also been recognised (Ginzburg et al., 1984; Hurst and Schilthuizen,

1998; de Boer et al., 2007; Zhang and Gao, 2017).

Potentially beneficial insertions are becoming increasingly discovered and their effects are be-

ing further investigated to a successful degree in many organisms, such as a solo LTR of the roo

family in D. melanogaster (Merenciano et al., 2016). In S. cerevisiae, a small number of potentially

beneficial insertions have been discovered and documented (e.g. Brady et al., 2008; Fraser et al.,

2010; Servant et al., 2008). However, they have mostly been serendipitous findings and few full

genome screenings for beneficial insertions have been completed. The method employed in this

work was inspired by that of Kofler et al. (2012), using a Portuguese population ofD. melanogaster.

The authors calculated Tajima’s D values for 500bp windows across the genome, and using this

method, identified 13 candidate TE insertions for positive selection, based on their high population

frequency and statistically significant negative Tajima’sD values. However, the authors recognised

that the insertions were identified as just candidates for positive selection during the research, and

there may be other reasons for the Tajima’s D values, such as fluctuations in population size.

This research by Kofler et al. (2012) on D. melanogaster is comparable to S. cerevisiae as the

organisms share a similar effective population size (Tsai et al., 2008; Samani and Bell, 2010).

1.7 Aims and rationale

The work presented in this thesis aimed to investigate the extent to which two possible mechanisms

allow Ty families to bemaintained in their Saccharomyces host genomes. This was divided into two

main aspects: via positive selection of insertions, and also the HT of elements between species. A
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full genome screening for potentially beneficial insertions has not yet been performed on S. cere-

visiae. Now that many strains of the yeast and its sister species, S. paradoxus, are available, they

make ideal candidates for comparative studies on the frequency of positively selected insertions.

Selection acting upon solo LTRs is only of benefit to the host, as a family’s survival depends on

positive selection acting upon autonomous FLEs. As deleterious elements are quickly removed

by selection or drift, it would be possible that persisting insertions may be under the influence of

positive selection, particularly if they provide a beneficial effect on host gene expression.

HT may be an additional method of allowing elements to persist, as they are able to cross

species barriers during hybridisation and backcrossing. This work aimed to identify putative HT

events through phylogenetic analysis.

The evolutionary relationships of Ty elements, particularly withinSaccharomyces species, have

also yet to be explored, having been confined to a very small number of species and strains. In-

ternal coding regions of elements are under differing evolutionary constraints than LTRs, therefore

analysing both can provide results that complement one other. Although protein phylogenies re-

tain the signal of HT for a longer period of time, they lack resolution and direction of HT events. In

contrast, LTR trees provide resolution and direction, but may miss older events due to the rapidity

of LTR evolution. Analyses performed here were designed to elucidate the evolutionary history of

elements in all fungal species containing Ty-like insertions.
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Chapter 2

Materials and Methods

This chapter provides the methods and protocols used in this work to conduct a systematic search

of all available Ascomycota yeast genomes containing Ty-like TE insertions, dataset construction

(Section 2.2), sequence (Section 2.3) and phylogenetic analysis (Section 2.4). In addition, the

abundance of population data for species S. cerevisiae and S. paradoxus provided the ideal basis

with which to conduct genome-wide screenings of signatures of selection acting upon Ty inser-

tions. This was performed using a method similar to that of Kofler et al. (2012) and is described

here. Finally, the methods used to identify changes in the expression of genes neighbouring those

insertions that may be under positive selection are detailed (Section 2.6).

A list of all software used and website addresses is located in Appendix A. Unless stated,

default parameters were used.

2.1 Genome construction and mapping

Where available, previously assembled yeast genomes were downloaded from GenBank. Addi-

tionalS. cerevisiae (Barbosa et al., 2016; Drozdova et al., 2016; Chapter 6), S. kudriazevii (Hittinger

et al., 2010; Chapter 4), S. arboricola (Gayevskiy and Goddard, 2016; Chapter 4) and S. uvarum

(Sylvester et al., 2015; Chapter 4) genomes analysed here required assembly from raw reads into

contigs and/or scaffolds, as full-length sequences, particularly LTRs and RT were required for anal-

ysis. Genomes were constructed de novo or with the use of a reference, where available. Figure

2.1 displays the workflow used for genome assembly and mapping of raw reads.

2.1.1 Genome assembly

Where genomes were not available on GenBank (Benson et al., 2015) as searchable scaffolds, the

raw data were obtained in the form of FASTQ files from the NCBI Sequence Read Archive (SRA)
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Figure 2.1: FASTQ workflow for those species whose assembled genomes were not available.

and the European Nucleotide Archive (ENA). FASTQ reads were assembled with SPAdes v.3.6.2

(Bankevich et al., 2012), with the options –careful (lowers rate of mismatching reads) and -m 16

(limits memory usage to 16Gb). Kmer sizes were reduced if the initial assembly failed. Trimming

and removal of poor quality reads were performed as part of the SPAdes program with default

parameters. Contigs produced by SPAdes were scaffolded with MeDuSa v.1.3 (Bosi et al., 2015)

using a reference genome (where available) to minimise the number of unplaced scaffolds.

2.1.2 Mapping raw reads as a method of identifying introgression

To check for sites of introgression and possible hybridisation primarily in Saccharomyces strains

and species, FASTQ reads were mapped onto a concatenated reference file consisting of the Sac-

charomyces sensu stricto species using bwa v.0.7.13 (Li and Durbin, 2009). The resulting SAM

output was converted to BAM (samtools view) and sorted into coordinate order (samtools sort)

with SAMtools v.1.3.1 (Li et al., 2009a). Unmapped FASTQ reads were exported as a separate

file (samtools sort with option -f 4) and built as in Section 2.1.1. Quality of mapping and visuali-

sation was ascertained with Qualimap v.2.1.1 (Okonechnikov et al., 2016). Areas of interest were

visualised and exported as FASTA format using Unipro UGENE v.1.26 (Okonechnikov et al., 2012).
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2.2 RT and LTR datasets

Query sequences in the form of full transposable elements, LTRs and translated Reverse Tran-

scriptase (RT) sequences from each Ty family (accession numbers of which are listed in Table

2.1) were used to obtain hits. Two main methods were used to acquire hits: BLAST (Basic Local

Alignment Search Tool; Altschul et al., 1990) searches and screening genomes with RepeatMasker

v.4.0.6 (Smit et al., 2013). Sequences were compiled in order to obtain datasets for each species

for phylogenetic analyses (Section 2.4). Table 2.1 displays the accession numbers used as queries

for BLAST searches.

Table 2.1: Accession numbers used as queries for BLAST searches. *LTR accession numbers are from
the NCBI trace archive. Full-length elements (FLEs) taken from S. cerevisiae (Ty1-3), S. uvarum (Ty4/Tsu4)
and S. paradoxus (Ty5).

Figure 2.2 displays the workflow employed for both protein and LTR datasets through to phy-

logenetic analysis (Sections 2.2.1-2.2.5 and 2.4).

2.2.1 Compiling RT datasets

For each Ty family, the query sequences used were 300 residues in length, as this ensured that

the entire RT domain (approx. 220 residues) would be returned. Primarily BLASTp and tBLASTn

were utilised to obtain hits in all species containing Ty-like elements, and then expanded to Fun-

gal WU-BLAST on the Saccharomyces Genome Database (SGD) server to acquire any species

that were not present in GenBank. Searches that returned unclassified/unannotated proteins were

checked with reciprocal BLAST (using BLASTp) to ensure hits shared similarity with the appro-

priate Ty1/copia or Ty3/gypsy families of retrotransposons. If these searches were inconclusive,

the hit was compared with BLAST2 to the query sequences of S. cerevisiae to distinguish which

family shared the highest similarity with the hit. At this stage any indeterminate sequences were

discarded. Sequences were also no longer considered for inclusion in the phylogenetic analyses
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when a dramatic drop in e value was observed (Chapter 5) or the hit was too short in length to be

confidently aligned.

2.2.2 Compiling Saccharomyces LTR datasets

For all ascomycete species possessing Ty-like elements, datasets were constructed containing

all full-length LTRs in all available strains of each species. Partial sequences (i.e. those lacking

boundary sequences) were not included in datasets as analyses focussed on potentially active

insertions and/or those with intact regulatory regions. This also prevented host genomic DNA from

being incorporated into alignments. Identical paralogous copies and those shared across multi-

ple strains (as determined by target site duplications; TSDs) were removed for the purposes of

phylogenetic analysis (Section 2.4). Datasets for S. cerevisiae and S. paradoxus were limited to

the Saccharomyces Genome Resequencing Project (SGRP) strains (Section 2.3.1). Searches for

LTRs utilised the NCBI Trace Archive, Sanger BLAST servers and the SGDWU-BLAST databases.

All other species were primarily searched using BLASTn, targeting the nucleotide (nr) and whole-

genome sequences (wgs) databases. The initial query sequences (Table 2.1) were not always suc-

cessful in returning LTR hits from S. uvarum, S. eubayanus and S. kudriavzevii, therefore searches

were repeated with LTR sequences that had been obtained from S. mikatae.

2.2.3 Alternative approaches to identifying LTRs in Saccharomycetaceae

Two methods were used to obtain TE sequences in species which had yet to be screened for

transposable element insertions, or in those that did not share enough identity with LTRs in Sac-

charomyces species. In the first method, whole genomes were obtained or built from raw reads

and screened with RepeatMasker v.4.0.7 using the default RepBase library (-species fungi). In

the second method, the previously obtained RT sequence was used as a query in tBLASTn in

order to acquire a contig large enough to contain a full TE. The RT sequence was identified in the

DNA sequence, which allowed for the flanking DNA (5kb up- and downstream) to be compared

with BLAST2. The identified nucleotide regions which shared high identity which would in theory

be the LTRs flanking the element. These potential LTRs were visually inspected to ensure they

possessed the characteristic inverted terminal repeats of 5’-TG-CA-3’ (Wicker et al., 2007). Newly

obtained LTRs were then used as a search query for the particular species in order to obtain all

copies of LTRs across the genome(s).
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2.2.4 Constructing a custom RepeatMasker library

Coding regions (where present) and LTRs from each family in each species were collated and

correctly formatted in order to construct a custom RepeatMasker library. All strains and species

were screened to obtain an accurate TE genome content percentage and to identify any insertions

that were not present when using BLAST with a query. This also provided an extensive method

to identify any potential horizontal transfers in species that had only initially been screened with

Saccharomyces BLAST queries. The custom Saccharomycetaceae library is available at https:

//github.com/coopergrace/transposable_elements.

2.2.5 Alignment

As outlined in the workflow (Figure 2.2), familial RT and LTR sequences were aligned with the

MAFFT (Multiple Alignment using Fast Fourier Transform) alignment program v.7.205 with an ac-

curate strategy (option 4), but minimising unnecessary gaps (–leavegappyregion). Alignments

were visually inspected and corrected if required. Regions of poor similarity/identity were excluded

from analysis with square brackets in NEXUS format and removed entirely from the corresponding

PHYLIP alignment in preparation for phylogenetic analysis (Section 2.4).

2.3 Sequence preparation and analysis

2.3.1 S. cerevisiae and S. paradoxus population data preparation

Multiple SGRP strains of S. cerevisiae (n=52) and S. paradoxus (n=32), sequenced by Liti et al.

(2009), were ideal for use in population genomics. Only complete LTR sequences from each family

were collected, as it is possible that incomplete LTRs do not retain the regulatory (or at least fully

functional) sequences which were of interest in this study. All sequences, including those with

indels, were added to the datasets providing they retained recognisable 5’ and 3’ boundaries. Up

to two substitutions in the inverted repeats (typically 5’-TGTTG-CAACA-3’ or 5’-TGTTG-TACTA-3’

for Ty1/2) were allowed.

The NCBI Trace Archives were utilised due to the short length of the contigs (∼1kb), and

the availability of the SGRP strains. The search was optimised for somewhat similar sequences

(blastn) and the maximum number of hits within the search parameters was increased to 20,000.

Two versions of each set of hits were downloaded: complete reads which included flanking DNA

https://github.com/coopergrace/transposable_elements
https://github.com/coopergrace/transposable_elements
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and aligned sequences which contained only LTR sequence matching that of the query. The file

of purely LTR sequences was used to readily identify duplicate sequences by way of accession

numbers using Galaxy, and incomplete LTRs using Galaxy sortbylength (Ty1-4 minimum length

300; Ty5 minimum length 200; no maximum). False positive hits were determined by visual in-

spection. The usable sequences were extracted from the file of complete reads. MAFFT was

used to align the sequence files (as in Section 2.2.5), in which the flanking DNA and target site

duplications were used again to identify further duplicates across strains. LTRs in the incorrect

orientation were reverse complimented using revseq. The resulting dataset consisted of a single

copy of each complete LTR from all strains available. For an insertion present in multiple strains,

priority was given to the copy present in the reference strain S228c wherever possible due to the

higher quality of sequencing/assembly.

2.3.2 Frequency of insertions in S. cerevisiae and S. paradoxus

Each unique insertion in the data set along with 100bp flanking DNA both boundaries was BLASTed

within the trace archives facility of the blastn suite in turn. Flanking DNA was used as part of the

search to ensure the correct LTR was identified, due to the high level of similarity between LTRs

of the same family. Frequency (polymorphic/fixed) was established by calculating the ratio be-

tween the number of insertions (present) vs the flanking DNA (scored). LTRs that were present in

a minimum of four strains (henceforth referred to as candidate LTRs) were downloaded as aligned

sequences into a separate FASTA file. They were again aligned with MAFFT, the flanking DNA re-

moved and converted to PHYLIP format to be analysed for signatures of positive selection (Section

2.3.4).

2.3.3 Genomic position of candidate LTRs

Each LTR present in ≥4 strains of S. cerevisiae and S. paradoxus along with 100bp flanking DNA

was used as a query sequence in the BLAT feature of the University of California, Santa Cruz

(UCSC) genome browsers to determine its genomic co-ordinates. Using the visualisation of the

genome browsers, neighbouring genes and/or genomic features were documented, along with

distance (bp) between LTR and gene. Those insertions absent from the reference strains were

located in their original strain and the regions up- and downstream were searched for host genes.
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The respective genome browsers were used to obtain the DNA for each neighbouring gene/fea-

ture and downloaded in FASTA format. This was used as a query sequences in a BLASTn search

of the Saccharomyces cerevisiae taxid (4392) and Saccharomyces paradoxus taxid (27291) re-

spectively, to obtain DNA sequences from each of the strains in which the LTR was also present at

that particular locus. Flanking DNA was not acquired in order to distinguish between genes unless

the gene of interest was present in multiple copies. Genes were also generally well annotated

within the genome browsers, therefore in the event that a strain contained more than one copy of

a gene, it could be quickly established that the copy is indeed the correct one (e.g. PAU24 in S.

paradoxus is present in multiple copies on different chromosomes depending on the strain).

2.3.4 Tajima’s D

Tajima’s D (Tajima, 1989) test, part of the DnaSP v.5.10 software package (Rozas and Rozas,

1999) was employed in two main approaches during the work here: to identify candidates for

positive selection and to test for recent ancestry of TE copies within families.

2.3.4.1 Positive selection

In Chapter 3, Tajima’s D test was used on the alignments of single insertions present in ≥4 strains

of S. cerevisiae and S. paradoxus (Section 2.3.1). The test identified signatures of selection acting

on any one insertion. The workflow for determination of LTR candidacy for positive selection is

displayed in Figure 2.3.

The D values were compared to ascertain whether the LTR or neighbouring gene at that locus

was more likely to be under positive selection. If it was the LTR that achieved the more negative

value (i.e. the further away from zero), then it was more likely that the neighbouring gene was

hitchhiking along with the LTR. In this situation, the insertion retained its candidacy for positive

selection. Conversely if it was the gene that achieved the more negative D value, it therefore the

more likely target of positive selection and so the insertion was no longer a candidate. Fu and Li’s

D statistical test (Fu and Li, 1993) was performed on those insertions that showed a significantly

negative D value in Tajima’s test to further strengthen candidacy. The twelve candidate LTRs with

the most significantly negative D value were selected for expression analysis with qPCR (Section

2.6).



2.3. Sequence preparation and analysis 43

Figure 2.3: Determining LTR candidacy for positive selection workflow. Those candidates as deter-
mined by Tajima’s D were retested with Fu and Li’s D test to confirm the signature of selection.

2.3.4.2 Recent ancestry

In Chapters 4 and 5, Tajima’sDwas used to analyse alignments of entire families of LTR sequences

from each species. Families with multiple active lineages in a genome may return a positive value

of D as there are likely nucleotide variants of intermediate frequency present. Conversely, families

with recent ancestry and transposition activity are more likely to receive a significantly negative

value ofD, as nucleotide variants may be at low frequency. Values close to zero are likely the result

of neutral evolution or conflicting signals, therefore Tajima’s D values were evaluated alongside

corresponding phylogenetic analyses.
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2.3.5 Nucleotide diversity (π)

Nucleotide diversity across familial LTR alignments was calculated using the Nucleotide Diversity

test in the DnaSP software package (Rozas and Rozas, 1999). In Chapter 3, the sliding window

option was used, with a step size of 5 and a window length of 30bp.

2.3.6 Recombination

Any potential recombination events were identified with the TOPALi v.2 recombination (Milne et al.,

2009) and SplitsTree4 v.4.14.4 Phi tests (Huson and Bryant, 2006) on familial alignments. Align-

ments were also visually inspected to locate potential breakpoints using ClustalX v.2.1 (Larkin et al.,

2007). Annotations to the figures generated with ClustalX were added with Adobe Photoshop CS6

v.13.

2.3.7 Chromosomal rearrangements and synteny

To determine the translocation and inversion breakpoints of S. cariocanus in relation to parental

species S. paradoxus, the genomes of S. cariocanus strains were aligned against the S. paradoxus

reference genomes of each population using Mauve v2.4.0 (Darling et al., 2010). Seed weight was

increased to 18 due to the low level of divergence between subspecies.

To visualise synteny between Saccharomyces genomes, assemblies at contig, scaffold or chro-

mosome level were aligned along with genomic annotation files (.gff) acquired fromGenBank using

Symap v4.2 (Soderlund et al., 2011). Annotations were added with Adobe Photoshop CS6 v.13.

2.4 Phylogenetic analysis

Twomethods of phylogenetic analysis were used on the protein and nucleotide datasets: Bayesian

Inference (BI; Yang and Rannala, 1997) and Maximum Likelihood (ML; Huelsenbeck and Crandall,

1997). As outlined in Figure 2.2, prior to phylogenetic analysis alignments were converted to both

NEXUS and PHYLIP formats for use with each program respectively.

2.4.1 Bayesian Inference

BI was performed with the MrBayes program v.3.2.6 (Ronquist and Huelsenbeck, 2003) on XSEDE

available on the CIPRES (Cyber Infrastructure for Phylogenetic RESearch) Science Gateway v.3.3
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(Miller et al., 2013). Full parameters to generate both nucleotide and protein phylogenies are

located in Appendix B.

2.4.2 Maximum Likelihood

Preliminary ML trees were built with the inference program RAxML v.8 on XSEDE (Stamatakis,

2014) on the CIPRES Science Gateway. Excessively long-branched sequences and those caus-

ing disruption to rooting were removed from the LTR alignments to minimise incorrect phylogenetic

signals. Corrected alignments were loaded into RAxMLGUI v.1.5 beta (Stamatakis, 2014) for anal-

ysis. Full parameters to generate both nucleotide and protein phylogenies are located in Appendix

B.

2.4.3 Visualisation of phylogenetic trees

The main output files generated by RAxMLGUI and Mr Bayes were visualised using the FigTree

v.1.4.2 Tree Figure Drawing Tool. Each tree was rooted with an appropriate outgroup sequence(s)

(or mid-point rooted in the case of Ty3/gypsy RT). In LTR trees, distant species were used as the

root, usually species which served as an outgroup or assumed the basal position within the corre-

sponding RT phylogeny. ML topologies were used as final figures with added support values from

BI when branch topologies were consistent between the twomethods. The colour scheme followed

that of Carr et al. (2012) where possible and additional species and genera were assigned new

colours as required. Species names and additional details, grouping names etc. and indicators of

significant bootstrap values were added with Adobe Photoshop CS6 v.13.

2.5 Yeast husbandry

The SGRP Strain Set 1 of S. cerevisiae yeast was purchased from the National Collection of Yeast

Cultures (NCYC). Strains were provided frozen in a single use glycerol stock plate. Upon receipt,

the strains were stored at -80°C for 48 hours to allow excess CO2 to dissipate. The S. cerevisiae

strains were cultured in liquid YPD media (Fisher Scientific) as described by Amberg et al. (2005).

1ml per litre of media ampicillin (100mg; Invitrogen) was added to media before use. 20ml of liquid

media was transferred to 50ml tissue culture flasks (Starstedt) before inoculation with the strains.

Upon opening each supplied strain tube, 200µl aliquots were transfered to new cryopreservation
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tubes (Fisher Scientific) containing 1ml of 15% glycerol (Sigma) YPD media. The remaining stock

(∼800µl) of each strain was added to the culture flasks and incubated at 30°C for 72 hours before

use or until turbidity was observed.

2.6 Expression studies

2.6.1 RNA extraction of S. cerevisiae SGRP strains

The protocol of RNASwift, developed by Nwokeoji et al. (2016), was used with minor adjustments

to extract RNA from S. cerevisiae cultures. 2ml of inoculated media was transferred into a 2ml

microcentrifuge tube (Starstedt) and centrifuged at 4500rpm (Sigma 1-14 microfuge) for ten min-

utes to form a pellet. The supernatant was removed and 100µl of lysis buffer, consisting of 0.5M

NaCl (Fisher Scientific), 4% SDS (Fisher Scientific), pH 7.5, added to each tube. The cells were

homogenised by pipetting and incubated (Labret Accublock) at 90˚C for four minutes. The lysate

was centrifuged at 13,000rpm for one minute and the supernatant transferred to a new 2ml mi-

crocentrifuge tube, taking care to avoid also transferring the proteins, gDNA and other cellular

remnants present in the pellet. 540µl of purification reagent, consisting of 40µl 5.0M NaCl, 250µl

1.0M guanidine HCl (Sigma) and 250µl isopropanol (Fisher Scientific), was added to each sample

tube and gently mixed by pipetting. This was transferred onto a silica gel extraction column (Qia-

gen) and centrifuged at 13,000rpm for one minute. The flow-through was discarded and 700µl of

wash buffer (15mM Tris HCl, 85% ethanol, pH 7.4; both Fisher Scientific) added onto each column.

The columns were again centrifuged at 13,000rpm for one minute and the flow-through discarded.

The dry columns were once again centrifuged at 13,000rpm for one minute before eluting the RNA

with 100µl of RNase free water (Fisher Scientific) into fresh microcentrifuge tubes. RNA was stored

at -80˚C until required.

A 1µl aliquot of each sample was removed for a quality check and determination of yield concen-

tration with the NanoDrop system (Fisher Laboratories). A further aliquot, depending on calculated

yield, was added to 1µl of GelPilot 5x loading dye (Qiagen). Total RNA was electrophoresed in a

1% agarose gel (Cleaver), with 1x DEPC-treated TBE (Fisher Scientific) buffer for 40 minutes at

80V and visualised under UV light to check for quality and DNA contamination.
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2.6.2 S. cerevisiae cDNA synthesis

cDNA synthesis was completed using the Tetro cDNA synthesis kit (Bioline). The protocol was ad-

justed to a final volume of 10µl instead of 20µl. All steps were performed on ice to avoid nonspecific

amplification, as the polymerase enzyme is active at room temperature.

RNA concentration was previously determined using NanoDrop, and the volume was adjusted

to use 500ng of RNA (Appendix C), without exceeding 4µl, and added to a 0.2ml PCR tube (Thermo

Fisher). If the volume was less than 4µl, the difference was made up with DEPC-treated RNase

free water (Fisher). Genomic DNA was removed from the samples by adding 0.5µl of DNase

buffer and 0.5µl of DNase enzyme (both New England BioLabs), mixed gently and then incubated

at 37˚C for 60 minutes in a Nexus SX1 Mastercycler (Eppendorf). The reaction was stopped by

adding 0.5µl of 0.5M EDTA and further incubation in the Mastercycler at 75˚C for ten minutes. The

total volume of each sample was therefore 5.5µl.

To synthesise cDNA, a bulk mix was created from the kit solutions up to a total volume of

10µl. For each sample, the bulk mix contained: 2µl of 5x RT buffer, 1µl of dNTP mix, 0.375µl of

Random Hexamer Primer Mix, 0.125µl of Oligo (dT)15 Primer Mix and 0.5µl of RiboSafe RNase

Inhibitor. The components were gently spun to mix and a 4µl aliquot of the mix added to each

sample PCR tube, and also to the RT- control. Finally, 0.5µl of Tetro RT enzyme was added to

each of the RT+ tubes. 0.5µl of RNase free water was added to the RT- control which was used

to highlight background signals from contaminating gDNA. The final volume of each sample was

therefore 10µl. In the Nexus SX1 Mastercycler (Eppendorf), the samples were then incubated at

25˚C for ten minutes, followed by 45˚C for 30 minutes when using random hexamers. The reaction

was stopped by incubating at 85˚C for five minutes, and then the samples were returned to ice.

Samples were stored at -20˚C long term or used immediately for qPCR. cDNA was diluted to 1:5

with low concentrate TE (Fisher Scientific) and stored at -20°C. This was then diluted to a working

solution of 1:25 with DEPC-treated RNase free water (Fisher Scientific) and stored at 4°C for use

in qPCR.

2.6.3 qPCR for determination of expression levels of neighbouring genes

2.6.3.1 Primer design

Primers were designed using sequences from the reference strain of S. cerevisiae S288c in the

online primer design software Primer3 v4.0.0 (Untergasser et al., 2012). The size of the PCR
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product required was set to 80-130bp; number of options to return increased to 20; primer Tm was

set to between 59°C and 61°C with an optimum of 60°C; max Tm difference to 1°C; algorithm of

thermodynamic parameters used by Breslauer et al. (1986); GC% content maximum set to 70%;

max self-complementarity set to 3 and max 3’ self-complementarity set to 1 as ideal values, but

these were increased if the software failed to return any potential primers. All other parameters

were kept as default. Primers generated are located in Appendix D. The genes neighbouring ten

most significantly negative candidates for positive selection were selected, plus three housekeep-

ing/reference genes determined in previous study by Teste et al. (2009): ALG9; TAF10; UCB6.

Primers were ordered from Eurofins MWG Operon. Upon receipt, primers were diluted with low

concentrate TE (Fisher Scientific) to a stock solution of 50μM and stored at -20˚C. Primers were

then diluted to a working solution (10μM) with ultrapure water and also stored at -20˚C.

2.6.3.2 qPCR protocol

For each gene of interest and housekeeping gene, a bulk mix was prepared on ice. For each strain,

the bulk mix contained: 3μl of iTAQ Mastermix (Bio-Rad), 0.3μl of forward primer, 0.3μl of reverse

primer and 1.4μl of UV-treated ultrapure water. The bulk mix was gently centrifuged and mixed by

pipetting. Despite the iTAQ being a hot start polymerase, plate preparation was also performed

on ice as a necessary precaution to minimise background amplification. 5μl of the bulk mix was

added to each plate well, along with 5μl of cDNA from each strain. All reactions were carried out in

triplicate, with three negative controls for each gene. A 0.3x allowance for pipetting error was used.

96 well plates (Bio-Rad; layout is located in Appendix E) were used, as well as the corresponding

plate seals (Bio-Rad). After ensuring the plates were well sealed, they were very gently spun in a

plate spinner (Labnet International) for 20-30 seconds. The qPCR protocol used was as follows:

initial denaturation stage of 30 seconds at 95°C, then an annealing/extension stage at 60°C for

30 seconds followed by denaturation at 95°C for five seconds. The annealing-denaturation stages

were repeated a total of 40 times. The melt curve analysis was then performed by increasing the

temperature in 0.5°C increments every five seconds from 65-95°C, during which the plate would

be read at each step by the CFX96 Touch Thermal Cycler (Bio-Rad).
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2.6.3.3 qPCR data analysis

The data were exported from the CFX machine (Bio-Rad) and imported into CFX Manager v. 2.1

(Bio-Rad) to add the plate details (sample name, target etc.) to the data. This was then imported

into qbase+ software for analysis. The two housekeeping genes were identified as reference genes

to the software, which then normalised the rest of the data. This was then exported without loga-

rithmic scale as a Microsoft Excel file. Expression data were separated into two columns for each

gene, depending on whether the insertion was present or absent at the adjacent locus. These

columns were then imported into GraphPad Prism v4.0 for analysis with unpaired two-tailed t-tests

with 95% confidence intervals. Box-plots were generated from the data for each adjacent gene.
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Chapter 3

Identifying positive selection acting upon Ty insertions

in Saccharomyces

TE insertions are typically evolving under purifying selection, particularly as they can transpose into

important areas of the genome, causing deleterious effects such as chromosomal rearrangements

(Charlesworth et al., 1993, 1994). TEs are also known to cause changes in gene expression in

a variety of host organisms (reviewed in Elbarbary et al., 2016). Examples include plants (Wang

et al., 2013; Le et al., 2015; Hirsch and Springer, 2017), mammals (Pereira et al., 2009; Nakan-

ishi et al., 2010; Warnefors et al., 2010; Trizzino et al., 2017) and insects (Cridland et al., 2015).

In yeast, this was first documented in the 1980s with the expression control of HIS4 by an adja-

cent Ty1 element (Roeder et al., 1985, 1986; Coney and Roeder, 1988). These effects have also

more recently been explored in other fungi, such as Basidiomycetes (Castanera et al., 2016) and

Coccidioides sp. (Kirkland et al., 2018).

The discovery of potentially beneficial insertions has predominantly been the result of serendip-

itous findings, such as insecticide and viral resistance in Drosophila (Daborn et al., 2002; Aminet-

zach et al., 2005; Magwire et al., 2011; Guio et al., 2014; Mateo et al., 2014) and mosquitoes (Paris

and Despres, 2012), breeding compatibility in Arabidopsis sp. (Shimizu et al., 2008), and endoge-

nous retroviruses which may contribute to the immune response in humans (Chuong et al., 2016,

2017). Conferring benefits such as these may allow insertions to persist in the genomes of their

hosts. Speculation into the possibility of insertions conferring benefits beyond genomic diversity

led to genome-wide screenings for selection acting upon TE insertions. Using methods based

upon haplotype structure to detect signatures of selection, screenings have been completed on

the genomes of human (Kuhn et al., 2014), Drosophila melanogaster (Macpherson et al., 2008;

Ullastres et al., 2015; Merenciano et al., 2016) and periwinkle (Wood et al., 2008). Site frequency
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spectrum based methods, such as that of Tajima’s D (Tajima, 1989), have identified selection sig-

natures on TEs in the genomes of other organisms, including D. melanogaster (Macpherson et al.,

2008; Kofler et al., 2012; Ullastres et al., 2015; Merenciano et al., 2016),D. simulans (Schlenke and

Begun, 2004), Arabidopsis (Hazzouri et al., 2008), Caenorhabditis elegans (Laricchia et al., 2017)

and the silk moth Bombyx mori (Sun, Shen, Han, Cao and Zhang, 2014). In this chapter, pop-

ulation genomics data of two Saccharomyces species, S. cerevisiae and S. paradoxus, enabled

the examination of insertions present in multiple strains for signatures of selection. Tajima’s D

test uses the relationship between pairwise nucleotide diversity and the frequency of segregating

sites to generate a value representative of selection that may be acting upon that site. Signifi-

cantly positive values are consistent with balancing selection due to intermediate frequencies of

polymorphisms (Kreitman, 2000; Barreiro and Quintana-Murci, 2010), whereas significantly nega-

tive values are consistent with positive selection due to an excess of rare polymorphisms (Tajima,

1989; Rozas, 2009).

While previous studies focussed primarily on the variability of full-length elements (FLEs; e.g.

Bleykasten-Grosshans et al., 2013; Sasaki et al., 2013), few investigations into solo LTRs have

been performed, therefore the work presented here is one of the first in S. cerevisiae and S. para-

doxus.

3.1 Data collection

The population genomics data of sister species S. cerevisiae and S. paradoxus (Liti et al., 2009)

were utilised in this investigation into insertions potentially under positive selection. This high

quality and availability of data is currently unavailable for strains of other Saccharomyces species.

The SaccharomycesGenome Resequencing Project (SGRP) S. cerevisiae (n=52) and S. para-

doxus (n=32) strains were screened for TE insertions via the NCBI trace archive. LTR sequences

were extracted from reads along with 100bp flanking DNA to aid identification. Insertions present

in <4 strains at any given locus (i.e. possessing the same flanking DNA) were discarded as the

statistical tests required sequences from ≥4 strains. Those insertions that are present in ≥4 strains

were aligned with MAFFT, flanking DNA removed and tested for the signature of positive selection

with Tajima’s D test, part of the DnaSP software package (Rozas and Rozas, 1999). If the inser-

tion possessed a significantly negative value of D, the LTR’s position in the reference genome was
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ascertained using the UCSC’s S. cerevisiae and S. paradoxus genome browsers, respectively. Re-

gions up- and downstream from the insertion were explored for neighbouring genes, which were

also subjected to the same statistical tests. If, of the pair, the LTR possessed the more significantly

negative value of D, it retained its candidacy for positive selection. If the adjacent gene possessed

the more negative value of D however, the LTR was no longer considered the target of positive

selection.

The total numbers of sequences screened, unique copies, those present in ≥4 strains and final

numbers of candidates are displayed in Tables 3.1 and 3.2 for each species, respectively.

Table 3.1: Summary of sequences screened for positive selection in S. cerevisiae. Numbers of initial
sequences screened (approx.), unique copies, those present in ≥4 strains and those that received signifi-
cantly negative values of Tajima’s D. True candidate insertions for the SGRP strains of S. cerevisiae were
determined from those with more significant D values than neighbouring genes within effective distance
(Section 3.2).

Table 3.2: Summary of sequences screened for positive selection in S. paradoxus. Numbers of initial
sequences screened (approx.), unique copies, those present in ≥4 strains and those that received signifi-
cantly negative values of Tajima’s D. As in S. cerevisiae, true candidate insertions for the SGRP strains of
S. paradoxus were determined from those with more significant D values than neighbouring genes within
effective distance (Section 3.2). *Two candidates in Ty1/2 are added as although they did not gain a value
of D due to lack of polymorphisms, they are conserved in ≥10 strains (detailed in Section 3.2.1).
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Although the initial numbers of screened sequences in each species does not greatly differ,

the numbers of unique copies, those present in ≥4 strains and the candidate insertions are all

approximately double in S. cerevisiae than those in S. paradoxus. The differences between copy

numbers in each species are not significant however (P=0.15; paired two-tailed t-test).

While the number of candidate LTRs in the Ty1/2 superfamily is similar in both species, S.

cerevisiae possesses a greater number of candidates in the other families, particularly those of

Ty3. In both species, candidates represent 3% of unique LTRs across all strains. In S. paradoxus,

5% of unique Ty1/2 LTRs are candidates, whereas this was reduced to 2% in S. cerevisiae.

Details of candidates for positive selection are listed in Section 3.2, and interesting observations

are discussed in Sections 3.1.1 to 3.1.4.

3.1.1 YDRWdelta11: a Ty1 relic in S. cerevisiae may be under positive selection

YDRWdelta11 received a significantly negative value of Tajima’s D (Section 3.2), and upon exam-

ination of this insertion in the reference genome browser, it was discovered to be the 5’ LTR of a

Ty1 relic element (YDR170W-A) on chromosome IV. The element has retained the most 5’ ∼1.3kb

containing TYA/gag and frameshift region associated with the LTR (Figure 3.1 A).

Testing of the insertion’s neighbouring features, SEC7 and autonomously replicating sequence

ARS425, indicated that the signature of positive selection is centred on the LTR at this locus and

therefore remains a candidate. As this relic is present in multiple strains (n=22), the alignment was

expanded to test the coding region for signatures of selection with a sliding window of Tajima’s D.

Figure 3.1 (B) shows that the two regions possessing the most significantly negative D values -

and therefore the likely regions upon which selection is strongest - are within the LTR and TYA.

3.1.2 Candidates within regions of nested LTRs possess signatures of positive

selection

Four candidate LTRs are nested within other insertions and elements in the genomes of S. cere-

visiae SGRP strains. Those features around the candidates were also tested with Tajima’s D, the

majority of results of which were not significant. Figure 3.2 displays genome browser views of

regions where candidates are nested or otherwise closely associated with other insertions.

All neighbouring features were also tested with Tajima’s D and as each received a less sig-

nificant value of D, LTRs all retained their candidacy. However, YGRWdelta23 (Figure 3.2 D) is
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Figure 3.1: Sliding window of Tajima’s D values over a S. cerevisiae Ty1 relic. The genomic region
containing the relic element visualised in the UCSC genome browser (A); resulting D values calculated
across 25bp sliding windows of the 5’ LTR and remaining coding region of the Ty1 relic on chromosome IV
in 22 strains (B).

Figure 3.2: Genome browser views of regions of nested LTRs containing candidate insertions. A:
YPLWdelta3 is present in the reference strain as the 5’ LTR of YPLWTy1-1 but as a solo LTR nested within
other insertions and tRNAs in all other strains (n=10; 3.1.3). B: YPLWdelta5 is located immediately down-
stream of the FLE visualised in A. C: YNRCdelta8 is located between YNRWsigma4 (solo Ty3) and YNR-
Cdelta9 (truncated Ty1). D: YGRWdelta23 is the most recent insertion in this region of chromosome VII,
having disrupted two previous solo LTRs. Candidates are outlined in red. Scale bars are positioned at the
top of each window. Arrows within features indicate orientation.
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located upstream of a solo Ty1 LTR, YGRCdelta25, which is truncated in multiple strains (281bp,

n=15; also full-length in four strains; Section 3.2.1), having been later disrupted by partial LTR

YGRWdelta24, which in turn is the insertion site of the candidate. YGRCdelta25 also possesses

a strongly negative value of D (-2.156, P<0.01), with no significant difference to that of the can-

didate (D=-2.248, P<0.01; two-tailed paired t-test, P=0.5). Therefore, the exact target of positive

selection at this locus may be spread over the two LTRs, or may have been acting upon the older

insertion (YGRCdelta25) before the more recent LTRs caused the disruption of this sequence.

3.1.3 Deviations from the reference genome of S. cerevisiae illustrate the variabil-

ity of SGRP strains

The S. cerevisiae reference genome is based predominately on S288c, but was actually con-

structed using multiple derivative strains (Goffeau et al., 1996; Engel et al., 2014). Other authors

have reported updates to the TE content of S288c having found that insertions differ to those

presented in the UCSC genome browser (Wheelan et al., 2006; Shibata et al., 2009; Bleykasten-

Grosshans et al., 2011; Carr et al., 2012; Istace et al., 2017). One such region observed here is

that of an insertional hotspot around LEU2 on chromosome III (Figure 3.3).

Figure 3.3: Genome browser view of the variable region surrounding LEU2. Candidate III-92884 (far
right of the figure) is unannotated in the reference genome. Poor quality sequencing of this area in the
other SGRP strains prompted investigation into this region of chromosome III. Multiple partial Ty1-3 LTR
sequences were discovered in this region of most strains, in addition to the Ty1 FLE (black arrow; Shibata
et al., 2009) upstream of YCLWTy2-1 (compressed in this view, also note the change in co-ordinates at the
top of the figure).

A search for good quality sequence data of solo Ty3 insertion III-92884 - absent from the ref-

erence genome - provided results in relatively few strains (n=11). Trace archive reads and SGRP

assemblies for the region of LEU2 and surrounding areas are poor quality and/or contained unas-

signed bases (N). LEU2 is necessary for the leucine biosynthesis pathway (Brisco and Kohlhaw,

1990), therefore its apparent absence in more than half of S. cerevisiae strains suggests this may

be a difficult area of the genome to sequence. Visual inspection of the genome browser (Fig-

ure 3.3) shows that this region is populated by multiple Ty insertions (Warmington et al., 1986;
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Wheelan et al., 2006; Shibata et al., 2009; Istace et al., 2017). Highly repetitive regions are noto-

riously difficult to sequence with short read methods (Treangen and Salzberg, 2011; Hoban et al.,

2016). In addition, expression data from 22 SGRP strains of S. cerevisiae (Skelly et al., 2013)

were analysed using the same method as in Section 3.7. LEU2 was found to be consistently

expressed, regardless of insertion presence (P=0.14; two-tailed t-test). Further deviations from

the S. cerevisiae reference genome were also observed in the other SGRP strains, such as that

displayed in Figure 3.4. While previous studies focussed primarily on the variability of FLEs (e.g.

Bleykasten-Grosshans et al., 2013; Sasaki et al., 2013), few investigations into solo LTRs have

been performed. Determining candidacy was complicated by the polymorphic state of insertions

across strains (also Section 3.2.1); for example, FLEs in the reference genome are not necessarily

present as such in other strains, but rather as solo LTRs or absent altogether, and vice versa.

Figure 3.4 displays a deviation from the reference genome, in which a candidate insertion was

lost due to the more recent transposition of a Ty1 FLE, whereas this high frequency solo LTR

is full-length in multiple SGRP strains (n=19). Discrepancies between the reference strain and

others such as that of YGRCdelta12 were also observed for insertions YPLWdelta5, YMLWdelta4,

YPLWdelta3 and YILWsigma2. These are all present in the reference genome as associated with

FLEs, whereas they are present as solo LTRs in the other SGRP strains. Furthermore, candidates

were identified here that are absent from the reference genome altogether (n=7).

3.1.4 LTR VI-183598 possesses a significantly positive Tajima’s D value in S. para-

doxus

Insertion VI-183598, present in 22 strains of S. paradoxus, was investigated further due to its

significantly positive Tajima’s D value (2.508, P<0.01; Table 3.4). This locus is also occupied in S.

cerevisiae by a partial Ty1 insertion, YFRWdelta7, that was not included in the candidacy search

due to the loss of the first ∼40bp (Figure 3.5). Partial insertions such as this may be lacking the

regulatory regions necessary for alteration of host gene expression and therefore not provide an

identifiable benefit to the host, despite persisting in the genome.

When testing alignments of individual insertions, a significantly positive Tajima’s D value is

consistent with balancing selection. It may also be the result of multiple differing Ty insertions

mistakenly being included in the same alignment, therefore it was visually inspected for evidence

of multiple insertions. As the flanking DNA of each insertion is identical, it was therefore concluded
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Figure 3.5: Genome browser view of the region containing VI-183598/YFRWdelta7. The UCSC genome
browser for S. paradoxus (A) does not contain annotated Ty insertions and other features such as tRNAs,
therefore these were manually annotated for the purposes of generating this and similar figures. The in-
sertion site is shared with S. cerevisiae (B), suggesting this may be a ’safe’ region. In both species, the
insertion is located between two ORFs, YFR006W and YFH7. YFR006W encodes an aminopeptidase,
while the gene product of YFH7 is a P-loop kinase (SGD).

that the insertion site is consistent in all strains, while the insertion itself varied. Polymorphic sites

(n=17) allow the sequences to be split into two groups, each of which possess insignificant D

values when tested alone (data not shown). This split is not based upon geographical origin, as

the insertion is only present in European strains, indicating that the positive value of Dmay be due

to subdivision of sequences at this particular locus.

As a result of this observation in S. paradoxus, the same genomic region was investigated in S.

cerevisiae. The flanking DNA at this locus is not shared between species; in fact, the S. paradoxus

flanking DNA is not present anywhere in the S. cerevisiae genome. 32 strains of S. cerevisiae

contain a fixed partial insertion (YFRWdelta7) within the same region (Figure 3.5). The insertion

possesses a significantly negative D value (-2.081, P<0.05), consistent with positive selection.

However, as this study focusses upon insertions with intact boundaries, it was not considered for

expression analysis (Section 3.7).

3.1.5 YJRWdelta18 in S. cerevisiae possesses a significantly positive Tajima’s D

During statistical testing of insertions, a single Ty1 solo LTR in S. cerevisiae, YJRWdelta18, pro-

duced a significantly positive value of D (2.60, P<0.01). This is located on chromosome X, along-

side a further Ty1 solo LTR and tRNA, between ARS1018 and an ORF of unknown function,

YJR056C (Figure 3.6). None of these other genomic features returned significant D values when

tested, but all were slightly negative.

Upon visual inspection, the alignment was easily split into two groupings based on polymorphic

sites (n=6), and like the insertion in S. paradoxus with a significantly positive D value (Section

3.1.4), this is not due to geographic origin. Flanking DNA and TSDs again indicate that this is
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Figure 3.6: Genome browser view of the region containing YJRWdelta18. The LTR insertion YJR-
Wdelta18 was shared the TSD with that of the next insertion, YJRCdelta19, which did not receive a signifi-
cant value of D.

the same locus occupied in each strain, yet the positive D value is consistent with subdivision of

sequences.

Furthermore, this locus is also occupied by a Ty1p solo LTR in S. paradoxus, but as its D value

is insignificant, this may be another ’safe’ region of the genome in which insertions can reside.

3.2 Signatures of selection acting upon LTRs were identified with

Tajima’s D

All insertions present in ≥4 strains were aligned and analysed with the Tajima’s D test available

within the DnaSP software package (Rozas and Rozas, 1999). Tables 3.3 and 3.4 display the

significant results of Tajima’s tests on LTRs and their adjacent genes in each species, respectively.

The results of tests on all insignificant insertions in S. cerevisiae and S. paradoxus are available in

Appendices G and H, respectively. Tests on candidates were repeated with Fu and Li’s D statistic

(Section 3.3) to strengthen candidacy, and the most significantly negative results were chosen for

expression studies in S. cerevisiae (Section 3.7).

Only solo LTRs were included in alignments (with the exception of YDRWdelta11, 3.1.1), as

those strains that possess FLEs at corresponding loci were excluded as the strongest signature

of selection may not be in the associated LTRs. Although excluded from statistical analysis, the

strains containing FLEs at otherwise solo loci were included in qPCR analysis as ’present’ (Section

3.7). LTRs were also excluded if the distance to an adjacent gene was larger than the 2.2kb

effective distance for an enhancer (Elion and Warner, 1984; Johnson and Warner, 1989). Distance

between insertions and adjacent genes was checked in each case due to the variability of strains

(Section 3.1.3).

When performing multiple statistical significance tests, it is standard to employ a method of

correction to minimise false discovery rate (Goeman and Solari, 2014). However, as P values are

dependent on the strength of selection, the decision was made not to use a multiple test correction.
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Weak selection, even positive, would result in a less significant P value, therefore a method of

correcting for false positives may eradicate these results. In addition, DnaSP does not provide

exact P values. This was the same decision made by Kofler et al. (2012) for similar reasons.

3.2.1 Comparison of candidate LTR and adjacent gene Tajima’s D values

Tables 3.3 and 3.4 on the following four pages display theD, π and θ values calculated for candidate

LTRs and adjacent genes in both S. cerevisiae and S. paradoxus, respectively.

Those LTRs that possess a more negative value of D than adjacent genes retained their can-

didacy for positive selection, whereas those genes that possess a more negative D value were

considered as the more likely target for positive selection. In these latter cases, the LTR was no

longer considered a candidate from this point onwards.

In S. cerevisiae, nine genes adjacent to candidates also possess significantly negative values

of D (Table 3.3). In around half of these (n=4), the gene gained a more significantly negative value

and therefore the more likely region on which positive selection is acting. In these cases, the adja-

cent LTR lost its candidacy for positive selection. Due to the compact genome of Saccharomyces,

the majority of insertions investigated here are within effective distance of adjacent genes. Po-

tential linkage with four genomic features, ARS425, ORM1, ESF2 and MTC3 was discounted in

S. cerevisiae due to too great a distance (>2.2kb). In S. paradoxus, only OCA4 was considered

beyond the effective distance for a candidate to affect expression. Unlike in S. cerevisiae, only

one adjacent gene in S. paradoxus also achieved a significant value of D (Table 3.4). Additionally,

all candidate LTRs in S. paradoxus retained their candidacy after also testing the adjacent genes,

i.e. LTRs always possess the more negative of the two values. Those genes adjacent to LTRs

that lost their candidacy due to distance or D values were excluded from analysis from this point

onwards.

Second only to centromeres, LTR sequences are the most rapidly diverging components of

genomes (Bensasson et al., 2008; Bensasson, 2011), therefore, very high conservation of inser-

tions across multiple strains was unexpected. Insertions in both species that failed to produce D

values due to lack of polymorphisms (S. cerevisiae n=8; S. paradoxus n=7), were therefore carried

forward as candidates if present at relatively high frequency (arbitrary cut off point of ≥10 strains).

Two insertions in S. paradoxus were included as potential candidates for positive selection (Table

3.4), while S. cerevisiae did not gain any additional candidates.
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3.3 Fu and Li’s D statistic provides further evidence for positive se-

lection acting upon LTRs

Alignments of candidate insertions were also tested with Fu and Li’s D statistical test (Fu and Li,

1993), which works similarly to Tajima’s D. A negative value of Fu and Li’s D statistic indicates an

excess of singletons (equivalent to rare alleles for Tajima’s D) whereas a positive value implies a

lack of singletons (intermediate alleles in Tajima’s test; Fu and Li, 1993; Ramírez-Soriano et al.,

2008). It was used here as a more sensitive method to confirm the results of Tajima’s D. Tables

3.5 and 3.6 display the results of Fu and Li’s D statistical test for S. cerevisiae and S. paradoxus,

respectively. The resulting values confirmed candidacy as determined by Tajima’s D in all but two

cases: YBLWsigma3 in S. cerevisiae and XV-610717 in S. paradoxus, which received insignifi-

cantly negative values of D statistic.

3.4 Candidates in the genomes of S. cerevisiae and S. paradoxus are

present at varying frequencies

Significantly negative values of Tajima’s D indicate an excess of rare mutations (Rozas, 2009),

which is a possible signature of a genetic sweep due to positive selection (Braverman et al., 1995).

It was therefore hypothesised that those candidates that are fixed or at high frequencies within

the population may be due to positive selection. Tables 3.7 and 3.8 display the frequencies of

candidates in S. cerevisiae and S. paradoxus, respectively. The presence of each locus in any

given strain was ascertained by BLASTing the DNA flanking candidate LTRs (’scored’ in Tables

3.7 and 3.8), while the presence of the LTR counted towards the total in those strains where the

locus was occupied consistently by the same insertion, that is, possessing the same insertion point

and typically identical TSDs across strains. It is interesting to note that in both species, Ty1/2 TSDs

in particular rarely match, which is indicative of LTR-LTR recombination occurring between multiple

elements and/or the accumulation of mutations within TSD sequences.

Each species possesses only one fixed candidate - YELWdelta6 in S. cerevisiae and VIII-

442749 in S. paradoxus. Although the S. cerevisiae population contains approximately double the

number of candidates compared to that of S. paradoxus, there is no significant difference between

the frequencies of all insertions in each species (P=0.5, unpaired two-tailed t test).
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Table 3.5: S. cerevisiae D statistic values. Insertions that are absent from the reference genome and are
therefore unannotated are given a designation based on chromosomal coordinates. *P<0.05; **P<0.02; NS
– not significant.

3.5 Genomic regions containing candidate insertions are shared be-

tween species

Candidate insertions are located close to host genes USE1, HOL1 and MPC54 in both species

(Figure 3.7). In S. paradoxus, these three candidates all belong to the Ty1 family, whereas this

differs in S. cerevisiae, as multiple insertions are located downstream of USE1, and the candidate
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Table 3.6: S. paradoxus D statistic values. Insertions have not been annotated in the reference genome
and are therefore given a designation based on chromosomal coordinates. Tests on alignments of two
insertions could not be completed due to lack of polymorphisms, as with Tajima’s D. *P<0.05; **P<0.02; NS
– not significant.

is of the Ty3 family. Although these insertion sites are shared by candidate LTRs in both species,

the distances between the genes and the precise insertion points differ between species. While

individual insertions are highly unlikely to survive the divergence of host species, ’safe’ regions

for insertions have evidently been conserved between S. cerevisiae and S. paradoxus. These

particular host genes may also be ideal targets for positively selected insertions to affect their

expression.

As insertions in S. paradoxus are unannotated in the reference genome browser, regions sur-

rounding the candidates and adjacent genes were searched for evidence of additional insertions

in order to add representations of the insertions in the genome browser figures.

3.6 Host genes adjacent to candidate LTRs display varied functions

The gene ontology (GO) functional categories of genes adjacent to candidate LTRs in both species

are listed in Appendix I. A minority of candidates are associated with one of the paralogous pairs of

genes that arose during WGD (17% in S. cerevisiae; 29% in S. paradoxus). Regions surrounding
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Table 3.7: Candidate frequencies in S. cerevisiae. Short read data from the NCBI Trace Archive were
used to calculate frequencies of candidates. Insertions in S. cerevisiae were named in the UCSC reference
genome browser. Those not present in the reference genome were named according to chromosome and
co-ordinates. Scored - strains containing the locus; Present - strains containing the occupied locus.

paralogues of adjacent genes were also examined for insertions (Appendix M). Collectively, the

associations between paralogue pairs and Ty insertions suggest that the ’safe’ regions may have

been present prior to the WGD event in order for both paralogues to be targeted for adjacent
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Table 3.8: Candidate frequencies in S. paradoxus. Short read data from the NCBI Trace Archive were
used to calculate frequencies of candidates. Insertions in S. paradoxus have not been designated names
as in S. cerevisiae, therefore insertions were termed according to chromosome and 5’ co-ordinate. Scored
- strains containing the locus; Present - strains containing the occupied locus.

insertion.

Around 89% of all Ty1-4 insertions in the reference genome of S. cerevisiae are associated

with tRNAs (Hani and Feldmann, 1998; Kim et al., 1998). This close relationship between tRNAs

and Ty insertions is also displayed by the majority of candidates in S. cerevisiae (78%; Appendix

J). Fewer candidates are however associated with tRNAs in S. paradoxus (55%; Appendix J),

suggesting the relationship in this species differs to that in S. cerevisiae.

3.6.1 Adjacent genes in S. cerevisiae

Figure 3.8 displays the breakdown of adjacent gene categories in S. cerevisiae as determined by

the Panther gene classification system (Mi et al., 2017). Details for adjacent genes collected are

located Appendix K.

There is no significant enrichment for any gene ontology category (P=0.1-1.0; two-tailed t-

tests). Candidates are most commonly associated with genes that encode enzymes (n=15), and
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Figure 3.8: Bar chart of GO major categories of genes adjacent to candidate LTRs in S. cerevisiae
classified by Panther. Gene products with multiple functions are counted multiple times by the software.
No significant difference from random expectation was observed.

related to transportation involving the Golgi body or functional components of the complex (n=5).

Additionally, two adjacent genes encode components of the meiotic outer plaque. An adjacent

gene of particular interest is the transcription factor GCN4, located downstream of the insertion

YELWdelta6. Unfortunately, due to this insertion being fixed in the SGRP strains (Table 3.7), any

potential effects this may have on gene expression cannot be ascertained with qPCR (Section

3.7). An expanded search of strains indicates that this insertion and flanking DNA is fixed in a

subset of currently sequenced S. cerevisiae genomes (n=151), yet the remaining strains lack this

particular locus adjacent to GCN4. The Gcn4 gene product has multiple binding sites within Ty1

LTRs (Servant et al., 2008). The optimal binding site for Gcn4 is typically seven bases in length but

minor variability will still result in transcription and expression of the target gene (Arndt and Fink,

1986; Hill et al., 1986; Oliphant et al., 1989; Morillon et al., 2002). A survey of all unique Ty1 LTRs

showed that none possess all five Gcn4 binding sites, and very few possess four (n=9; 0.03%),

one of which being the candidate YELWdelta6. The majority of insertions (n=172; 56%) possess

one or no binding sites.

Figure 3.9 displays the locations of candidates and adjacent genes in the genome of S. cere-

visiae. The average distance between an insertion and adjacent gene is 656bp (Appendix K).

3.6.2 Adjacent genes in S. paradoxus

Figure 3.10 displays the breakdown of adjacent gene categories in S. paradoxus as determined

by the Panther classification system (Mi et al., 2017). Details for adjacent genes collected are in
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Figure 3.9: Mapping of candidate insertions and adjacent genes of S. cerevisiae. Chromosome length
and centromere data were obtained from SGD. Those regions containing candidates shared with S. para-
doxus are boxed and named. Candidate families are colour coded, with associated genes in black.

Appendix L.

Adjacent gene functions are highly diverse, with no significant enrichment for any gene ontology

category (P=0.2-1.0; two-tailed t-test). In S. paradoxus, five associated genes encode enzymes,

and as in S. cerevisiae, candidates are located close to both Golgi body (n=1) and meiotic outer

plaque related genes (n=1). In addition, CSS3, a gene currently of unknown function, may sup-

press Ty1 transposition, as activity is greatly increased when this gene is deleted (Yofe et al.,

2016). Further adjacent genes of interest include transcription factors ARR1, INO4, TOS8 and

TYE7. Downstream of TYE7, the polymorphic candidate LTR is associated with a partial Ty1 el-

ement, truncated within the gag coding region. Similarly to Gcn4 in S. cerevisiae, Tye7 binds to

sites within Ty1 gag, and is involved in Ty1 transcription (Servant et al., 2012; see Discussion).
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Figure 3.10: Bar chart of GO major categories of genes adjacent to candidate LTRs in S. paradoxus
classified by Panther. Gene products with multiple functions are counted multiple times by the software.
Telomeric regions and ARSs are unannotated in the S. paradoxus genome browser and therefore any asso-
ciations with such features were unable to be determined. No significant difference from random expectation
was observed.

Figure 3.11 displays the locations of candidates and adjacent genes in the genome of S. para-

doxus. The average distance between insertions and host genes is 816bp (Appendix L).

Due to the lack of annotations of genomic features such as Ty insertions and ARSs in the S.

paradoxus UCSC genome browser, associations between candidates and features other than host

genes and tRNAs could not be determined. ARSs in S. cerevisiae are commonly associated with

candidates (n=8), a link which cannot be determined at this stage in S. paradoxus due to the lack

of annotations. The typical consensus region present in ARSs is just 17bp, while the remainder of

the sequences can be highly variable (van Houten and Newlon, 1990). Searches of S. paradoxus

genomes with S. cerevisiae query sequences results in potential ARSs sharing <84% identity.

Due to this uncertainty, the decision was made only to consider annotated genes as potentially

hitchhiking along with candidate LTRs.

3.7 Assessing expression of neighbouring genes with qPCR

S. cerevisiae SGRP strains (n=36) were purchased as a culture plate from NCYC. Strain DB-

VPG6765 failed to thrive and was therefore discounted from the expression studies. Candidate

LTR presence was determined in each of these strains during data collection (Appendix G). No

source- or origin-specific pattern of candidate presence was observed. Candidate-gene pairings

were chosen from those LTRs with the most significantly negative Tajima’s D values for expression
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Figure 3.11: Mapping of candidate insertions and adjacent genes of S. paradoxus. Those regions
containing candidate insertions shared with S. cerevisiae are boxed and named. Chromosome length data
from Liti et al. (2009). Centromeric data from Varoquaux et al. (2015). Candidate families are colour coded,
with associated genes in black.

analysis. Pairings range across four of the five families, with Ty5 being unrepresented. Excluded

for qPCR were ARS and telomeric sequences, or mating loci whose expression would be difficult

to determine. Total RNA was extracted from each strain (Appendix D) and cDNA synthesised.

cDNA was diluted to a working solution of 1:25 from an initial stock of 500ng/µl. Primers were

designed for adjacent genes, ensuring that paralogues or other sequences would not be amplified

(Appendix E). Two housekeeping genes, TAF10 and UCB6, were selected due to their consistent

expression levels (Teste et al., 2009).

Twelve adjacent genes of interest were amplified and expression levels determined in 35 SGRP

strains using qPCR. This method was selected as it was accessible and reliable on a small scale

study such as this. After each qPCR reaction, PCR products were electrophoresed to check for the

presence of a single band indicating a single amplified PCR product. Expression was determined
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by amplification of cDNA which directly correlates with the initial quantity of mRNA extracted from

the strains. Incorporating fluorescent-tagged nucleotides into the amplification process allowed

the quantity of PCR products to be measured in relative fluorescence units (RFU). BioRad soft-

ware was used to exclude any regions of primer dimer in the expression graph. Expression val-

ues were normalised to the two selected housekeeping genes (M/stability value = <1.0) in QBase

(Biogazelle), and then across each triplicated sample. The mean and standard deviation were

calculated for each strain and then separated into two groups: expression in strains containing

the insertion adjacent to the gene, and those strains lacking the insertion. Box and whisker plots

were generated using GraphPad (Figure 3.12). Unpaired, two-tailed t-tests were then performed

on the two series for each of the adjacent genes in GraphPad (Table 3.9). Expression for one strain

(YJM975; plate position B5) was inconsistent across triplicates despite repeated qPCR reactions

and so was entirely excluded from analysis here. This was not caused by positional effect as the

strains were split between two PCR plates (Appendix F) and inconsistency was not observed on

the second plate.

Table 3.9: Comparison of expression levels of genes of interest with and without loci occupied by
candidate LTRs. Expression was measured in RFU and averaged over three qPCR reactions in each
strain, ±SE. Results from strain YJM975 were excluded from all analyses due to inconsistent expression
across triplicates. Strains UWOPS05.227-2 and 273614N failed to provide results for expression of ADY4
despite multiple repetitions of qPCR.
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Figure 3.12: Box and whisker plots for expression of genes adjacent to candidate LTRs in S. cere-
visiae. Expression is relative to the housekeeping genes TAF10 and UCB6.
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3.7.1 Expression of AVL9 and SCS7 are significantly higher in strains possessing

adjacent candidate LTRs

Expression of two host genes, AVL9 and SCS7, is significantly higher in strains possessing can-

didates YLRWsigma2, a Ty3 solo LTR, and YMRCtau3, a solo Ty4 LTR, respectively (Table 3.9).

AVL9, whose average expression increases by >70% in strains with the occupied locus, encodes

an exocytic transport protein in the Golgi body (Harsay and Schekman, 2007). Although a non-

essential gene, null mutants experience heat sensitivity, decreased fitness and a shortened lifes-

pan (Tkach et al., 2012). Average SCS7 expression increases by 100% in those strains pos-

sessing the candidate. This gene encodes a hydroxylase enzyme which functions in the alpha-

hydroxylation of fatty acids and sterols in the production of sphingolipids (Dunn et al., 1998). The

predominate sphingolipid in yeast, inositol-phosphorylceramide, may be implicated in the signalling

pathways of heat stress response (Jenkins et al., 1997; Chung et al., 2000; Ferguson-Yankey et al.,

2002).

The relative orientation and positioning of candidates and adjacent genes is displayed in the

genome browser view of Figure 3.13.

Figure 3.13: Genomic regions containing candidates which may significantly increase expression
of adjacent genes. A - Region of chromosome XII containing candidate YLRWsigma2 and adjacent gene
AVL9; B - Region of chromosome XIII containing candidate YMRCtau3 and adjacent gene SCS7.

3.8 Discussion

In the work here, the SGRP genomes of S. cerevisiae and S. paradoxus were screened for Ty

insertions that may be evolving under positive selection. Conferring a benefit to their host may

be a way in which insertions persist in the genome. As insertions are known to be able to affect

host gene expression (reviewed in Elbarbary et al., 2016), the most significant of these candidates
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in S. cerevisiae were investigated in the laboratory. Expression levels of adjacent genes were

determined in strains both possessing and lacking the insertions.

Recombination events can break the linkage between LTRs and host genes (Barton, 2000). Al-

though the difference in numbers of candidates in S. cerevisiae and S. paradoxus is not significant,

it was hypothesised that fewer genes would be found hitchhiking along with LTRs in S. cerevisiae

strains due to it possessing one of the highest genomic recombination rates (Esberg et al., 2011).

S. paradoxus possesses a far lower rate of recombination (Tsai et al., 2008), yet possesses fewer

candidates and hitchhiking host genes. However, this observation may simply be the result of the

higher Ty copy number in S. cerevisiae strains in comparison to those of S. paradoxus.

The number of candidate LTRs identified here is likely to be an underestimate for a number

of reasons. Firstly, many insertions were excluded: only LTRs with intact boundaries were con-

sidered during the screening process, as this would avoid the estimation of truncated termini and

therefore reduce ’noise’ in Tajima’s D alignments. Full-length LTRs may be more likely to possess

the regulatory regions necessary for interaction with host proteins and transcription factors, but it

is possible that those truncated LTRs excluded from tests have remained in the genome due to

their possessing those regulatory regions. Nested insertions were generally excluded due to vari-

ability across strains and the tendency for the signature of selection to be unclear (but see Section

3.1.3). Variable LTRs (i.e. those whose state differed between FLE and solo in strains) were also

not considered as candidates, as the presence of a FLE as opposed to a solo LTR can greatly

disrupt the sequences around it (e.g. Knight et al., 1996). Secondly, due to the confines of the D

tests, such as requiring a minimum of four sequences, candidates could be present in three strains

or less, or even be confined to providing a benefit for a single strain and have yet to spread to the

population. The complexity of the relationship between an insertion and its host means that many

additional scenarios in which an insertion provides a benefit or contributes to its host’s fitness are

possible. Thirdly, quality of the S. cerevisiae SGRP/trace archive strains is highly varied, which

likely impacted data collection. Around 38 are relatively reliable, whereas reads from the remaining

strains are intermittently present in the NCBI Trace Archive. Finally, the SGRP assemblies of both

S. cerevisiae and S. paradoxus are unreliable, filled with gaps and undetermined bases, often in

the same region throughout strains of each species, so the screening performed here for candidate

insertions is very much a conservative estimate.
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Tajima’s D

Tajima’s D test is being increasingly used to identify selection signatures of TEs in a variety of

genera such as Drosophila (Schlenke and Begun, 2004; Macpherson et al., 2008; Kofler et al.,

2012; Ullastres et al., 2015; Merenciano et al., 2016), mosquito (Subramanian et al., 2007) and

arboreal lizard Anolis carolinensis (Ruggiero et al., 2017). The work performed here examined

the signatures of selection acting upon LTRs and their adjacent genes in order to find potential

candidates for positive selection in two species of Saccharomyces. Previous investigations into the

LTRs within 11 intergenic regions in the S. paradoxus genome provided no significant results (Tsai

et al., 2008), in contrast to the results obtained here. In both S. cerevisiae and S. paradoxus, 3% of

unique insertions display evidence of positive selection, which is far higher than the 13 candidates

of >10,000 unique insertions (0.1%) identified by Kofler et al. (2012) in Drosophila. Kofler et al.

(2012) used sliding windows of Tajima’s D across the genomes of a Drosophila population, rather

than the method employed here which identified genes that may be hitchhiking along with positively

selected LTRs. Kofler et al. (2012) classified insertions as candidates if the strong signature of

selection, identified by a significantly negative value of D, was within 500bp up- or downstream of

the insertion, as the strongest signal of selection may not always be directly at the site of positive

selection (Kim and Stephan, 2002). However, the poor quality of the SGRP assemblies and short

reads available in the NCBI Trace Archive prevented similar analysis of surrounding regions in the

genomes of S. cerevisiae and S. paradoxus.

Among the candidates for positive selection, Kofler et al. (2012) confirmed two previously iden-

tified insertions involved in adaptation. In the work here on Saccharomyces, two genes were

previously reported as being under positive selection (Scannell et al., 2011) are adjacent to can-

didate insertions in this study: AMD2 and YJR056C. The former possesses a negative value of

D, consistent with positive selection, while the latter returned a positive value of D. Datasets of

positively selected genes generated by Li et al. (2009b), Zhou et al. (2010), Sawyer and Malik

(2006), Zhang et al. (2009), Artieri and Fraser (2014) and Fay et al. (2004) did not overlap with this

study. Each investigation did however, use varying techniques to identify positive selection, rather

than Tajima’s D, and were not looking for positive selection in relation to Ty insertions which may

account for discrepancies between studies.

Unsurprisingly Ty5 in S. cerevisiae only proved to have three candidates, and with D values

of relatively low significance. As this family has not been active recently, it was unlikely to be a
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target for recent positive selection. It cannot be discounted that this family has in the past been

evolving under positive selection, however, as the tests used here lose power when analysing older

insertions. The low number of Ty5 candidates contrasts with the higher numbers of candidates

recorded in the active Ty1/2 superfamily and Ty3 family. However, signatures of selection may

also be difficult to detect if the candidate became selected for very recently (Garud et al., 2015).

Functions of genes adjacent to candidate LTRs

No patterns in function or significant enrichment of GO categories were observed in the adjacent

genes of candidate LTRs. There are, however, high numbers of enzymes, likely due to the fact

that this class of gene is relatively common. Other than genes of unknown function, S. paradoxus

possesses more adjacent genes with a function involved in response to stimuli than S. cerevisiae,

which would be expected in a wild organism with varying environments. Both species share a sim-

ilar number of adjacent genes involved with mating, metabolic processes and biological regulation

and also encoding cellular components. S. paradoxus also possesses more genes with functions

involved in cellular processes and localisation/transport, also indicative of its adaptation to varying

wild environments.

Although no GO categories are significantly enriched, a number of similarities regarding neigh-

bouring genes were observed between the species, such as those involved in chemical resistance.

In S. cerevisiae, candidate YNLWsigma3 on chrXIV is upstream of BOP3, overexpression of which

confers organic mercury resistance (Hwang et al., 2005). In S. paradoxus, a candidate insertion

is found adjacent to ARR1, a transcription factor for genes involved in arsenic resistance. If can-

didate LTRs increased expression of these genes, this may increase the fitness of the host when

exposed to arsenic/mercury and therefore increase the likelihood that the insertion would become

fixed in the population. However, this would depend on the environment, as an absence of the

metals may cause a loss of fitness due to the metabolic cost of constant upregulation of these

genes without benefit. Further connections between the adjacent genes in both species were ob-

served: multiple genes related to the Golgi body are also closely situated to candidate LTRs in

both S. cerevisiae (n=5) and S. paradoxus (n=2). Each species also possesses a Ty5 candidate

within 500bp of ARSs present in telomeric regions. >80% of all Ty5 insertions are present in these

regions (Zou et al., 1996a), and increase the stability of telomeres in both S. cerevisiae and S.

paradoxus (Zou et al., 1995, 1996a). Therefore, the presence of insertions in these areas are
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likely to benefit the host while also providing a ’safe’ region for Ty insertions. Furthermore, can-

didates may not confer observable benefits to the host, but simply transpose safely into certain

regions. For example, candidates in S. cerevisiae (n=8) are within close proximity to ARSs, which

are essential in chromosome maintenance (Nieduszynski et al., 2006). As replication is initiated at

multiple chromosomal sites at intervals of 40-100kb (Nieduszynski et al., 2006; Siow et al., 2012),

insertion close to these sequences may increase expression of the ARS and the chances of the

insertion being replicated in the process. However, assessing the effects of insertions on ARSs is

difficult, and unfortunately not something achievable with qPCR.

Candidate Ty insertions and transcription factors

Multiple candidates are adjacent to genes encoding transcription factors: GCN4 and RRN11 in

S. cerevisiae, and TOS8, TYE7, ARR1 (discussed above) and INO4 in S. paradoxus. RRN11

encodes a component of the core factor rDNA transcription factor complex required for ribosomal

gene transcription (Lalo et al., 1996); TOS8 is expressed during meiosis and under cell-damaging

conditions where it binds to chromatin (Jelinsky et al., 2000; Rabitsch et al., 2001); INO4 is involved

in the activation of phospholipid, sterol and fatty acid biosynthetic enzymes (Bachhawat et al., 1995;

Santiago and Mamoun, 2003). Altered expression of these transcription factors may increase host

fitness, particularly when under stress in the case of TOS8. GCN4 and TYE7 are of particular

interest as their gene products bind to sites within Ty1 elements (Figure 3.14).

The product of GCN4, adjacent to candidate YELWdelta6, regulates the activation of multiple

biosynthesis pathway genes during amino acid, purine and glucose starvation. It is part of the

basic leucine zipper (bZIP) family and is tightly regulated, being quickly degraded unless under

starvation conditions (Kornitzer et al., 1994; Natarajan et al., 2001). Gcn4 is one of multiple tran-

scription factors that also bind to promoter regions within Ty1 LTRs and form complexes in order to

initiate transcription (Figure 3.14; Servant et al., 2008). Up to five Gcn4 binding sites are present

which cause variation in transcription levels; elements which are weakly expressed typically pos-

sess fewer than five sites (Morillon et al., 2002; Servant et al., 2008). The majority of Ty1 LTRs

in S. cerevisiae may therefore be expressed at a lower level (Section 3.6.1). The insertion at this

particular locus has since been driven to fixation in more than 150 strains, as the remaining se-

quenced genomes lack the 200bp flanking DNA as well as the insertion itself. The insertion may

benefit both the Ty family and host if it results in the upregulation of GCN4 expression or positive
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Figure 3.14: Binding sites within the LTR and gag region of Ty1 elements. A Ty1 LTR contains up to
five Gcn4 binding sites (denoted A-E) depending on how strongly the element is expressed (Morillon et al.,
2002). FRE - filamentous response element, consisting of Ste12 and Tec1 binding sites. Transcription
repression sites include Mot3 and a1/α2. Adapted from Servant et al. (2008, 2012) and Curcio et al. (2015).

feedback loop, perhaps increasing the host’s chance of survival during starvation. Consequently,

other Ty1 elements may in turn also experience an increase in expression/transcription.

Furthermore, TYE7 encodes a transcription factor which is activated during adenine depletion

and may aid in the control of Ty1 antisense RNA synthesis, thus increasing Ty1 activity (Servant

et al., 2012). In S. paradoxus, Ty1 candidate XV-911530 is present downstream of this gene

and possesses the most 5’ binding site of three within its truncated gag (Figure 3.14; Servant

et al., 2012). As with Gcn4 in S. cerevisiae, if the candidate insertion causes an increase in TYE7

expression, this in turn may allow further Ty1 activity due a lower rate of antisense RNA synthesis.

LTRs displaying signatures of positive selection may influence adjacent gene ex-

pression in S. cerevisiae

Previous work by Feng et al. (2013) on Schizosaccharomyces pombe determined relative expres-

sion in strains with and without loci occupied by insertions adjacent to heat shock response genes.

Around 40% of insertions in Sz. pombe may increase expression of adjacent genes by providing

increased enhancer activity (Sehgal et al., 2007; Leem et al., 2008; Feng et al., 2013). In the work

performed here, significant increases in expression levels of two host genes, AVL9 andSCS7, were

observed in strains possessing solo LTRs at adjacent loci (Section 3.7.1). AVL9 encodes a Golgi

transport protein (Harsay and Schekman, 2007); the enzyme encoded by SCS7 may be involved
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in the cellular heat shock response (Jenkins et al., 1997; Chung et al., 2000; Ferguson-Yankey

et al., 2002). While expression of both AVL9 and SCS7 was increased in strains containing the

candidates, overexpression of these genes results in decreased cellular growth (Yoshikawa et al.,

2011) and chemical resistance (Parsons et al., 2004), respectively. The increased level of expres-

sion that may be due to the presence of the candidate insertions is therefore unlikely to be at these

problematic levels. Unlike in the study by Feng et al. (2013), due to the positioning of candidates

relative to adjacent genes (Figure 3.13), the exact method by which candidates promote gene

expression is unclear (discussed in the next section).

In the remaining ten qPCR LTR-gene pairings, results failed to show a significant difference in

the expression of genes regardless of the presence or absence of an adjacent LTR insertion. There

are a number of reasons as to why candidate LTRs had no observable effects on the expression of

adjacent genes in the experimental conditions. Insertions may instead act over larger distances on

other areas of the genome, rather than immediately adjacent. Effective distance for endogenous

enhancers is thought to be amaximum of 2.2kb for RNA pol I genes (Elion andWarner, 1984; John-

son and Warner, 1989) and 1.2kb for RNA pol II genes (Brand et al., 1987; Barberis et al., 1995;

Escher et al., 2000). It is unclear as to how far the enhancer region within an LTR can function.

Servant et al. (2008) reported a maximum distance of 300bp, whereas Petrascheck et al. (2005)

were able to demonstrate an effective distance of 3kb via DNA looping. The looping mechanism

has been detected in yeast between the promoters and terminators of long genes (e.g. O’Sullivan

et al., 2004; Ansari and Hampsey, 2005) which does not preclude the possibility that LTRs are

acting on other regions, rather than immediately up- or downstream of their insertion point. Ad-

ditionally, insertions may be part a cumulative effect, e.g. only provides a benefit in conjunction

with other loci. Insertions may also be acting on non-coding RNAs rather than coding genes.

Furthermore, effects of an insertion may not be directly observable on expression, particularly in

laboratory conditions. There have been many reports of stress as an activator of TE insertions in a

variety of species (e.g. Kashkush et al., 2003; Grandbastien et al., 2005; Feng et al., 2013; Cavrak

et al., 2014; Finatto et al., 2015; Matsunaga et al., 2015; Merenciano et al., 2016 and reviewed in

Miousse et al., 2015). Various stress conditions have also been reported to induce Ty activity in

Saccharomyces: ethanol (Stanley et al., 2010), adenine starvation (Todeschini et al., 2005; Ser-

vant et al., 2008), cryopreservation (Stamenova et al., 2008) and suboptimal temperatures (Paquin

and Williamson, 1986), heat shock and nutrient deprivation (Dai et al., 2007), oxygen (Stoycheva
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et al., 2010; VanHoute and Maxwell, 2014), DNA damage (Bradshaw and McEntee, 1989), nitro-

gen starvation (Ribeiro-dos Santos et al., 1997; Morillon et al., 2000), UV exposure (Rolfe et al.,

1986), radiation (Sacerdot et al., 2005), mutagens and carcinogens (Pesheva et al., 2005, 2008;

Stoycheva et al., 2007). Therefore, in a laboratory where cultures are provided with consistent

temperatures and a steady supply of nutrients required for growth, activity of Ty elements may be

lower than levels observed in stressful environments. It must also be noted however, that due to

the inability to use a form of statistical correction as exact P values are not provided by the DnaSP

software and to avoid the eradication of LTRs under relatively weak selection, the possibility of

falsely positive candidates cannot be discounted.

Expression of adjacent genes may be dependent on relative LTR position and ori-

entation

Results of early studies suggested that the only function of Ty LTRs was to provide an efficient

insertion site during transposition (Yu and Elder, 1989), and that all transcription regulatory regions

resided in TYA (Fulton et al., 1988; Yu and Elder, 1989). Since this time, effects on transcription

of host genes by solo LTRs have been observed (e.g. Long et al., 1998; Dudley et al., 1999;

Medstrand et al., 2001; Landry et al., 2002; Sehgal et al., 2007; Leem et al., 2008; Servant et al.,

2008), proving that these sequences do contain regulatory regions comparable to those of host

genes (Figure 3.15). TEs can cause a variety of changes upon transposition into, or close to,

regulatory regions of host genes (Williamson, 1983; Figure 3.16).

Knight et al. (1996) found that in separating a gene from its promoter, a Ty2 element eliminated

expression of a copper transport gene, CTR3, altogether (Figure 3.16 B). Similarly, solo LTRs

failed to significantly affect expression while in a 5’ position tandem to adjacent genes in a number

of studies (Williamson et al., 1983; Liao et al., 1987; Fulton et al., 1988; Yu and Elder, 1989).

However, Roelants et al. (1997) previously showed that Ty1 LTRs may entirely replace URA2’s

promoter region, helping to trigger transcription. LTRs have also been adopted as promoters and

untranslatable regions in other species, particularly mammals (Jordan et al., 2003; Romanish et al.,

2007; Göke and Ng, 2016). Company and Errede (1987) noted further positional flexibility of LTRs

in their ability to affect expression of host genes, with greatest effects seen when the Ty LTR

and gene of interest assumed the divergent position (Figure 3.16 C). This may account for the

insignificant differences in expression of host genes where those candidate LTRs were not present



86 Chapter 3. Identifying positive selection acting upon Ty insertions in Saccharomyces

Figure 3.15: Simplified overview of the regulatory regions required for transcription. Ty1 LTRs (A)
and typical yeast genes (B) contain similarities in transcription regulatory regions. LTR U3 regions contain
the promoter, initiator and enhancer/upstream activator sequence (UAS) (Curcio et al., 2015). Host genes
typically possess core and proximal promoters, which contain multiple binding sites for transcription factors,
TATA box(es) and initiation regions all within ∼400bp upstream of the transcription start site (TSS; +1;
Goffeau et al., 1996; Pelechano et al., 2006). The UAS region is typically within 1.5kb upstream of the TSS,
but can be up to 3kb. Both parts of the figure are drawn to scale. UAS - upstream activator sequence.

Figure 3.16: Solo LTR insertion points relative to gene promoters. The three main positions for an
insertion to be present within close proximity to a gene, in relation to its promoter region, in order to affect
expression. Additionally, insertions may replace regulatory regions altogether. A - convergent; B - tandem;
C - divergent. Grey boxes – genes; boxed arrows – LTRs; black boxes – promoter regions. Small arrows
represent initiation codons and the subsequent direction of transcription.

in the divergent position relative to the gene. Furthermore, most candidates are unlikely to have

disrupted or replaced a host gene’s regulatory region, however, as they are not positioned within
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the promoter region, or are positioned downstream of their closest host gene (Appendices K and L).

The flexibility in relative insertion sites allows for the significantly increased levels of expression of

AVL9 and SCS7 observed in the work here, as the candidate LTRs, acting as enhancer sequences,

can function in both orientations (Khoury and Gruss, 1983; Serfling et al., 1985; Blackwood and

Kadonaga, 1998; Schaffner, 2015).

Insertions may alter chromosome architecture

In addition to the alteration of host gene expression, some TEs may offer other functions to the

genome. For example, LINEs and SINEs help to regulate chromatin structure as well as func-

tion as enhancers and promoters to alter expression of host genes (reviewed by Elbarbary et al.,

2016). Retrotransposon families in maize spread heterchromatin, in turn lowering expression of

nearby genes (Eichten et al., 2012). In fission yeast Sz. pombe, behaviour of Ty3/gypsy family Tf2

alters depending on the stage of cell cycle (Mizuguchi et al., 2015). Copies of Tf2 spread across

the genome are collected into formations of Tf bodies by centromere B proteins (CENP-B), which

are themselves derived from pogo DNA transposons (Casola et al., 2008). Tf bodies interact with

histones which then modulate condensin, particularly around centromeres (Tanaka et al., 2012;

Mizuguchi et al., 2015). However, the possibility of Ty insertions altering chromosomes - for ex-

ample by opening chromatin in order for transcription factors to bind - has yet to be investigated

in Saccharomyces. As effects upon chromatin structure by TE insertions were quickly established

in other model organisms such as Drosophila (Chen and Corces, 2001) however, it is likely that a

similar effect in S. cerevisiae would have been observed.

3.9 Summary and conclusions

Screening the genomes of Saccharomyces for signatures of positive selection acting upon TE

insertions identified potential candidates that may persist in populations due to benefits conferred

to their host. A minority of these candidates may influence expression of adjacent host genes,

while any effects the remaining candidates cause were not able to be elucidated using the qPCR

technique employed. Two candidate LTRs in S. cerevisiae may significantly increase expression

of their adjacent host genes, which may in turn have an impact upon host fitness. Although the

insertion preference and ability of Ty insertions to alter gene expression is unlikely to have evolved
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as a method of increasing host fitness, insertions are clearly linked to the survival of their hosts,

particularly under stressful conditions.
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Chapter 4

Ty transposable element diversity in the Saccharomyces

sensu stricto complex

S. cerevisiaewas considered amodel organism long before it became the first eukaryote to have its

genome sequenced by Goffeau et al. (1996), due to molecular biology work performed by research

teams in the 1970s and 1980s (e.g. Hartwell et al., 1970; Rytka, 1975; Ogden et al., 1979; Prakash

and Higgins, 1982; Proffitt et al., 1984; Beggs, 1978). Its transposable elements were thoroughly

investigated by the independent teams of Kim et al. (1998) and Hani and Feldmann (1998), who

inspired numerous analyses with the more recent availability of the genomes of multiple strains

(e.g. Liti et al., 2009; Akao et al., 2011; Bleykasten-Grosshans et al., 2013; Istace et al., 2017; Yue

et al., 2017).

The analyses of Ty families of S. cerevisiae were followed by brief investigations into the ele-

ments of S. paradoxus (e.g. Fingerman et al., 2003), S. kudriavzevii, S. mikatae and S. uvarum

(prev. S. bayanus; Liti et al., 2005). Since this time, the additions of S. arboricola and S. eu-

bayanus genomes into available data have suggested the need for an updated investigation into

the Ty content of Saccharomyces species.

In this chapter, the available genomes of each Saccharomyces species are systematically

screened for insertions, with the Saccharomyces Genome Resequencing Project (SGRP) strains

of S. cerevisiae and S. paradoxus given priority in these species. In the remaining species, the

state of families was often unknown until the work conducted here. These investigations are de-

signed to characterise and quantify Ty insertions in preparation for the phylogenetic analyses of

Chapter 5.

Although there is still some debate as to whether S. cariocanus should be classed as a separate

species to S. paradoxus (G Naumov, pers. comm., 2016; Naumov et al., 2000; Liti et al., 2006,

2009; Hittinger, 2013), it is considered as such here for the purposes of the investigations into its
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Ty families.

4.1 Ty families are not homogeneous across the genomes of Sac-

charomyces species

Summary information for the reference strains of species in the Saccharomyces sensu stricto com-

plex is displayed in Table 4.1. S. cariocanus has not been designated a reference strain, therefore

the assembly of UFRJ50816 (Yue et al., 2017) was selected. The NCBI trace archives, nucleotide

and WGS databases were searched with LTR queries to obtain hits from each Ty family in all

Saccharomyces species. To obtain genomic GC and TE content (%; Table 4.1), genomes were

screened with RepeatMasker using a custom library, to which consensus sequences were added

of insertions extracted from each species. The genomes were then screened again with the com-

plete library to check for any sequences that may have been incomplete during a BLAST search.

While GC% for all species is relatively consistent, a four-fold difference in genomic TE fraction is

observed between the lowest content (S. eubayanus) and the highest (S. cerevisiae).

The search criteria are different to those employed Carr et al. (2012), as partial/truncated LTRs

were excluded from analysis here. The datasets generated were used to compile the phylogenetic

trees in Chapter 5. Family names previously assigned by Neuvéglise et al. (2002) are used consis-

tently here, and newly described families are named according to the suggestions made by these

authors. Names are assigned based upon species name and most closely related Ty-family, e.g.

Tse4 of S. eubayanus is homologous to Ty4 in S. cerevisiae.

Table 4.1: Ty contents of Saccharomyces species reference strains. *indicates high-throughput 3rd
generation genome sequencing. S. cariocanus has not been designated a reference strain, so the PacBio
assembly of UFRJ50816 was selected due to its high quality and low rate of gaps.
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4.1.1 A negative correlation exists between genomic TE and GC content

GC content (%) and the TE fraction of genomic content (%) were generated with RepeatMasker

and the custom library and collated for all available strains for all species. The relationship is un-

clear, but a slight negative correlation between the two is observed when data from all species are

collated (Figure 4.1). No significant relationships are observed for the data of individual species,

as for example, genomic TE fraction in S. cerevisiae and S. paradoxus does not appear to influ-

ence GC%. The data for S. kudriavzevii, S. eubayanus and S. uvarum do not follow this pattern

however.

Figure 4.1: Negative correlation between genomic GC and TE content. Both values were generated by
RepeatMasker using the custom library. S. boulardii, Brazilian and Peterhof strains of S. cerevisiae (Chapter
6) are included with SGRP S. cerevisiae, and S. cariocanus with S. paradoxus, respectively, as there is no
correlation in these strains when analysed separately.

4.1.2 Ty copy numbers differ in the reference strains of Saccharomyces

Copy numbers were determined by screening reference strains (Figure 4.2) with RepeatMasker

using a custom library. Only full-length LTRs - i.e. those possessing boundary sequences - are

included in the totals. For full-length elements (FLEs), elements are counted if they are a pseu-

doelement but flanking LTRs are intact and most pol domains functional, such as the Ty5 relic in

S. cerevisiae. Fragments of elements, including those that are cut off by sequencing reads, are
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not counted in the totals unless the full element was able to be confidently reconstructed, therefore

it should be noted that copy numbers here are not directly comparable to those of other studies.

All available strains of species were screened for Ty content, the results of which are detailed in

Section 4.2 onwards.

Figure 4.2: Copy number in Saccharomyces species. Proportion of FLEs to solo LTRs are represented
by darkened and lighter proportions of bars, respectively.

4.2 SGRP strains of S. cerevisiae

Table 4.2 displays the characteristics of all LTRs in the families of the SGRP strains of S. cerevisiae.

Carr et al. (2012) previously analysed the reference strain and reported π values of all families and

Tajima’s D values for active sequences (i.e. those that possessed paralogous copies on short

phylogenetic branches), which differ to those reported here. Excluding Ty2, the π values recorded

here are lower than those reported by Carr et al. (2012). Although in this work sequences were

included from multiple strains (n=38), this is unlikely to have an impact upon π values. Therefore

the differences observed are at least in part due to the decision of Carr et al. (2012) to include

partial - and likely far older - sequences in their analyses. Significantly negative values of D are

consistent with recent familial ancestry, which is also observed in the corresponding phylogenies

of Chapter 5.
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Table 4.2: Characteristics of Ty families in S. cerevisiae. *family present in strain L-1528 only. Bold
formatting indicates those statistically significant values.

Although significantly negative, the Tajima’s D values for Ty1 and Ty5 were lower than those

of Ty2-4 (excluding American Ty4, section 4.2.3). Carr et al. (2012) analysed the active Ty1 se-

quences and recorded a positive value of Tajima’s D (1.176), which was likely due to the inclusion

of subfamilies Ty1’ and Ty1/Ty2 hybrids in the test, as this substructure (as with population subdi-

vision) can result in a positive D value.

4.2.1 LTR sequences in the Ty1/2 superfamily contain variable 3’ boundaries

During the generation of LTR datasets, approximately 4,200 sequences appeared to be truncated

at ∼30bp from the 3’ end and so were separated for further analysis. Upon alignment, the LTRs

were conserved up to point of the black vertical line in Figure 4.3. Duplicates and poor quality

reads were removed, leaving a total of 372 unique insertions. All identifiable Ty1’ (n=74) and Ty1/2

hybrids (n=24) were also removed, leaving 274 unique variant insertions across the SGRP strains.

As the sequences do not possess the characteristic deletion associated with Ty2 sequences, they

may be a variant form of Ty1 (hereafter referred to as Ty1v). This is confirmed by 34% (n=93) of

Ty1v sequences being associated with Ty1 internal coding regions. Upon exploration of each LTR

containing contig, it was discovered that these particular LTRs have variant 3’ boundaries when

compared to canonical LTRs from the Ty1/2 superfamily, and had not been returned by the BLAST

search, instead appearing as if truncated. The missing ∼30bp was manually extracted from the

contigs and added to the end of each of these sequences. It then became clear that these unusual

3’ boundaries are abundant across multiple strains and insertions. Figure 4.3 displays the diversity

across all the boundary sequences, once duplicates and poor quality reads were excluded. TSDs

are identical in 17% of LTRs (n=47), indicating recent intra-element recombination.

Variable 3’ ends were also unlikely due to recombination, as DnaSP and TOPALi recombination

tests, the Phi test within SplitsTree and visual inspection of sequences all failed to find significant

evidence of recombination. To ensure that these variable ends are not simply due to degradation,

both full LTR sequences and the variable ∼30bp of the LTRs were used as BLAST queries to
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Figure 4.3: Alignment of Ty1v LTRs in S. cerevisiae illustrating the highly variable 3’ boundaries.
The boxed section of the alignment shows the point at which the sequences typically lost conservation. The
graphic at the base of the alignments indicates the level of conservation at each position.

search all available Saccharomyces species. Both were found to be widespread throughout other

strains of S. cerevisiae. Interestingly, eight full-length LTRs were present with 100% identity in the

Japanese saké strain, Kyokai No. 7 (also referred to as K7). This strain also possesses more of

the variable 3’ ends than any other strain when these were used as queries without the rest of the
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LTR.

Nucleotide diversity was calculated in 30bp sliding windows across the alignment (Figure 4.4).

The region of conservation (sites 291-320) immediately before the variable 3’ boundary produced

the lowest π value of the sliding windows (π=0.04). Interestingly, regions of higher nucleotide

diversity coincide with GCN4 binding sites and TATA boxes (Servant et al., 2008).

Figure 4.4: Nucleotide diversity of Ty1v LTRs.. Nucleotide diversity (π) calculated across 30bp sliding
windows of the alignment of 227 Ty1v LTRs across 332 sites.

4.2.2 Recombination breakpoints of Ty1/2 LTRs are variable

20,000 short reads of SGRP strains containing LTRs from the Ty1/2 superfamily were downloaded

from the NCBI trace archives. Once duplicates, poor quality and Ty1v sequences were removed,

this left 453 unique LTR sequences, 33% (n=152) of which are associated with coding regions of

full length elements. 97 (21%) of the total are classified at Ty1’ LTRs; 261 (57%) are classified as

Ty1; the characteristic deletion in Ty2 LTRs is identifiable in 24 (5%) sequences. Of the remaining

75 (17%) sequences, four distinct groupings of hybrids are visually observed, examples of which

are displayed in Figure 4.5.

Interestingly, no statistically significant evidence of recombination was found by the TOPALi

recombination and SplitsTree Phi tests on sequences from the Ty1/2 superfamily (P=0.9) despite

the possible recombination breakpoints being visually apparent. DnaSP however, found evidence
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of five possible recombination regions (between sites 22-83, 102-123, 131-216, 216-233 and 233-

237). However, searches for recombination in Ty1/2 sequences have previously failed (Kupiec and

Petes, 1988b; Wilke et al., 1989; Kim et al., 1998; Sandmeyer, 1998).

4.2.3 Ty3 and Ty4 are widespread in S. cerevisiae

The SGRP strains possess unique Ty3 (n=212) LTRs, indicating strain-specific activity occurring

since the last common ancestor. No evidence of recombination was found (P=1.0), and the LTRs

of this family possess the second lowest nucleotide diversity in this species (Table 4.2).

A subdivision is observed in the sequences of Ty4when query sequences of S. paradoxuswere

used to search the SGRP genomes of S. cerevisiae. The distinction was made in the sequences

of S. paradoxus, as strains contain differing types of Ty4 depending on geographical origin (Sec-

tion 4.4.4). However, similar distinctions are not observed in S. cerevisiae; instead all but one

strain contain Ty4 elements possessing LTRs of the canonical S. cerevisiae length regardless of

geographical origin (∼370bp, n=37, Hug and Feldmann, 1996, hereafter referred to as European).

The S. cerevisiae SGRP strains contain unique Ty4 insertions (n=113), indicative of strain-

specific activity occurring since the divergence of populations. The Tajima’s D value for this family

(Table 4.2) is significantly negative, consistent with relatively recent ancestry. No evidence of

recombination was found between European Ty4 LTRs (P=0.8; Phi test). In addition, Ty4 also

displays the lowest nucleotide diversity of the widespread families (Table 4.2, π=0.021).

The Chilean strain L-1528 is alone in containing additional insertions (n=4) that share higher

identity with those of S. uvarum and S. paradoxus than the elements typically observed in S. cere-

visiae as a species (hereafter referred to as the American Ty4 subtype). The presence of this

specific type of Ty4 prompted the analysis of the genomes of both Chilean strains (L-1528 and

L-1378) for evidence of introgression from other species. Whereas the former contains evidence

of introgression from S. paradoxus (or hybridisation, or even contamination), the latter is ”pure” S.

cerevisiae (data not shown). The mosaic state of the genome of L-1528 was not observed by Liti

et al. (2009) however.

The low quality assembly of L-1528 – both that released by Liti et al. (2009) and the independent

construction performed here – prevented FLEs from being extracted in full. A BLAST search of

other S. cerevisiae strains was conducted in order to obtain the element sequence and survey the

extent to which the American Ty4 subfamily is present in this species. American-type insertions are
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present in only two other currently sequenced strains isolated in the Americas. Strain 245 (Legras

et al., 2018) contains a full-length copy and multiple solo LTRs (n=3) while only solos are present

in strain 460 (Legras et al., 2018; n=2).

Figure 4.6 displays the comparison of both Ty4 elements’ nucleotide sequences. The se-

quences share 74% identity over 84% of the internal DNA, with similarity of residues lower at

66% over the entirety of the elements.

Figure 4.6: Shared identity between Ty4 elements in European and American S. cerevisiae. Se-
quences from strains S288c (European) and 245 (American) were aligned and visualised with mVISTA
(Frazer et al., 2004). The LTRs were excluded from the comparison as the 3’ LTR in the American type
element was cut off by the end of the read. Both coding regions are 5.5kb in length.

4.2.4 Improved sequencing technique allows multiple Ty5 relic elements to be

identified in S. cerevisiae

Genomes of S. cerevisiae strains, including a selection of SGRP strains (n=8), were recently rese-

quenced by Yue et al. (2017), Istace et al. (2017) and Matheson et al. (2017). The techniques of

PacBio and Oxford Nanopore are a vast improvement on the previous Illumina-style sequencing

methods, with the caveat that coverage must be increased in order to counteract the higher rate

of sequencing mistakes (Feng et al., 2015; Rhoads and Au, 2015; Salazar et al., 2017). Using

short-read sequencing methods such as Illumina can prove difficult when sequencing and assem-

bling repeated sequences as single reads do not span an entire full-length element (Treangen and

Salzberg, 2011; Hoban et al., 2016). The Ty contents of these newly sequenced assemblies were

compared with those of the previous sequencing method. Table 4.3 summarises the differences

in genomic TE fraction (%) between both sequencing techniques.

There is a significant difference in genomic TE fraction depending on the sequencing method

used (P=0.001; two-tailed paired t-test). Previously Bleykasten-Grosshans et al. (2013) did not

observe a significant difference between genomic TE content depending on sequencing method,

but it should be noted that different strains were analysed. Genomic TE content for the reference
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Table 4.3: Improving sequencing technique increased genomic Ty content. Increased genomic TE
content (%) is observed when strains of S. cerevisiae are sequenced with a long read technique. Strains
from S288c onwards are from the SGRP collection.

strain S288c increased from 2.91% to 3.80%with the improved sequencing technique. The original

reference strain was manually created from several derivative strains, and that the new sequenc-

ing method was performed solely on S228c, which has since been reported to contain a greater

number of insertions than previously identified (Shibata et al., 2009).

Resequencing of these strains allows conclusions based on Illumina assemblies (Liti et al.,

2009) to be reassessed. For example, Bleykasten-Grosshans et al. (2013) reported that Ty2 was

extinct in strain Y12, yet this genome contains an autonomous copy in the PacBio assembly. Addi-

tionally, it was believed that the Ty5 relic observed on chromosome III of the reference strain (Kim

et al., 1998) is present in the majority of S. cerevisiae genomes (Bleykasten-Grosshans et al.,

2013). Using the Liti et al. (2009) assemblies, it was discovered that only ∼55% of the SGRP

strains possessed the relic element (n=21), while the remaining strains contain a solo LTR at this

locus (n=17). Furthermore, strain RM11-1A, from a differing lineage than S288c (Drozdova et al.,

2016), is alone in containing a non-autonomous FLE in addition to the relic. Along with unique Ty5

solo LTRs found across the SGRP strains (n=42), this not only indicates that strain-specific activity

has occurred, but that Ty5 may have become extinct on a strain-independent basis.

The improved assemblies of Istace et al. (2017) (Table 4.3) allowed the identification of further

multiple relics - usually on chrIII and XI - in 30% of strains (n=3). The relic is missing the IN region,

and is only ∼2.7kb in length. Ty5 has escaped extinction in non-SGRP strains only (YJM1078,

YJM270, PW5, wine070, wine010 and ZP611).
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4.3 Variation in TE content across strains, sources and origins of S.

cerevisiae

The 1343 currently sequenced strains of S. cerevisiae from varied sources/origins were screened

with RepeatMasker and the custom library to ascertain their genomic TE content. Figure 4.7 dis-

plays the results of this analysis. Wild and laboratory strains possess the lowest and highest

ranges, respectively, while those of bakery and unknown origins display the smallest ranges of

genomic TE content.

Figure 4.7: Genomic TE content ofS. cerevisiae strains by source/origin. Strains are grouped according
to source/use as classified by respective research teams. Number of strains screened are displayed below
each box plot. *indicates those categories whose mean genomic TE content significantly differs.

Wild strains as a group represent the majority of sequenced isolates (31%), closely followed by

wine strains (29%). The industrial group of strains possess the highest mean genomic TE content

(1.56%), followed by beer, baking and dairy strains. Other authors have found that laboratory

strains tend to have the highest TE content (Wilke and Adams, 1992; Liti et al., 2009; Bleykasten-

Grosshans et al., 2013). A one-way analysis of variance (ANOVA) test on the ten groups indicates

that there is a significant difference between the genomic TE content % values (P=0.0001), which

has not been observed previously, likely due to the far larger dataset used here. It is possible that

the close phylogenetic relationships shared by these strains by source may also influence their

genomic TE content, rather than it being largely dependent on source/use.
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4.4 S. paradoxus

Table 4.4 displays the characteristics of the Ty families in the SGRP strains of S. paradoxus. All

families returned significantly negative values of Tajima’s D, excluding Ty3 which was represented

by too few unique insertions to complete the test (n=3). The strongly negative D values are consis-

tent with recent ancestry of these families, which is also observed in the corresponding phylogenies

of Chapter 5.

Table 4.4: Characteristics of Ty families in S. paradoxus. European - Ty4E; American - Ty4A, detailed
in section 4.4.4.

The reference genome of S. paradoxus, NRRLY-17217, like that of S. cerevisiae, was con-

structed from a number of strains, most of which were obtained in the UK, to obtain a consensus

genome (Johnson et al., 2003). This strain contains the highest genomic TE content of the se-

quenced strains (1.61%) which is likely due to the compiled nature of the genome. The other

British strains also show a tendency towards a higher genomic TE content than those isolated

elsewhere in the world.

4.4.1 Ty content is underestimated in the SGRP S. paradoxus assemblies

As seen in the S. cerevisiae SGRP assemblies, those S. paradoxus SGRP assemblies (Liti et al.,

2009)underestimate the Ty content, especially FLEs, of many strains. Comparisons made be-

tween those strains resequenced by Yue et al. (2017) and the corresponding Liti et al. (2009)

assemblies prove the latter vastly underestimated the Ty content of this species (Table 4.5). As in

S. cerevisiae, there is a significant difference in the genomic TE content % depending on the se-

quencing method used (P=0.01; two-tailed paired t-test). Regions (>5kb) of indeterminate bases

(Ns) were consistent throughout strains. Examination of these masked regions in the four rese-

quenced strains (Table 4.5) revealed FLEs, meaning the RepeatMasker screening of the original

assemblies was inaccurate as to the actual content of the genomes. For example, Hawaiian strain

UWOPS91-917.1 contains more than double the genomic TE fraction when the assembly was

improved, corresponding to multiple FLEs (n=5), including the presence of Ty2 (Section 4.4.2).
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Table 4.5: Improving sequencing technique increased genomic Ty content. Increased genomic TE
content % is observed when strains of S. paradoxus are sequenced with a long read technique.

4.4.2 The Ty1/2 superfamily is represented by widespread Ty1p and rare Ty2

Solo Ty1p LTRs are present in all strains, whereas autonomous elements are present in ∼70%

of SGRP strains (n=22). Only Hawaiian strain UWOPS91-917.1 contains evidence of Ty2. Par-

tial elements (n=2) were extracted from the PacBio assembly, therefore this family is extinct in S.

paradoxus. Liti et al. (2005) previously discovered Ty2 in S. paradoxus strains that showed ev-

idence of hybridisation with S. cerevisiae. Raw reads of the Hawaiian strain were mapped onto

reference genomes of S. cerevisiae and S. paradoxus in order to screen for introgression from S.

cerevisiae genomes. However, reads failed to map to the S. cerevisiae genome, therefore this

strain is unlikely to have undergone recent - if any - hybridisation.

4.4.3 The presence of Ty5p in S. paradoxus is variable

Potentially up to 40% of SGRP strains contain autonomous copies of Ty5p (n=13), but due to the

sequencing quality of the SGRP strains, copy number could not confidently be ascertained. Strain

CBS342 however was recently resequenced by Yue et al. (2017), and found to contain multiple

functional copies of Ty5p (n=9). The remaining strains in this resequencing project contain only

solo LTRs however, therefore autonomous copies could actually be rare, contrary to the findings

of Liti et al. (2005).

4.4.4 Ty4 displays evidence of divergence with isolation of American and Euro-

pean populations

A divergence in element sequences is found in the SGRP genomes of S. paradoxus depending

on isolate origin. These are primarily distinguished by two types of Ty4 LTR, similarly observed in

other Saccharomyces species (Sections 4.2.3, 4.6.3, 4.7.4, 4.9.3 and 4.10.3). The American type

(291bp, S. eubayanus-like) appears to have been active more recently than the European type
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(∼370bp, S. cerevisiae-like), as they are often found to disrupt previous European insertions in

the genomes of strains isolated from American and Hawaiian populations. Currently three further

populations of S. paradoxus have been identified (Liti et al., 2009; Leducq et al., 2014), yet no

evidence of American Ty4 is found in these populations, indicating that this subfamily may be con-

fined to the American continent. Comparisons of European and American elements, and American

with that of Tsu4 of S. uvarum is displayed in Figure 4.8. Strains YPS138 and UWOPS91-917.1,

Figure 4.8: Shared identity between Ty4 elements. European and American elements (A) share 73%
identity over 82%of the sequences. LTRs are not conserved, and identity is lost between IN andRT domains.
American Ty4 and Tsu4 of S. uvarum (B) share higher identity (∼90%) across coding regions.

isolated in the USA and Hawaii, respectively, are the only strains to contain both European and

American Ty4, based upon the improved assemblies of Yue et al. (2017). In the Hawaiian strain

however, the two copies of American Ty4 are both non-autonomous as they contain a stop codon

between IN and RT domains (chromosome VII), or are interrupted by a Ty1p insertion that has

since undergone recombination (chromosome XIV). Few European solo LTRs are present intact,

as more recent Ty1p insertions have disrupted the sequences.

4.5 S. cariocanus

Table 4.6 displays the nucleotide diversity and Tajima’s D values for the unique Ty4 families of S.

cariocanus. These are the only families in this species to possess the required amount of insertions

independent of those of S. paradoxus to complete the tests. A significantly negative value of D is

consistent with a family possessing recent ancestry, which is also observed in the corresponding

phylogenies of Chapter 5.
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Table 4.6: Characteristics of S. cariocanus-specific Ty4 families. Characteristics of unique insertions
only, i.e. not those shared with S. paradoxus.

4.5.1 Ty4 shows high levels of activity in the reference strain of S. cariocanus

Liti et al. (2009) analysed the raw reads of the two sequenced strains of S. cariocanus and reported

that both possessed a higher abundance of insertions than strains ofS. paradoxus, a result that was

not observed here (data not shown). In the Liti et al. (2009) Illumina assembly of strain URFJ50816,

there appear to be only remnants of Ty4 coding regions (<500bp, n=3) and solo LTRs (n=11). As

with the S. paradoxus and S. cerevisiae SGRP assemblies, the majority of regions containing Ty

elements are masked with undetermined bases (N). Examining the PacBio assembly of Yue et al.

(2017) reveals full-length unique copies of Ty4 (n=24, Table 4.7) and solo LTRs (n=66; American

type n=59) that shared a high rate of identity (>98%).

Of the European insertions, the majority of solo LTRs (n=5) predate divergence from S. para-

doxus as they are shared with the parental species. Despite being unique to S. cariocanus, the

FLE appears to be non-autonomous however, as the RT domain is unrecognisable in a conserved

domain search and fails to align with RT regions of other elements. ∼25% of American type ele-

ments are also likely non-autonomous (Table 4.7).

Figure 4.9: Shared identity between European and American Ty4 elements in S. cariocanus. Se-
quences were aligned and visualised with mVISTA (Frazer et al., 2004). Comparison of the two different
types of Ty4 in S. cariocanus, American (endogenous; n=23) and European (foreign; n=1). In the European
copy, the RT is degraded, which is not due to a frameshift in/del mutation. However, similarity is also below
75% for much of the gag region. The IN region is 100% conserved between the two.

Comparison of the types of elements revealed 88% similarity over 75% of the element, with

less than 75% similarity in the gag region and none in the RT region (Figure 4.9). Almost 70% of

the American FLEs in S. cariocanus are unique to this subspecies (n=16), consistent with activity

since the split from S. paradoxus.
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Table 4.7: Details of Ty4 elements in S. cariocanus. *length excludes insertion/disruption. EEuropean
type element.

4.5.2 Ty5 may be extinct in S. cariocanus

Only two LTRs are unique to the currently sequenced strains of S. cariocanus, both of which are

solo copies, suggesting that Ty5 has been minimally active in the time since the subspecies has

split from S. paradoxus. However, as no evidence of coding regions were discovered in either

strain, it appears that Ty5 has since become extinct in the currently sequenced strains of S. cario-

canus. These results are consistent with previous investigations (Liti et al., 2005).

4.5.3 Ty insertions are present at translocation and inversion breakpoints in S.

cariocanus

Liti et al. (2006) previously identified four translocations in S. cariocanus that were likely the cause

of mating incompatibilities with S. paradoxus. However, the co-ordinates were not previously re-

ported. The genomic alignment program Mauve (Darling et al., 2010) was used to determine
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the locations of translocations (Table 4.8) by comparing the genome assemblies of S. cariocanus

UFRJ50791 and S. paradoxus YPS138. An additional translocation (Table 4.8), as well as inver-

sions were also discovered during this process (Table 4.9; Figure 4.10).

Table 4.8: Co-ordinates of translocations in S. cariocanus. Co-ordinates of translocations identified in
S. cariocanus based upon S. paradoxus American strain YPS138.

Table 4.9: Co-ordinates of inversions in S. cariocanus. Co-ordinates of inversions identified in S. cario-
canus based upon S. paradoxus American strain YPS138.

The whole genome alignment of S. cariocanus (Figure 4.10) allows the visualisation of these

breakpoints (Tables 4.8 and 4.9) and the difference in genome length (>20kb) compared to that of

S. paradoxus YPS138.

This is most likely due to the difference in number of full-length - particularly Ty4-like - elements.

Due to the lower quality of the strain UFRJ50791 assembly, it was not possible to confidently

produce an alignment against the genome of S. paradoxus.

The locations of breakpoints were correlated with the output file of RepeatMasker using the

custom library in order to search for nearby Ty insertions. Full-length recombinant LTRs (i.e. pos-

sessing differing TSDs that were unlikely to be the result of mutations) were found within ∼1kb of

27% of breakpoints (n=3). Partial LTRs are also present within ∼4kb of 45% of breakpoints (n=5).

4.6 S. mikatae

Represented by a single strain sequenced by Kellis et al. (2003), characteristics of the families in

S. mikatae are displayed in Table 4.10.
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Table 4.10: Characteristics of Ty families in S. mikatae. Two types of Ty4 LTRs were present, designated
long (Ty4L) and short (Ty4S) (Section 4.6.3).

All families received significantly negative values of Tajima’s D except for the LTRs of Ty5,

indicating that this is the only family that is unlikely to have recent ancestry, which is also observed

in the corresponding phylogenies of Chapter 5.

4.6.1 The Ty1/2 superfamily and Ty5 may be extinct in the reference strain of S.

mikatae

The reference strain of S. mikatae contains both Ty1/2-like elements, differentiated primarily using

an alignment of coding regions. It is unclear however, as to whether the elements of these families

remain functional due to the fractionation of coding regions over multiple contigs (Table 4.11). The

full-length Ty1 element (Ty1.1, Table 4.11) contains frameshift mutations that result in the coding

region spanning three ORFs. Furthermore, Ty2 appears be extinct in the reference strain of S.

mikatae, as all elements are lost by truncation and/or degradation.

Table 4.11: Details of Ty1/2 elements in S. mikatae. –indicates the region and/or LTR was disrupted by
the end of a contig read. *pseudoelement without intact LTRs.

Due to the multiple coding regions present in S. mikatae and differing TSDs, they could not

reliably be reconstructed. Additionally, the two FLEs (Ty1.1 and Ty2.1, Table 4.11.) both possess

differing TSDs, suggesting that either recombination or the accumulation of mutations in TSDs has

occurred in order to cause the non-identical TSDs.
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The coding regions of Ty1/2 elements in S. mikatae were analysed for shared nucleotide iden-

tity, displayed in Figure 4.11.

Figure 4.11: Comparison of S. mikatae Ty1 and Ty2 coding regions. Nucleotide sequences were aligned
and shared identity visualised withmVISTA (Frazer et al., 2004). The Ty2 element is shorter than Ty1, lacking
PR and IN regions. Elements share 84% identity over 43% of the coding region. However, AA similarity is
much higher at 87% over 85% of the translated coding region.

The S. mikatae reference strain contains both Ty1 and Ty2 LTRs, which share on average 81%

identity. Characteristic deletions enabled the LTRs of each family to be distinguished (Figure N.1,

Appendix N). Recombination between the two, as seen in S. cerevisiae, was not observed in FLEs

of S. mikatae, but perhaps only in solo LTRs, as only limited evidence was documented (Figure

N.1, Appendix N). Furthermore, solo LTRs that could not be reliably assigned to either Ty1 or Ty2

subfamilies were also extracted from the reference genome. These may be the remnants of an

additional – and now extinct – subfamily, further evidence of hybridisation, or simply degradation

of relatively ancient Ty1/2 LTRs.

Furthermore, a single copy of a Ty5 element is disrupted by the end of a contig. The 3’ end

of the element containing IN, RT and RH domains and 3’ LTR was recovered from the genome.

Although other partial coding regions are present on smaller contigs, the 5’ end of the element was

not discovered. An alignment of LTRs (Figure N.2, Appendix N) shows that the sequences of this

family are particularly susceptible to mutations, with the highest nucleotide diversity of all families

in S. mikatae (Table 4.11).

4.6.2 Ty3 is present as a single FLE

A single copy of a Ty3 FLE is present in the reference strain of S. mikatae, but split over two contigs.

When aligned to the elements of other Saccharomyces species, it appears that approximately

50bp, covering the C-terminus of the IN domain, may be missing from the sequence. LTRs and

TSDs are identical (TTAAC), suggesting this is likely to be a relatively new copy. Interestingly, over
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60% of solo LTRs possess identical TSDs, indicating that intra-element recombination is the most

common reason for loss of elements in the S. mikatae genome.

4.6.3 The reference strain of S. mikatae contains two subtypes of Ty4

Two full-length Ty4 elements are present in S. mikatae, of which only one appears to be au-

tonomous. The autonomous copy, 6.3kb in length, possesses differing TSDs (5’-TACCT-TATAT-3’),

either the result of nucleotide changes or LTR-LTR recombination between multiple elements.

The 5’-LTR of the non-autonomous copy is degraded after 220bp, along with the first ∼300bp

of gag. TSDs (5’-GTATA-CTATG-3’) suggest a possible recombination event between multiple

elements or mutations in one or both TSDs. In addition, this copy is shorter at 5.2kb, perhaps

a result of recombination or assembly error. Figure 4.12 displays the comparison of the two Ty4

elements in S. mikatae.

Although these copies differ within gag and PR regions (Figure 4.6.3), their LTRs also differ

in length, designated Ty4L (long; ∼381bp) and Ty4S (short; ∼330bp). Both types are associated

with coding regions, with the autonomous element possessing the short type. Many of the short

type LTRs possess identical TSDs (n=8, 22%), suggesting that despite appearing truncated in

comparison to the longer type, they likely retain their functionality as part of FLEs, and that the

longer type is the result of an insertion into the LTR of an ancestral element that subsequently

spread this type of LTR throughout the genome. Figure 4.13 displays an alignment of both types

of LTRs, highlighting the indel region that distinguishes the two.

Figure 4.12: Comparison of Ty4 elements in S. mikatae. Sequences were aligned and visualised with
mVISTA (Frazer et al., 2004). Identity is 91% over 92% of the coding regions. AA similarity was 86% over
92% of the coding regions. Two residue changes are observed between the RT sequences of the two
copies. Identity and similarity are mainly lost within gag and PR regions.
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Figure 4.13: Alignment of Ty4 LTRs in S. mikatae. The alignment illustrates the indel region that differ-
entiates between the two types of Ty4 LTRs observed in the reference strain of S. mikatae.

4.7 S. kudriavzevii

The reference genome of S. kudriavzevii (Cliften et al., 2003) contains the highest TE fraction

(∼1.5%), as the remaining 19 sequenced isolates (Hittinger et al., 2010) contain on average <0.5%.

Table 4.12 displays the characteristics of the Ty families present in S. kudriavzevii.

Table 4.12: Characteristics of Ty families in S. kudriavzevii. Ty3p of S. paradoxus was present in S.
kudriavzevii, and the LTRs of Ty4 assumed three subgroups: European (Ty4E1-2) and American (Ty4A).

All families, excluding Ty5, received negative values of Tajima’s D, yet only two are significantly

negative. This suggested that all but Ty3p and a type of American Ty4 have recent ancestry in the

genomes of S. kudriavzevii, which is also observed in the corresponding phylogenies of Chapter

5.
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4.7.1 Ty content varies depending on genome sequencing quality

The reference strain of S. kudriavzevii was isolated in Japan (Cliften et al., 2003) with additional

strains isolated in Europe and Japan and sequenced at a lower coverage (Hittinger et al., 2010).

No significant difference is observed between the genomic TE fraction of European and Japanese

isolates (P=0.19; two-tailed t-test). However, as in the SGRP assemblies of S. cerevisiae and

S. paradoxus, a difference in Ty content is observed in the sequenced strains of S. kudriavzevii.

Reference strain IFO1802 and additional strain ZP591 both possess genomic TE fractions of >1%

and are of high quality with few undesignated bases (Ns), whereas the more recently sequenced

strains contain far lower genome TE fractions. Inspection of the contigs reveals regions >1kb of

entirely Ns, likely the result of unfilled gaps or the masking process, which may account for the low

genomic TE content. Raw reads were also obtained fromNCBI in order to reconstruct the genomes

to a higher quality and therefore obtain their TE sequences. However, this did not increase genomic

TE fraction, and the majority of LTRs are found disrupted on short contigs (<0.2kb). Despite the

attempts to improve assembly quality, TSDs and flanking regions show that no unique insertions

are present outside of the reference strain, therefore sequenced S. kudriavzevii genomes do not

currently display evidence of strain-specific activity.

4.7.2 Ty1 and Ty5 are extinct in S. kudriavzevii

No complete Ty1-like elements are found in the two high quality genomes of S. kudriavzevii, as

coding regions are disrupted by more recent solo LTRs. The 18 lower quality genomes possess

only partial (<0.5kb) coding regions, however this may be attributed to poor assembly quality.

Furthermore, evidence of this species having come into contact with Ty2 was not found.

Remnants of Ty5p-like coding regions were recovered in the reference strain (n=3), but only

RH domains are recognisable. A single solo Ty5 LTR is fixed in all strains with identical TSDs, but

the actual LTR sequences vary by ∼8bp across strains.

4.7.3 The S. kudriavzevii reference strain may contain multiple Ty3 subfamilies

Evidence of Ty3 elements is present in each of the two high quality genome sequences of S.

kudriavzevii, the details of which are displayed in Table 4.13. In the reference strain, element

Ty3.1 is the only FLE, whereas the second element, Ty3.2, is lost after ∼3kb due to a later Ty1

solo insertion. The final evidence of coding regions containing RT and RH domains is present on
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a short contig and the remainder of the element could not be located (Ty3.3, Table 4.13). This

partial element shares 52% similarity with the FLE in RT domains, and 56% similarity with that of

Tnd3 of Naumovozyma dairenensis (Appendix P). Coding regions without flanking DNA have been

treated cautiously throughout this work, but as Ty3.3 is also found in other strains of S. kudriavzevii

(n=2; IFO10990 and IFO10991), this indicates it is unlikely the result of contamination from another

species. As in the reference strain, the coding region is unfortunately present on a short contig

(∼1kb) in these two strains and further regions of this copy could not be located.

Table 4.13: Details of Ty3 elements in the reference strain of S. kudriavzevii

4.7.4 Multiple subtypes of Ty4 are present in the populations of S. kudriavzevii

S. kudriavzevii genomes contain up to three subtypes of Ty4, depending on geographical origin.

While the European type of Ty4 is present across the genomes of both populations, those strains

isolated in Japan contain an additional subfamily with LTRs more similar to those of the American

type of other Saccharomyces species (Figure 4.14).

All American type LTRs are solos, and are easily distinguished via multiple indels and se-

quence differences. The LTRs of the European type elements are divided further based upon

length (Ty4E1-2, Figure 4.14). Both subtypes of European LTRs are associated with coding re-

gions, of which only the longer type (Ty4E1) is autonomous. Although a 5’ LTR of Ty4E2 is present

in 20% of strains (n=5), the remainder of the element could not be located in the genomes. In the

remaining strains, this insertion is present as a solo LTR.

4.8 S. arboricola

The reference strain of S. arboricola was isolated in China and sequenced by Liti et al. (2013). A

further nine genomes were recently sequenced by Gayevskiy and Goddard (2016), having discov-

ered a population in New Zealand (NZ) which shares its habitat with strains of S. eubayanus and

S. cerevisiae. Although Liti et al. (2013) briefly commented on the presence of a Ty2-like element
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Figure 4.14: Alignment of Ty4 LTRs in S. kudriavzevii. The LTRs designated “American” share identity
with those types of Ty4A of other Saccharomyces species. The three types of Ty4 LTRs are separated by
horizontal white lines.

in the reference strain of S. arboricola, the study did not investigate the copy numbers or dispersal

of solo LTRs of Ty2 or any other families.

Only Ty2 received a significantly negative value of Tajima’s D and therefore is consistent with
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Table 4.14: Characteristics of Ty families in S. arboricola.

this being the only family with recent ancestry in the genomes of S. arboricola, an observation

which is further supported in the corresponding phylogenies of Chapter 5.

4.8.1 The Ty1/2 superfamily is present in both populations of S. arboricola

Ty1 sequences are found in the genomes of S. arboricola, but the family has undergone stochastic

loss as only solo LTRs remain. No insertions are shared by both populations (Figure N.3, Ap-

pendix N), suggesting that activity in this family occurred after the population split. In addition, no

LTRs possess identical TSDs, indicating that LTR-LTR recombination occurred between multiple

elements, or that the age of the family has allowed mutations in the TSDs to accumulate.

In contrast to Ty1, Ty2 is widespread throughout both populations, and all strains contain at

least one FLE in addition to multiple solo LTRs. NZ strain P3H5 is alone in containing an additional,

partial element. Coding regions of elements in all strains share >90% similarity, with that of the

reference strain being most degraded. As the FLEs of the NZ strains are highly conserved and

contain no stop codons, they are likely to be autonomous. Unique TSDs of FLEs and solo LTRs

in each genome indicate strain-specific activity. Sequence identity of Ty2 LTRs is higher with the

sequences of S. cerevisiae (94%) than those of S. mikatae (83%). Intra-element recombination is

observed in 10% of solo Ty1 LTRs (n=1), while this is increased in Ty2, with ∼28% of solo LTRs

possessing identical TSDs (n=55). No evidence of recombination is observed between Ty1/2 LTRs

(Figure N.3, Appendix N).

4.8.2 Population isolation affects Ty3 in S. arboricola

Seven solo insertions are shared across all NZ strains, indicating they were present in the last

common ancestor of the population (Figure 4.15) but not of the species, as these are not fixed

in both NZ and Chinese populations. The reference strain however, contains unique insertions

(n=14), of which ∼80% appear to be distinct, possessing a higher shared identity with Ty3p of S.

paradoxus than the predominant type of Ty3 LTRs in this species.
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The two subtypes of LTRs share 78% nucleotide identity over 71% of the ∼360bp alignment,

and should therefore be considered different families according to the 80-80-80 rule proposed by

Wicker et al. (2007). Recombination between the two types was not observed in the reference

strain. All sequenced strains contain consistent regions (<0.3kb) of coding sequences, but Ty3

may ultimately be extinct in both known populations of S. arboricola.

Figure 4.15: Alignment of Ty3 LTRs in S. arboricola. A horizontal white line separates the two distinct
types of LTRs in the alignment. The first group of insertions (n=15) is more closely related to those of S.
kudriavzevii and shared between both populations, therefore more likely to be the ancestral Ty3 family. The
second group, confined to the Chinese reference strain (n=11), shares identity with LTRs of S. paradoxus.
Insertions within NZ strains and the reference strain, and fixed and strain-specific are distinguished with
parentheses.

4.8.3 Ty4-5 are lost in both populations of S. arboricola

Partial Ty4 RT regions are present in both the reference strain and P5D5 of the NZ population. In

all other strains, only solo LTRs are recovered from the genomes. It is therefore most likely that

Ty4 has been lost from S. arboricola as a species. Additionally, degraded Ty5 coding regions are



4.9. S. eubayanus 117

present in the reference strain and almost half of the NZ strains (n=4). Whereas a solo Ty5 LTR is

present in the reference strain of S. arboricola, no NZ strains contain solo LTRs.

4.9 S. eubayanus

The most recent species to have its genome sequenced (Baker et al., 2015), S. eubayanus is the

previously unknown parental species of hybrid S. pastorianus along with S. cerevisiae (Libkind et

al., 2011). The work here is the only examination of its Ty families to date, collecting 32 currently

sequenced genomes, isolated across the Americas and NZ (Baker et al., 2015; Gayevskiy and

Goddard, 2016; Peris et al., 2016). Table 4.15 displays the characteristics of the families in S.

eubayanus.

Table 4.15: Characteristics of Ty families in S. eubayanus.

No families received significantly negative values of Tajima’s D, which is somewhat at odds with

the short-branched phylogenies of Chapter 5. Insignificant negative values of D are consistent with

neutral coalescence. Furthermore, nucleotide diversity differs by an order of magnitude.

4.9.1 Tse1 is an autonomous Ty1-like family in S. eubayanus

Coding regions are present in >70% of genomes (n=23) and autonomous FLEs were extracted

where assembly quality allowed. Elements share >90% similarity, with those of strains CBS12357

and yHKS210, both isolated in South America, containing putative envelope protein domains

(5.35e−04) located between IN and RT regions.

Tse1 is likely to be the most recently active family, as in all strains FLEs or solo LTRs are found

to disrupt previous insertions of the Tse4 family.

4.9.2 Ty5 and Ty3 are predominantly absent in S. eubayanus

The reference strain FM1318 contains single solo LTRs of the Ty3 and Ty5 families, which are

not observed as full-length LTRs in any other strain surveyed. As the Ty5 insertion, along with its
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flanking DNA, is shared by sister species S. uvarum, it suggests that Ty5 became extinct in their

last common ancestor, and that it has never been active in either of the extant species.

In addition to partial Ty3 LTRs in each S. eubayanus genome, four strains (reference FM1318,

CRUB1761, yHRVM108 and NZ strain P1C1) all contain multiple regions of >0.6kb that appear

to be remnants of partial RH, PR and gag domains, each sharing ∼50% similarity with Ty3p of

S. paradoxus. The partial RH domains and regions downstream were aligned to check for the

presence of an LTR. However, when this sequence is used as a BLAST query, no further full-

length sequences are found, therefore it was concluded that this putative LTR may be the only

copy remaining in the genomes of S. eubayanus, and the state of this family is similar to that of

Ty3p in S. cerevisiae.

4.9.3 Ty4 possesses a complex history in S. eubayanus

Evidence of multiple Ty4-like families was discovered across the genomes of S. eubayanus. All

strains contain Tse4, therefore it is likely that this is the ancestral family in this species. However,

Tse4 is lost to recombination, mutation or disruption by other insertions in more than half of strains

surveyed (n=20). Figure 4.16 illustrates a copy of Tse4 in the Argentinian strain CRUB1971, dis-

rupted by more recent Tse1 insertions. Disruptions similar to this are also observed in a further

25% of strains (n=13).

Figure 4.16: Commonly observed disrupted state of Tse4 elements inS. eubayanus. Strain CRUB1971
contained nesting of insertions which was also similarly observed in other strains of S. eubayanus. The
internal Tse4 coding regions were free of mutations, suggesting that Tse1 transposition into the existing
Tse4 elements occurred relatively recently, as mutations had not had chance to accumulate.

Multiple partial and autonomous copies of Tse4 were recovered from NZ strain P1C1 and Ar-

gentinian strains. Interestingly, the only regions remaining in strain CRUB1977 are that of gag and

the associated 5’ LTR (n=7). Elements of two strains, CRUB1971 and yHCT92, contain putative

extra domains that share similarity with the COG3942 superfamily, a surface antigen protein (e

values 2.10e−04 and 4.76e−06, respectively).
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A high number of strains (n=17) also possess solo LTRs of Tsu4, the Ty4-like family of sister

species S. uvarum. This may be the result of the tendency for both species to share the same

habitat (Gayevskiy and Goddard, 2016), resulting in frequent hybridisation. The reference strain

contains two Tsu4 RT pseudogenes on chromosome XIV, but no full-length Tsu4 elements were

recovered from any surveyed strain.

Furthermore, evidence of the American Ty4 seen in S. paradoxus and S. cariocanus is also

present inS. eubayanus. This family is widespread, as all surveyed strains contained at least partial

LTRs, with >80% of strains containing a minimum of one solo LTR (n=28). LTRs of S. eubayanus

and S. paradoxus share >93% identity, differing primarily by a 12bp indel. The strain yHRVM108,

isolated in the USA, contains the highest copy number of this subfamily (n=127). However, due to

sequencing and assembly quality, and disruptions by later (usually Tse1) insertions, no American-

type FLEs are able to be extracted from any S. eubayanus strain. It therefore remains to be seen

if this family is still functional in this species as a whole.

Evidence of the European Ty4 is confined to Argentinian strain CRUB1971, in the shape of a

single solo LTR that possesses S. eubayanus flanking DNA. As flanking DNA from another species

would have strongly suggested the occurrence of introgression, it is therefore unclear as to where

this insertion originated.

4.10 S. uvarum

Unlike S. eubayanus, S. uvarum has been isolated worldwide (Sylvester et al., 2015). Despite the

large number of strains surveyed (n=51), little variability in Ty insertions is observed between the

genomes. The reference strain, MCYC623, contains the highest copy number and its genomic

fraction of insertions is double that of all other isolates (∼1.4%). The characteristics of families in

this species are displayed in Table 4.16.

Table 4.16: Characteristics of Ty families in S. uvarum.

Tsu1 is the only family to receive a significantly negative value of Tajima’s D, consistent with
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recent ancestry, which is also observed in the corresponding phylogenies of Chapter 5. The Amer-

ican type of Ty4 returned a positive value of D, possibly the result of further subdivision in Ty4.

4.10.1 Tsu1 is widespread across all populations of S. uvarum

A single copy of a FLE is present in multiple strains (n=12), which share >98% similarity. The

Argentinian strain, CRUB1784, lacks any evidence of coding regions, while only partial elements

are present in the remaining strains (n=36), possibly due to assembly quality. Strain-specific solo

insertions (n=27) show that this family has been active since the last common ancestor.

4.10.2 Ty5 and Ty3 are absent in S. uvarum

DNA flanking a single solo Ty5 LTR in the genomes of S. uvarum is shared with S. eubayanus

(Section4.9.2). As the state of Ty5 in S. uvarum strains is highly similar to that of S. eubayanus, it

is indicative that the loss of this family most likely occurred in their common ancestor.

Unlike S. eubayanus however, strains of S. uvarum contain partial Ty3-like LTR sequences, but

no evidence of coding regions. The loss of Ty3 inS. uvarum therefore likely occurred independently

to that of S. eubayanus. Potential partial LTR sequences were collected for phylogenetic analysis

(Chapter 5).

4.10.3 Tsu4 in S. uvarum differs from Tse4 in S. eubayanus

As in S. eubayanus, evidence of multiple Ty4-like families is present in strains of S. uvarum. The

reference strain MCYC623 contains three full-length Tsu4 elements, which differ from the Tse4

family of S. eubayanus (Figure 4.17). Further strains (n=28) contain a single FLE. Strain-specific

activity is evident (n=30 insertions), indicating that this family is likely still active in the populations

of S. uvarum. Only solo LTR evidence of S. eubayanus Tse4 is found across most strains (n=44),

therefore this “swapping” of families between the two species has not succeeded in the long-term

in either direction.

The American type of Ty4 observed in S. eubayanus, S. cariocanus and S. paradoxus is also

present in strains of S. uvarum isolated in the Americas only, supporting the hypothesis that this

subfamily is likely confined to the American continent. As in S. eubayanus however, due to se-

quencing and assembly quality, and disruptions by later Tsu1 insertions, no American-type FLEs
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Figure 4.17: Comparison of nucleotide coding regions of Tse4 and Tsu4. Sequences were aligned and
visualised with mVISTA (Frazer et al., 2004). The element in S. eubayanus CRUB1971 is compared with
canonical Tsu4 from reference strain of S. uvarum.

were extracted from any S. uvarum strain. It therefore remains to be seen if this family is still

functional in this species as a whole.
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4.11 The insertion preference of the Ty5 family into telomeric re-

gions is Saccharomyces-specific

The distance between chromosome ends and Ty5 insertion sites for all Saccharomyces species

was recorded during genome analysis. Ty5 has previously been documented to prefer insertion

sites within telomeric regions in S. cerevisiae (Kim et al., 1998) and S. paradoxus (Zou et al., 1996).

Figure 4.18 displays the insertion preference of Ty5 in all species of Saccharomyces, showing

that the preference is not limited to S. cerevisiae and S. paradoxus, but may be a family-specific

attribute.

Figure 4.18: Ty5 insertion site preference. The distances from chromosome ends of Ty5 insertions in all
Saccharomyces species is plotted onto a hypothetical chromosome in order to visualise insertion site pref-
erence. Both upper and lower edges of the hypothetical chromosome are utilised for clarity only. Horizontal
arrows represent full-length insertions, where as vertical arrows are representative of solo LTRs. The figure
is drawn to scale.

Conversely, insertion preferences are not observed in the families of any sensu lato species.

However, Saccharomyces assemblies are unusual in that most are constructed into chromosomes,

whereas this is not the case for the majority of sensu lato species surveyed in this study (data not

shown).
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4.12 Discussion

Few species of the Saccharomyces sensu stricto complex have previously been examined for Ty

content (Fingerman et al., 2003; Liti et al., 2005; Carr et al., 2012). Therefore, this chapter details

one of the first explorations of the genomes of previously unexplored Saccharomyces species. This

forms part of a broader analysis of Ty-like insertions in budding yeast, the RT and LTR sequences

of which provides the basis of the phylogenetic analyses of Chapter 5. This section discusses

briefly the findings of this chapter, while an in depth discussion of the evolutionary relationships

between the Ty elements of all surveyed species is presented at the end of Chapter 5.

A previous investigation into genomic Ty content depending on sequencing technique failed to

find a significant difference in S. cerevisiae (Bleykasten-Grosshans et al., 2013). However, in both

S. cerevisiae and S. paradoxus strains here, a significant difference was observed when genomes

were sequenced using Illumina and PacBio/Nanopore techniques. This may be due to the more

extensive custom library used when screening genomes, and the fact that individual strains, se-

quenced with both techniques, were directly compared, rather than the 41 strains sequenced by

one of two techniques as in the study by Bleykasten-Grosshans et al. (2013).

Differing genomic Ty content was also previously investigated in relation to strain source and

usage (Bleykasten-Grosshans et al., 2013). Analyses of individual strains of varying backgrounds

have also been conducted, with the result of wine and laboratory strains typically displaying the

highest Ty content (Lesage and Todeschini, 2005; Wei et al., 2007; Borneman et al., 2008; Argueso

et al., 2009; Fritsch et al., 2009; Novo et al., 2009; Bleykasten-Grosshans et al., 2013). Investi-

gations into a far larger dataset here identified significant differences between strains grouped by

usage and isolation source.

Hybridisation and the Ty1/2 superfamily

The Ty1/2 superfamily was present in all Saccharomyces species to varying degrees. A number

of new observations, such as variation in Ty1 3’ boundaries and alternative recombination points

in Ty1/2 of S. cerevisiae suggest that the superfamily is still structurally evolving. Furthermore,

the transposition of this family into the highly active Ty4 of S. cariocanus indicates there may be

multiple active families across the species.

To date, recombination between the elements of the Ty1/2 superfamily has only been observed

in S. cerevisiae (Jordan and McDonald, 1998; Carr et al., 2012). Despite the thorough analysis
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of insertions in all Saccharomyces species, evidence of recombination was not observed in the

elements of other species. Additional recombination breakpoints in S. cerevisiae were however

discovered, leading to the conclusion that breakpoints are not confined to particular regions of LTRs

as previously seen in the work of Jordan and McDonald (1998) and Carr et al. (2012). Recombi-

nation may occur ectopically between DNA sequences or during the complex template switching

event between RNAs in the VLP (Temin, 1991; Jordan and McDonald, 1998). Recombination may

therefore require elements of each subfamily to be active at the same time, in order for transporta-

tion to the VLP to occur. This may in part account for the lack of recombination in for example S.

mikatae, as it appears that the superfamily may be extinct in this species, and may not have been

active at the same time in the past. However, this is based purely on the sequenced genome of a

single strain, and may not reflect the state of this superfamily in the species as a whole. Similarly

in S. arboricola, Ty1 shows so little past activity that the chances of this undergoing recombination

with Ty2 are particularly low. Recombination has been observed between Ty1 and Ty2 in S. cere-

visiae most likely due to the high rates of activity in both of these subfamilies (Carr et al., 2012;

Kim et al., 1998).

Ty3 differs between species of Saccharomyces

The presence of Ty3p, a distinct yet homologous element to Ty3 of S. cerevisiae, was reported

in S. paradoxus by Fingerman et al. (2003). As expected, evidence of species-specific Ty3-like

families were discovered here in the remaining species of Saccharomyces. However, two species

contained evidence of multiple Ty3-like families: S. kudriavzevii and S. arboricola. The former ap-

pears to contain distinct copies of elements, one of which was more Ty3p-like, whereas population

isolation observed in S. arboricola, represented by Chinese and New Zealand strains, affects the

family of Ty3 by way of divergence between the two populations, which is not observed in other

species. However, unlike the other Ty families, Ty3 is predominantly absent in S. uvarum and S.

eubayanus.

Unexpected Ty4 activity

Rather than simply the presence of Ty families in Saccharomyces varying according to geograph-

ical origin (Liti et al., 2005; Bleykasten-Grosshans et al., 2013), the unusual case of the Ty4 family

recorded here was perhaps the result of sequence divergence or emergence of subtypes. Bergman
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(2018) independently reported the horizontal transfer of Tsu4 of S. uvarum into populations of S.

paradoxus and S. cariocanus. Although the work here supports the presence of a Tsu4-like family

in these species, conclusions drawn here differ from those offered by Bergman (2018). All Ty4-

like families share some degree of identity, yet the recent invader of American populations of S.

cerevisiae, S. paradoxus and S. cariocanus does not appear to be that of Tsu4 from S. uvarum

for a number of reasons. Firstly, multiple types of Ty4-like families were recovered from both S.

eubayanus (Section 4.9.3) and S. uvarum (Section 4.10.3). Unfortunately the potentially full-length

American type copies were unable to be extracted in full. Secondly, the American elements share

∼90% identity with those of Tsu4 (Figure 4.8), which is similar to the relationship between Ty1 of S.

cerevisiae and Ty1p of S. paradoxus. Thirdly, LTRs of Ty4A and Tsu4 only share identity towards

the 3’ boundary (Figure 4.8 B), yet Ty4A LTRs are present in S. eubayanus and S. uvarum along-

side their endogenous Tse4 and Tsu4, respectively. These reasons indicate that although the HT

event reported by Bergman (2018) is very likely to have occurred, it was unlikely to have involved

Tsu4, but instead the HT of a different subfamily of Ty4.

The divergence of Ty families into subtypes with population isolation has not previously been

reported in the species of Saccharomyces. Whereas the impact of insertions driving population

divergence is documented in a variety of organisms (e.g. Begin and Schoen, 2007; Senerchia

et al., 2015; Oppold et al., 2017), a review of the current literature revealed only two instances

of divergence of TEs with host population. Arabidopsis (Lockton et al., 2008; Lockton and Gaut,

2010) and Mediterranean grass show divergence in TE families, where polymorphisms are specific

to populations (Stritt et al., 2018). Lerat et al. (2003) found that retrotransposons are far less likely

to diverge than DNA transposons, indicating that both differing levels of selection and themethod of

transposition may affect their tendency to diverge. Divergence of TE families is possibly a method

by which insertions can escape deletion via LTR-LTR recombination of copies at differing sites

(Charlesworth and Langley, 1989; Petrov et al., 2003) and small RNA targeting in eukaryotes

(reviewed in Castillo and Moyle, 2012). Therefore, the divergence of Ty4 in this manner may well

be an alternative method of escaping genome defences, should this family be targeted in a similar

fashion to that of Ty1 (Tucker et al., 2015).
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Ty5

The extinction of Ty5 in the majority of Saccharomyces species has previously been attributed

to the age of this family (Neuvéglise et al., 2002), yet this does not fully explain its tendency for

stochastic loss. Enough insertions were present in these species to allow the insertion site pref-

erence of Ty5 to be surveyed however. While previously determined in S. cerevisiae and S. para-

doxus (Zou et al., 1995, 1996a,b), the work here provides evidence for the insertion site preference

of telomeres and heterochromatin as being Ty5 family-specific.

Insertion site preference of TE families is also observed in other species, such as the P and

Galileo elements of Drosophila (Spradling et al., 2011; Gonçalves et al., 2014) and Tos17 of Oryza

(Miyao et al., 2003). Location preference of Ty5 insertions in S. cerevisiae and S. paradoxus was

established in the 1990s (Zou et al., 1996a,b; Zou and Voytas, 1997; Ke et al., 1997; Xie et al.,

2001; Gai and Voytas, 1998), and now with increased data, the insertion preference across the

genus could be examined. It is now clear that this insertion site preference is Ty5 specific, and

only apparent in Saccharomyces species, as a preference was not observed in the sensu lato

species surveyed for the phylogenetic analyses of Chapter 5. However, this may be due in part to

the fact that few sensu lato species assemblies are completed to chromosome standard, meaning

the distance between telomere and insertion site was not always able to be determined.

4.13 Summary and conclusions

This chapter explores the genomic TE content of all available Saccharomyces genomes. While

some results are consistent with previous findings, new insights were gained into the effects of pop-

ulation isolation upon Ty families, including the division into subfamilies of varying activity levels. In

the preparation for the phylogenetic analyses of Chapter 5, the work here documents the first ex-

ploration of elements in S. eubayanus, S. uvarum and S. arboricola. These new genomes provide

evidence for the insertion site preference of Ty5 elements as family-specific, having predominantly

targeted telomeric regions before extinction.
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Chapter 5

Phylogenetic analysis of TEs in Saccharomyces sensu

lato and Saccharomycetaceae species

Studies concerning the TEs in and beyond Saccharomyces species typically focus upon small-

scale analyses of species such as S. cerevisiae (Kim et al., 1998; Carr et al., 2012; Bleykasten-

Grosshans et al., 2013), Schizosaccharomyces (Bowen et al., 2003; Rhind et al., 2011), Candida

(Goodwin and Poulter, 2000; Goodwin et al., 2003) and hAT transposons in Lachancea (Sarilar

et al., 2015). Neuvéglise et al. (2002) produced one of the first phylogenetic analyses of elements

in hemiascomycete yeasts, which surveyed the genomes of 13 species sequenced by the Génole-

vures Consortium (Souciet et al., 2000). Muszewska et al. (2011) expanded this to 49 genomes

of diverse fungal species available at the time, and more recently, a thorough investigation of

Ty1/copia elements in filamentous fungi was published by Donnart et al. (2017). A focussed up-

date of the elements within yeast is now required in order to utilise the data of recent large-scale

genome sequencing projects such as those of Riley et al. (2016) and Vakirlis et al. (2016), among

others.

The extent of the horizontal transfer (HT) of elements across species barriers has not been

elucidated. Most reports have so far been serendipitous findings, such as the mdg3 family in

Drosophila (Syomin et al., 2002). In yeast, Neuvéglise et al. (2002) identified the potential transfer

of a Ty1-like family into Lachancea, but could not identify the Saccharomyces source. Liti et al.

(2005) noted discrepancies in the distribution of Ty2, and suggested an event between S. cere-

visiae and S. mikatae, with S. cerevisiae later confirmed as the recipient (Carr et al., 2012). No

systematic screening for HT across yeast has been performed, which is the aim of this chapter.

Chapter 4 documents the collection of element sequences from Ty-like families in Saccha-

romyces species. TE sequences were also collected from all sensu lato species containing Ty-like

elements. In this chapter, two methods of phylogenetic analysis, Maximum Likelihood (ML) and
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Bayesian Inference (BI), are used to examine and establish the evolutionary relationships of the

Ty-like RT and LTR sequences, which also allow for a systematic screening for HT events to be

performed. The proportion of families that have undergone stochastic loss in the available data is

also recorded, and visualised by the presence of LTRs but not RT sequences in the corresponding

family trees. Finally, the potential histories of the Ty-like families are discussed, with a focus on

the elements in the Saccharomyces sensu stricto complex.

5.1 Background to RT and LTR Phylogenetics

5.1.1 Maximum Likelihood and Bayesian Inference

Two complementary methods of phylogenetic inference were chosen to conduct the analyses of

RT and LTR sequences, as correlation between the topologies of both ML (Felsenstein, 1985) and

BI (Rannala and Yang, 1996) provide far more confident conclusions than that of a single method.

ML relies upon bootstrapping (BP) to infer confidence, selecting themost probable tree topology

on the basis of the highest logarithmic likelihood scores, given the data and specified model of

evolution (Wiley and Lieberman, 2011). The Bayesian method combines the likelihood scores and

prior probabilities of a phylogeny to produce support values known as posterior probability (PP),

using the Markov chains Monte Carlo (MCMC) algorithm (Huelsenbeck et al., 2001). Trees are

created over generations and sampled at fixed intervals, with the best estimate of the phylogeny

possessing the highest PP (Yang and Rannala, 1997).

Both are highly conservative methods and allow for complex evolutionary models, but the boot-

strapping of ML is less susceptible to strongly supporting false topologies (Douady et al., 2003). In

contrast, the Bayesian method tends to inflate support (Rannala and Yang, 1996), but may provide

closer estimates of the true probabilities of clades (Wilcox et al., 2002). Support values are not

interchangeable or directly comparable (Table 5.1; Douady et al., 2003).

Table 5.1: Support value thresholds for ML andBImethods. The ranges considered for strong, moderate
and weak inference support determined for ML (Hillis and Bull, 1993) and BI (Rannala and Yang, 1996).
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In all trees, the ML topology was used as the basis of the phylogeny with added BI support

values. This was an aesthetic preference and to avoid the use of misleading trees, as artificial

branch-lengths for identical sequences are used by the BI methodology. Additionally, long-branch

attraction (LBA) is more apparent in phylogenies generated by BI. Discrepancies in inferred topolo-

gies between methods are highlighted and discussed.

5.1.2 RT data collection and construction of phylogenies

Each familial dataset of RT sequences was constructed with a combination of BLAST (pBLAST

and tBLASTn) searches and sequences from RepeatMasker output files with translation by Ex-

PASy Translate where applicable. Query sequences of 300 residues were used to compile RT

datasets of all available species possessing Ty-like elements. Sequences with clear null mutations

were identified as pseudogenes and excluded from analyses but were included if not truncated, or

the state of an element was unclear. RT sequences present in a pseudoelement, in which other

domains were the most likely reason the element was non-autonomous, were included. A Ty RT

query was initially used in searches to identify elements in other species with reasonable similarity.

With increasing phylogenetic distance from Saccharomyces species, elements were identified by a

combination of BLASTp and tBLASTn searches with translated RT query sequences from species

other than Saccharomyces. Coding regions of distantly related elements were also identified by

RepeatMasker screenings using both the custom library described here and the standard RepBase

fungi library.

In all families, sequences were included until a dramatic drop in e-value was reached (Table

5.2), signifying a lack of full-length RT domains or loss of similarity in the BLAST hits.

Table 5.2: e-value cut-off points for RT searches. The e-values and total number of species included in RT
phylogenies were recorded when using a query sequence from Saccharomyces elements. The sequences
from the most distantly related species were then used as a further query to ensure elements from species
were included where Saccharomyces failed to return hits.
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Furthermore, the phylogenetic placement of elements was established primarily with RT se-

quences, particularly when LTRs shared identity too low to produce reliable phylogenetic relation-

ships.

5.1.3 LTR data collection and construction of phylogenies

Full-length LTRs were used for phylogenies, with the exception of partial LTRs of potentially de-

graded families such as Ty3p detailed in the appropriate sections. Searches were performed with

a combination of BLAST searching all available species and genomes, and screening with Re-

peatMasker using a custom library and extracting hits from genomes. Canonical LTRs from each

element family in each species were added to the RepeatMasker custom library and genomes

screened an additional time to ensure all potential HT events and divergent LTRs were collected.

As the elements from most species could be reliably placed with RT sequences, their corre-

sponding LTRs were excluded from alignment if identity with other those of other species was poor

(Table 5.3). LTR trees allowed the evolutionary history to be estimated where coding regions were

lost or unreliably placed by RT, to confirm relationships proposed by the corresponding RT phy-

logeny and to highlight the existence of families in which coding regions had been stochastically

lost or unsuccessfully horizontally transferred. Additionally, this approach revealed the donor and

recipients that RT phylogenies alone could not identify.

E-value cut off points were not recorded for LTRs, as higher values were achieved by par-

tial LTRs that shared a higher nucleotide identity than more divergent full-length copies. An e-

value cut-off point that was too early would exclude full length LTRs but keep the partial LTRs that

would be unnecessary in these analyses. E-values also varied for each family in each species.

Family-specific alignments and RAxML phylogenies of LTR sequences in each species were vi-

sually inspected and dubious copies removed before being added to the main familial alignments.

Additionally, at least one preliminary version of each phylogeny was created with RAxML (rapid

bootstrap) to identify further questionable sequences before the final versions were created.

Although a BLAST search of all available strains of each species was conducted, only Saccha-

romyces Genome Resequencing Project (SGRP) sequences from S. cerevisiae and S. paradoxus

were used in phylogenies unless specified in each familial section. Sequences from S. cariocanus

were included in the phylogenies only when these insertions were unique to this species and not

shared with parental S. paradoxus.
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Table 5.3: Species with LTR sequences removed from final analysis. The sequences possessed poor
identity with those of other species, causing disruption of alignments and/or biologically implausible topolo-
gies in LTR phylogenies. *explored in separate trees and detailed in appropriate sections below.

5.1.4 Identifying horizontal transfer

TE phylogenies are often incongruent with those of their host species, indicating that vertical in-

heritance is not the only method by which elements are transmitted. Patchy distribution of families

commonly observed across genera can be explained only in part by stochastic loss, by either LTR-

LTR recombination or the mutation of coding regions. Divergence of families in an ancestor can

also cause incongruence in phylogenies (Silva et al., 2004; Wallau et al., 2012). While studying the

P element in Drosophila, Daniels et al. (1990) established that HT was the mechanism by which

TEs were able to cross reproductive species barriers. HT allows TE families to escape the almost

inevitable extinction of confinement in their original hosts, increasing their likelihood of survival in

new genomes. Figure 5.1 illustrates the way in which potential HT events were identified in both

RT and LTR phylogenies.

Highly similar, shared short-branched sequences in RT trees, incongruent with host species

phylogenies, are indicative of HT, but are unlikely to reveal the direction of transfer (Figure 5.1 A).

Corresponding LTR phylogenies can however reveal the direction, as the sequences of the recipi-

ent typically nest within those of the donor (Figure 5.1 B). Single LTRs nested in the sequences of

another species, unless part of a full-length element (FLE), were counted as a single unsuccessful

transfer. Propagation in a new species was counted as a single successful transfer, unless the
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Figure 5.1: Illustration of potential horizontal transfer in phylogenies. Possible HT events in RT (A)
and LTR (B) phylogenies were identifiable where relationships were incongruent with those of their host
species. In these examples, highly similar RT sequences indicated a potential HT event (A) with the direction
confirmed with species 2 as the recipient, as LTR sequences were nested within those of donor species 1
(B).

lineage had become extinct. Additionally, nucleotide diversity and branch lengths are both charac-

teristically greater in the donor, as lower nucleotide diversity, shorter terminal branch lengths and

lack of fixed copies in comparison to other families are all indicative of a more recent invasion of

the recipient genome (Carr et al., 2012). Patchy distribution resulting in a family’s presence in only

one of two sister species can also suggest HT, such as S. paradoxus predominantly lacking Ty2,

whereas both sister species S. cerevisiae (recipient) and S. mikatae (donor) possess it (Liti et al.,

2005).

Although both RT and LTR sequences could indicate possible HT, the successful:unsuccessful

HT event ratio was determined ultimately by LTRs, as they signify both extinction and propagation

in the new genome. Table 5.4 displays potential HT events documented throughout phylogenetic

analysis, and relationships are detailed in the familial sections below, alongside RT and LTR phy-

logenies.

5.1.5 Tajima’s D and phylogenetics estimate recent evolutionary history

Tajima’s D test was performed on familial alignments in each species. Those that possessed

a significant result are displayed in Table 5.5. The full tables of characteristics are located in

Appendix P.

Employing Tajima’s test in this way can identify those family possessing the signature of recent

transposition activity (Maside et al., 2003; Sánchez-Gracia et al., 2005; Bartolome et al., 2009; Carr

et al., 2012; Carr and Suga, 2014). In all cases, Tajima’s D results were evaluated using corre-

sponding phylogenies. Families whose elements have a recent common ancestry and nucleotide

variants at a low frequency may return negative values of D. While the majority of families (80%)
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Table 5.4: Species involved in HT of TE families. A comprehensive list of the donor and recipient yeast
species involved in potential HT events for each family, and figure(s) in which the event was identified.

Table 5.5: TE families possessing a significant value of Tajima’s D.

do indeed possess a negative value of D, only those in Table 5.5 are significantly so (14%). Fam-

ilies whose elements have recently transposed are expected to display short terminal branches

as copies have not had time to accumulate mutations. Therefore, identical copies of elements

are strong evidence for recent transposition. Older insertions present as long-branched termini as

mutations have had time to accumulate.

Additionally, 6% of families possess positive values of D, with Tnkg5 of Nk. glabrata the only
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family to be significantly so. However, insignificant values or those close to zero are likely indicative

of families evolving neutrally, or that conflicting signals of multiple lineages and recent ancestry

caused this clouding of signal.

5.2 Ty1/2 superfamily phylogenies

Ty1 and Ty2 were named as they were discovered in S. cerevisiae, and form a Ty1/2 superfamily

due to high similarity between the elements and their subfamilies, with a propensity to undergo

recombination within LTRs to form hybrid elements (Kim et al., 1998; Jordan and McDonald, 1998).

A minority of species within and beyond the Saccharomyces sensu stricto complex contain Ty1-like

subfamilies, but most possess a single representative of a Ty1-like family. Table 5.6 summarises

the potential HT events and stochastic losses observed in the Ty1/2 superfamily.

Table 5.6: Potential HT events and stochastic loss in the Ty1/2 superfamily. The number of HT events
in RT and LTR phylogenies were counted as detailed in Section 5.1.4 and Figure 5.1. HT success was
determined by LTRs, i.e. if elements propagated and contained coding regions. For stochastic loss, sub-
families were counted as part of the same family outside sensu stricto species unless clear distinctions were
made, e.g. Ty1-like families in L. waltii and K. marxianus. Stochastic loss is recorded as the proportion of
lost:autonomous families.

5.2.1 Ty1/2 superfamily RT phylogeny

Figure 5.2 displays the Ty1/2 RT phylogeny of sequences collected from 30 species, which is

rooted with S. cerevisiae Ty4. The Saccharomyces branch is collapsed in order to better visualise

the tree; the boxed region encompasses the sequences within these clades. BI and ML topologies

were relatively consistent, excluding discrepancies in the Lachancea clade and KNTV group which

ae discussed below. Two Lachancea sequences from Ty1/copia pseudoelements of undetermined

identity (L. waltii and L. quebecensis) clustered with the outgroup sequence (S. cerevisiae Ty4) and

so were removed from the final phylogeny.

The Ty1/2 RT phylogeny reflects that of the host species outside of the Saccharomyces branch.

For example, the basal position is assumed by sequences from the Lachancea clade (n=7), but

maximally supported by BI only (<70%mlBP; 1.0biPP). Within this clade however, the monophyly
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of the group was recovered with strong ML support (90%mlBP; 0.82biPP), but neither method was

able to resolve the internal branches.

The position of Kluyveromyces RT sequences next to diverge is in line with vertical inheritance

within hosts. The remaining sequences, excluding the position of Vanderwaltozyma polyspora RT,

also reflect the species phylogeny. However, the position of V. polyspora RT, plus the majority of

internal branches, are unsupported by both methods. There are discrepancies regarding place-

ment of sequences within the KNTV group, depending on inference method. BI topology forms two

sister relationships with high to strong support: one between N. dairenensis Tnd2 and K. africana

and a second between K. exigua and K. saulgeensis RT sequences. ML corroborates only the K.

exigua and K. saulgeensis relationship (97%mlBP).

TheSaccharomyces clade (Figure 5.2, inset) forms twomain sister groups: Ty1-like (containing

Tsu1) and Ty2-like, with maximum support from both ML and BI. RT sequences from S. eubayanus,

S. uvarum and S. kudriavzevii differentiate into their own Ty1-like cluster (68%mlBP; 0.99biPP),

named Tsu1 for clarity. The relationships within the Tsu1 clade are all very high to maximally

supported by both methods (88-93%mlBP; 0.99-1.0biPP, respectively).

Ty2 sequences found in S. cerevisiae, S. mikatae, S. arboricola and a Hawaiian isolate of

S. paradoxus (UWOPS91-917.1) cluster together, with two HT events a possibility: between S.

mikatae and S. arboricola (<50%mlBP; 0.90biPP) and S. cerevisiae and S. paradoxus (<70%mlBP;

0.96biPP).

Within themain Ty1-like clade, three Lachancea sequences cluster withSaccharomyces, rather

than the remaining Lachancea sequences. RT sequences from L. fermentati and L. kluyveri cluster

together (76%mlBP; 1.0biPP) as a sister group to the other Ty1 sequences (<50%mlBP; 0.99biPP).

The short branch lengths and close relationship between these sequences are suggestive of an

HT event as these species are actually distantly related. Surprisingly, an additional sequence

from L. waltii shares a branch with a S. paradoxus sequence, also with very high to maximum sup-

port (93%mlBP; 1.0biPP), a strong indication of HT. Similarly, the second S. paradoxus sequence

shares a branch with S. cariocanus (98%mlBP; 1.0biPP). Given their parental and subspecies rela-

tionship, this is indicative of vertical inheritance rather than HT. Collectively, these are designated

Ty1p, to which S. cerevisiae Ty1 RT forms the outgroup (83%mlBP; 1.0biPP).
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5.2.2 Multiple HT events in the Ty1/2 superfamily LTR phylogeny

Figure 5.3 displays the Ty1/2 LTR phylogeny of Saccharomyces species, along with sequences

from three Lachancea species and N. castellii, which share identity with Ty1/2. An LTR phylogeny

containing sequences from all available species was originally produced, with LTRs from L. dasien-

sis selected as the outgroup as these LTRs were the most diverged within the alignment upon

visual inspection. Due to the biologically implausible placement of a number of species on long

branches, they were removed in order to improve tree topology (Table 5.3). Figure 5.3 may there-

fore be the most plausible evolutionary history, given the available data. The separate phylogenies

of Kazachstania, Kluyveromyces and Lachancea are described separately in Sections 5.2.4-5.2.6.

Additionally, those families listed in Table 5.5 and Saccharomyces families (S. cerevisiae, S. para-

doxus, S. arboricola and S. uvarum; Chapter 4) all display recent common ancestry and activity

by way of short terminal branches, reflecting the results of the Tajima’s D tests (data for Ty1-like

families of Tetrapisispora blattae, T. phaffii and Torluaspora delphensis not shown due to lack of

shared identity).

The Ty1/2 RT and LTR trees share some similarities, strengthening relationships and possible

HT events suggested by the RT phylogeny. Ty1 and Ty2 RT sequences share a sister relation-

ship (Figure 5.2), the divergence of which may have occurred in a S. mikatae ancestor (Figure

5.4). Regardless of the size of the alignment and number of species analysed, the sequences

of S. mikatae Ty2 were consistently placed as a subgroup to Ty1 sequences, suggesting that the

divergence into the distinct Ty2 element may have taken place in its ancestor. In addition to the

HT event of Ty2 from S. mikatae into S. cerevisiae (Carr et al., 2012), S. arboricola appears to be a

further recipient, determined by the ML method only. The BI topology places S. mikatae Ty2 within

S. arboricola Ty2 sequences, with S. mikatae Ty1 a further descendant. Despite both methods

producing poor support values (<50%mlBP; <0.5biPP), the BI topology is implausible due to the

greater age of Ty1 (Kim et al., 1998). Additional Ty2 transfers from S. cerevisiae into Hawaiian

strain UWOPS91-917.1 of S. paradoxusmay have failed, as these were solo LTRs and partial relic

elements upon inspection (detailed in Chapter 4).

S. cerevisiae Ty1 contains a number of possible HT events into S. paradoxus (n=10), two

of which are associated with FLEs. Although this transfer does not appear to be reciprocal, S.

paradoxus appears to have donated elements to S. arboricola (n=2) which have since become

solo LTRs. In all cases, the flanking DNA is that of the recipient host, indicating that transposition
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Figure 5.3: Ty1/2 superfamily LTR phylogeny. The tree is based upon an alignment of 388 nucleotide
positions and rooted with S. eubayanus and S. uvarum sequences. Layout and labels are as in Figure 5.2.
LTRs in S. mikatae are explored in more detail in Figure 5.4. The boxed area of the phylogeny is magnified
at the top right of the figure. The positioning of sequences from the subfamily Ty1v, described in Chapter 4
are also highlighted.

occurred since the HT event.

It was interesting to note that with the exception of a single S. eubayanus solo LTR sequence

positioned within S. paradoxus Ty1, the families of S. eubayanus, S. uvarum and S. kudriavzevii

are completely isolated, lacking infiltrations of elements from other species.
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Additionally, S. cerevisiae Ty1-like LTRs discovered in N. castellii fall within L. kluyveri se-

quences, rather than the expected donor of a Saccharomyces species. Figure 5.3 shows that three

Lachancea species, as seen in the RT phylogeny (Figure 5.2), contain the corresponding LTRs of

Ty1-like elements. The sister relationship of L. fermentati and L. kluyveri elements (100%mlBP;

1.0biPP) shared an ancestor with Saccharomyces Ty1-like elements, after the divergence of the

family in S. kudriavzevii (82%mlBP; 0.91biPP). The positions of L. waltii LTRs within S. paradoxus

sequences (n=19) strongly support the suggestion of HT by the RT phylogeny. The relationships

between the LTRs of the remaining Lachancea species are displayed in Section 5.2.5.

5.2.3 S. mikatae LTRs suggest a potential point of divergence for Ty2

A separate phylogeny of S. mikatae LTR sequences was produced in order to establish the rela-

tionship between Ty1-2 and long-branched sequences (Figure 5.4).

Figure 5.4: Ty1-2 LTR phylogeny of sequences in S. mikatae. The tree is rooted with S. eubayanus
sequence, as sequences from any other species tended to cluster with the long-branched solo S. mikatae
sequences. Areas of LTRs associated with FLEs are boxed in red. Layout and labels are as in Figure 5.2.

Despite aligning the sequences with those of other species in turn, alternative topologies, al-

though consistently poorly supported, could not be achieved. The long-branched S. mikatae se-

quences caused disruption to a preliminary version of Figure 5.3, clustering with S. cerevisiae Ty1
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and assuming an implausible root. This was likely a reflection of the age of these sequences,

interfering with the phylogenetic signal. Separately however, they form a sister group to both the

current Ty1 and Ty2 families in S. mikatae (Figure 5.4).

As in S. cerevisiae, differentiation of Ty1-2 sequences in S. mikatae could only reliably be

achieved in the LTR phylogeny, rather than in an alignment. Ty2 appears to diverge from a Ty1-

like ancestor, before its subsequent transfer to other species.

5.2.4 Kazachstania Ty1-like LTRs display vertical inheritance

Figure 5.5 displays the Kazachstania LTR sequences that were excluded from the main Ty1/2

phylogeny due to low shared identity.

Figure 5.5: LTR phylogeny of Kazachstania Ty1-like sequences. The tree is based upon an alignment
of 352 nucleotide positions and rooted with sequences of K. naganishii. Layout and labels are as in Figure
5.2. Red boxes indicate LTRs associated with FLEs.

The relationships between the sequences reflect both the RT phylogeny, with the elements

of K. naganishii as more distantly related, and the species tree, in that the Ty1-like family was

likely vertically inherited, based upon the data available. Sequences from K. naganishii split into

two sublineages, both of which contain LTRs associated with FLEs. The full dataset of LTRs was
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not available from K. exigua, as its genome was not fully sequenced. Whereas ML placed these

sequences within those of K. saulgeensis (<50%mlBP), BI’s positioning as the sister group was

more likely (1.0biPP), due to the negligible ML support. All species show evidence of recent activity

in their elements by the way of short-branched sequences.

5.2.5 LTRs in the Lachancea Ty1/2 superfamily split into two clades

The only Ty1/copia elements of L. fermentati and L. kluyveri are Ty1-like families, whereas the

other Lachancea species instead contain elements from a Lachancea-specific clade (Figure 5.6).

L. waltii is unusual in that it is the only species to contain sequences in both Saccharomyces-

like and Lachancea-specific clades. Sequences were extracted from up to three Ty1-like families,

depending on the host strain’s geographical origin: endogenous Tlw1-2 are present across the

species, with Ty1p confined to European strains, likely gained as a S. paradoxus ancestral ele-

ment (Figures 5.2 and 5.3). Aside from those in L. waltii, sequences from Lachancea species are

confined to only one of the two clades, which is not observed in the elements of any other species.

Evidence of Lachancea-like families, rather than Saccharomyces-like, is not observed in L. kluyveri

and L. fermentati.

In Figure 5.6, the divide between the Saccharomyces-like and endogenous Lachancea families

is maximally supported by both methods. In the Lachancea clade, L. dasiensis forms the basal po-

sition, leaving the sequences of L. thermotolerans and L. waltii to form sister groups (100%mlBP;

1.0biPP). As the host species also share a sister relationship, the LTRs show evidence of vertical

inheritance which is also seen in the RT phylogeny (Figure 5.2). Nested within the sequences of

L. thermotolerans are those of L. quebecensis, poorly supported by both methods (<50%mlBP;

<0.5biPP) but likely the result of vertical inheritance. The sequences of all species display older

activity in long-branched clades together with shorter branches, consistent with more recent activ-

ity.

In the Saccharomyces-like clade, sequences from L. fermentati and Ty1p of L. waltii are nested

within those of L. kluyveri, likely the result of the extensive copy number in the latter species caus-

ing the disruption of the phylogenetic signal and implausible placement by the inference methods.

As seen previously in Figure 5.3, L. kluyveri and L. fermentati families were likely gained as a Sac-

charomyces-like ancestral element, while L. waltii received Ty1p more recently, perhaps directly

from S. paradoxus.
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Figure 5.7: LTR phylogeny of the two main endogenous families, Tlw1-2, in L. waltii. The tree is based
upon an alignment of 399 nucleotide positions and rooted with sequences of L. thermotolerans. Red boxes
indicate LTR sequences associated with FLEs. Layout and labels are as in Figure 5.2.

The exact relationship between Tlw1 and Tlw2 in L. waltii is unclear in Figure 5.6 – ML de-

termined the two as closely related sister groups but with poor support (<50%mlBP), whereas BI

placed the long-branched clade of sequences between Tlw1 and Tlw2, distancing the separation

(0.76biPP). As the long-branched sequences clustering together is likely the result of long-branch

attraction acting upon the BI topology in particular, the L. waltii sequences were further analysed

alone in order to establish the relationship between the two major families in this species (Figure

5.7). Sequences of the two main families in L. waltii form maximally supported sister groups, with

only Tlw1 diverging from the long-branched ancestral sequences. The active Tlw2 family contains

autonomous FLEs, whereas only pseudoelements remain in the likely older family of Tlw1. The

copy numbers of solo LTRs also vary in each subfamily (n=40 Tlw1; n=27 Tlw2). Although the

relationship is reminiscent of that seen between Ty1-2 in S. mikatae, Tlw1-2 in L. waltii are unlikely

to be subfamilies, and instead share a more distant (and now unidentified) ancestor. Alternatively,
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the possibility that Tlw2 was gained from an unknown source cannot be discounted.

5.2.6 Kluyveromyces Ty1-like family

Figure 5.8 displays the LTR phylogeny of Ty1-like sequences in the Kluyveromyces genus, which

excludes the sequences of the Tkm2 family of K. marxianus due to poor shared identity. The

phylogeny suggests that the relationship between elements in these species is that of vertical

inheritance. The species K. marxianus and K. wickerhamii are themselves the most distantly re-

lated, which is also reflected in the positioning of their LTRs. K. dobzhanskii and K. lactis LTRs

are more closely related, likely a result of their host species possessing a sister relationship. The

additional long-branched LTR of K. wickerhamii placed within K. lactis sequences is more than

likely misplaced, with no support for this position (<50%mlBP; <0.5biPP).

Figure 5.8: Ty1-like LTR phylogeny of sequences in Kluyveromyces species. The tree is generated
using an alignment of 396 nucleotide positions and rooted with sequences of K. marxianus Tkm1. K. marxi-
anus Tkm2 LTRs were excluded due to poor identity, resulting in an unreliable alignment. Layout and labels
are as in Figure 5.2. Red boxes indicate LTRs associated with FLEs.
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5.3 Ty3/gypsy phylogenies

As one of the most widely distributed families, Ty3-like elements are present in most surveyed

species. Table 5.7 summarises the potential HT events and stochastic losses observed in the

Ty3/gypsy family.

Table 5.7: Potential HT events and stochastic loss in the Ty3 family. Stochastic loss and the occurrence
of HT events in RT and LTR phylogenies were counted as in Table 5.6. *families possessed by Sz. japonicus
were not counted towards stochastic loss as the state of most families could not be confidently determined.

5.3.1 Two Ty3/gypsy lineages in the RT phylogenies

Due to the wide distribution of Ty3/gypsy elements, RT sequences were collected from species

beyond sensu lato species, to allow the position within fungal sequences to be examined (Figure

5.9). RT sequences are well conserved, considering the diversity of species surveyed.

Upon construction of the Ty3/gypsy phylogeny, it became apparent that twomain lineages form,

which were assigned the names Ty3A and Ty3B (see also Figure 5.10). The split between species

does not coincide with the whole genome duplication (WGD) event and instead, inheritance and

loss of the lineages are complex. Within the Ty3A lineage are the RT sequences from post-WGD

species of Saccharomyces, Torulaspora, Tetrapisispora and Vanderwaltozyma, plus the pre-WGD

Eremothecium, Lachancea and Kluyveromyces species. Given the currently available data, K.

africana is the only Kazachstania species to possess the Ty3A lineage, whereas the remaining

species possess Ty3B. Species from Nakaseomyces, the sister group to Saccharomyces, also

possess Ty3B which is present in the minority of sensu lato species. Interestingly, N. dairenensis

possesses elements from both lineages, but its sister species N. castellii only contains evidence

of Ty3B. Schizosaccharomyces japonicus contains RT sequences that fall within the Ty3B lineage

(n=7) but the remaining sequences and those of the other Schizosaccharomyces species fall fur-

ther from both Ty3A and Ty3B. Relationships within this genus are explored in Section 5.3.4.

RT sequences from Wickerhamomyces species were initially included Figure 5.9, but as they

placed on long branches, they were found to be too distantly related to even Schizosaccharomyces

sequences to be phylogenetically informative. In a preliminary version of the phylogeny containing
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105 RT sequences, those fromWickerhamomyces assumed the strongly supported basal position,

indicating a far more ancient divergence for the elements in this genus (data not shown).

The relationship between the RT sequences of Talaromyces stipitatus and an undesignated

element from Schizosaccharomyces japonicusmost likely displays convergent evolution due to the

branch lengths, but an ancient HT event cannot be discounted. The pairings of sequences from

Nk. glabrata and Nk. delphensis, and C. albicans and C. maltosa follow the vertical inheritance

of these two groups of species and are therefore not indicative of HT. Two Ty3/gypsy sequences

were extracted from V. polyspora and C. albicans strains: Ty3-like and Tca3. The Tca3 sequences

formed the outgroup to the entire phylogeny (data not shown) and so were excluded from Figure

5.9, whereas the Ty3-like sequences fell within Ty3A and Ty3B, respectively.

Those close relationships of sensu lato sequences are detailed in Figure 5.10. Three potential

HT events are suggested by this phylogeny: between elements of S. kudriavzevii andS. paradoxus

(<70%mlBP; 0.75biPP); S. cerevisiae and S. mikatae (95%mlBP; 0.95biPP) and potentially an

older event between E. coryli and E. cymbalariae (90%mlBP; 1.0biPP), as each of these pairings

differ from their respective host species phylogenies. Additionally, vertical inheritance is observed

between elements in the pairings of sister species E. gossypii and E. aceri, and Nk. glabrata and

Nk. delphensis. Excluding the unsupported position of T. delbrueckii RT in Ty3A, the topology

of this clade in Figure 5.10 predominantly follows that of the species phylogeny. The distinction

between elements of Ty3A and Ty3B clades in closely related species, such as Saccharomyces

and Nakaseomyces, suggests a complex evolutionary history of this family.

Beyond those in Schizosaccharomyces (section 5.3.4), RTs from Saccharomyces and Ere-

mothecium are the only relatively short-branched sequences, indicating recent activity and/or a

closer common ancestor of the elements in those genera, with the remaining species’ element

sequences placed upon far longer branches, representing far more ancient divergences and dis-

tancing from the elements of other species.

5.3.2 Unclear relationships between sensu lato Ty3/gypsy LTRs

The topology of Figure 5.11 is unsupported by both methods, and few comparisons could be made

with that of RT trees. Additionally, the BI topology is unresolved, with sequences branching from a

single internal node in a pectinate-like formation. Due to the diversity of LTRs, a number of species’

sequences were not included in the LTR phylogeny due to biologically implausible placements
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(n=10; Table 5.3). The phylogeny was also split due to the impracticality of such a large number

of sequences: Figure 5.11 contains LTRs from all sensu lato species able to be aligned, with close

relationships detailed in Figure 5.12. A tree of Saccharomyces sensu stricto species is displayed

in Figure 5.13 (Section 5.3.3). The Ty3/gypsy LTR sequences of T. blattae are all short-branched,

Figure 5.11: Phylogeny of Ty3/gypsy LTR sequences in yeast species. The tree is based upon an
alignment of 473 nucleotide positions and rooted with sequences fromE. coryli andE. cymbalariae. Potential
HT events in were detailed in Figure 5.12. The Saccharomyces phylogeny was collapsed due to space
limitations and so displayed separately in Figure 5.13. Layout and labels are as in Figure 5.2.

indicative of a relatively young family displaying recent ancestry and recombination of elements



150
Chapter 5. Phylogenetic analysis of TEs in Saccharomyces sensu lato and

Saccharomycetaceae species

resulting in solo LTRs (n=88), alongside the four FLEs in this species. This is also indicated by the

significantly negative value of Tajima’s D for this family (Table 5.5). In contrast are the small clades

of sequences in E. aceri and E. sinecaudum. Although relatively short-branched, the LTRs of these

elements are remnants of extinct families, suggesting that the families underwent only a small

burst of activity before they were lost in their host species. Similarly observed in K. aestuarii, L.

waltii and L. lanzarotensis, little activity is evidenced by low frequency insertions. Unlike the extinct

elements ofEremothecium and L. lanzarotensis however, the Ty3/gypsy families inK. aestuarii and

L. waltii consist of autonomous copies with low levels of activity. A number of sister relationships

are observed in Figure 5.11, including that of Schizosaccharomyces japonicus Tj7 and LTRs from

Sz. cryophilus Tcry2-4 which echo that of the RT sequences (detailed in Section 5.3.4). A further

sister relationship is observed between the sequences of N. dairenensis Tnd3s and K. naganishii,

reflecting that of the sequences in the RT phylogeny, suggesting that the entirety of the elements

share identity despite diverging in an ancient ancestor. The LTR sequences of the more distantly

related N. dairenensis family, Tnd3, were not included in the final phylogeny due to poor identity

(Table 5.3).

The nesting of sequences of one species within those of another may be indicative of HT if the

relationship between elements differs to that of the species phylogeny. Figure 5.12 illustrates these

nested relationships in the sequences of Naumovozyma (A), Lachancea (B) and Eremothecium

(C) species. Prior to the extinction of the Tnc3 family in N. dairenensis, it appears that the family

may have been transferred into N. castellii, which went on to successfully transpose (Figure 5.12

A). The position of the recipient sequences is however strongly supported by ML only (97%mlBP;

<0.7biPP).

A further nesting relationship in Figure 5.11 is that between three Lachancea species: L. que-

becensis, L. thermotolerans and L. fermentati (detailed in Figure 5.12 B). However, the former

two species are closely related and so their respective elements likely follow that of vertical in-

heritance rather than HT. L. fermentati sequences are more distantly related, the long-branched,

unsupported placement of which is likely incorrect and not indicative of HT. This shows that each

relationship must be individually evaluated before concluding that elements have undergone HT.

Finally, the nesting of E. cymbalariae LTRs within E. coryli sequences (Figure 5.12 C) support

the possible older HT event observed in the RT phylogeny. Neither method provides support

for these positions however. The LTR sequences of these two species are the only evidence of
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Figure 5.12: Ty3-like LTR sequences illustrating nested sequences. Relationships such as these must
be individually examined for evidence of potential HT. A: N. dairenensis (now present as solos and therefore
extinct) into N. castellii (functional FLEs); B: Lachancea LTRs; C: Eremothecium LTRs. Layout and labels
are as in Figure 5.2. The significantly negative values of Tajima’s D (Table 5.5) generated by N. castellii
(A) and L. thermotolerans (B) LTR alignments are consistent with recent ancestry, as also seen in the short
terminal branches of these sequences.

relatively extensive past activity in the Eremothecium genus.

5.3.3 Well-supported relationships between the Ty3 LTRs of sensu stricto species

Relationships between Ty3 LTRs in Saccharomyces species are displayed in Figure 5.13. The

species fall into a series of sister relationships: between S. arboricola group 1 and S. kudriavzevii,

which is maximally supported by both methods, and the placement of S. arboricola group 2 with

S. paradoxus sequences as very high to maximum (81%mlBP; 1.0biPP). The positioning of S.
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mikatae and S. cerevisiae is supported by ML only (96%mlBP), but likely correct, as BI places S.

mikatae as the outgroup to S. paradoxus and S. arboricola group 2 sequences with less reliable

support (<0.7biPP).

Figure 5.13: Ty3 phylogeny of LTR sequences fromSaccharomyces species. The tree is based upon an
alignment of 367 nucleotide positions and rooted with S. kudriavzevii and S. arboricola sequences. Layout
and labels are as in Figure 5.2. S. cerevisiae, S. paradoxus, S. kudriavzevii (Ty3p) and S. mikatae all
possessed short terminal branched sequences, supporting the Tajima’s D results of significantly negative
values (Chapter 4) consistent with recent ancestry and possible activity.

Partial Ty3p sequences fromS. cerevisiaewere excluded from the final tree as Carr et al. (2012)

previously demonstrated the likely relationship between this extinct family and the donor S. para-

doxus sequences. The potential Ty3 sequence from S. eubayanus (Chapter 4) was also excluded

from the alignment due to poor shared identity. Seemingly partial Ty3-like LTR sequences in S.
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eubayanus and S. uvarum were aligned with those of other species to ascertain as to whether an

event similar to the extinction of Ty3p has occurred in these species as it has in S. cerevisiae. How-

ever, the partial sequences formed a clade with zero support away from the sequences of the other

species (data not shown as the potential LTR from chrIV was long-branched in comparison to the

other species and clustered with the partial sequences). It was therefore concluded that although

S. eubayanus contains evidence of degraded coding regions, if LTRs remain within the genome,

lack of identity with those of other species prevent them from being identified and phylogenetically

analysed.

The endogenous Ty3 family in S. kudriavzevii consists of solo LTRs and presents as a clade of

long-branched sequences. Ty3p is also present in S. kudriavzevii (70%mlBP; 1.0biPP), seemingly

a result of a successful HT from a S. paradoxus source. S. paradoxus itself contains solo LTR

evidence of failed HT events from S. cerevisiae (n=2). Unique S. cariocanus LTRs were identified

(n=3), one of which was apparently donated by S. cerevisiae as a FLE but has since undergone

LTR-LTR recombination and is now present as a solo LTR. The unique LTRs nested within the S.

paradoxus sequences are evidence of Ty3 activity since the divergence of S. cariocanus, and a

single solo LTR in L. waltii, representative of a further unsuccessful HT event.

5.3.4 Complex relationships between Ty3/gypsy families ofSchizosaccharomyces

Figures 5.14 and 5.15 display RT and LTR phylogenies of sequences in Schizosaccharomyces

species, respectively.

Phylogenetic relationships of RT sequences in Sz. japonicus are similar to those reported by

Rhind et al. (2011) but as the authors noted the presence of fewer Ty3/gypsy families (n=10),

Figure 5.14 contains the additional families discovered here (n=4). With the exception of Tj7, all

families in Sz. japonicus are represented by a minimum of two RT sequences, which indicates

previous activity of the elements in each family. Additionally, the clades of Tj3 and Tj9 were not

fully resolved by either method. Little variation was observed between topologies suggested by ML

and BI, with strong support consistent throughout the majority of internal branches. As in Figure

5.9, RT sequences of Schizosaccharomyces split into two main clades, with the one more closely

related to Ty3 of S. cerevisiae containing the majority of sequences from Sz. japonicus (n=23).

The remaining sequences of this species (n=15) along with RT sequences from sister species Sz.

cryophilus and Sz. pombe fall into the second clade. The RT sequences of Tf1 and Tf2 in Sz.
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pombe are identical, observed previously by Rhind et al. (2011). Interestingly, this is mirrored in

the RT sequences of Tcry1-2 in Sz. cryophilus, which was not recorded by Rhind et al. (2011), as

the authors failed to identify families beyond Tcry1.

The LTR sequences of three families (Tj7, Tj9-10) in Sz. japonicus are included in the phy-

logeny of Figure 5.15. The LTRs of the remaining families lack nucleotide identity with those in-

cluded in the figure, causing the alignment to become unreliable. The Tj7 family possesses only

one FLE but has been active as evidenced by multiple solo LTRs (n=13). Tj9 appears to be a

relatively young, active family with short-branched LTRs (n=16). With the fewest sequences, Tj10

is the least active family (n=5). An alignment of Tj3 sequences returned a significantly negative

value of Tajima’s D (Table 5.5), a phylogeny of which form a clade with short terminal branches

(data not shown).

The close relationships of RT sequences in Sz. cryophilus are reflected in their correspond-

ing LTRs. Tcry3 LTRs (n=3) are nested within those of Tcry2, but with no support (<50%mlBP;

<0.5biPP). The single copy of Tcry4 is degenerate and additional solo LTR copies (n=5) attest

to previous activity of this family, reflected in its long-branched sequences. Tcry2 contains mul-

tiple lineages which are strong to maximally supported (99%mlBP; 1.0biPP), with long-branched

sequences consistent with older activity as well as regions of short-branched, highly similar se-

quences indicating far more recent activity within this family. Tcry1 also contains the relatively

long-branched sequences of past activity (n=6). Despite Tcry1-2 possessing identical RT se-

quences, their LTRs display a far more distant relationship, which is also observed in the LTRs

of Tf1-2 in Sz. pombe. The elements of this species display more extensive activity than those of

its sister species, with Tf1 (n=20) and Tf2 (n=18) maintaining similar numbers of short-branched

sequences. Despite the separation of Tf2 into two sublineages, this family possesses a signifi-

cantly negative value of Tajima’s D, which is consistent with recent ancestry and activity illustrated

by short terminal branches. The long-branched sequences in both of these families illustrate past

activity and subsequent degradation of solo LTRs.

The topologies of the RT and LTR phylogenies share similarities in that the sequences of Sz.

pombe and Sz. cryophilus are closely related, yet few conclusions can be made regarding those of

Sz. japonicus. As the relationships between the families that were able to be included are poorly

supported in Figure 5.15, the evolutionary history of the elements should therefore be interpreted

primarily from the RT phylogeny (Figure 5.14).
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5.4 Ty4-like phylogenies

Neuvéglise et al. (2002) proposed that Ty4 was gained shortly before the divergence of the an-

cestor of Saccharomyces. Here, the family was discovered beyond the sensu stricto complex in

other post-WGD genera, and the dataset contains the fewest intact coding sequences. Table 5.8

summarises the potential HT events and stochastic losses observed in the Ty4 family.

Table 5.8: Potential HT events and stochastic loss in the Ty4 family. Stochastic loss and occurrence of
HT events in RT and LTR phylogenies were counted as in Table 5.6. Subfamilies determined by population
isolation were counted separately.

5.4.1 A geographical split in the Ty4 RT phylogeny

The RT phylogeny for Ty4-like sequences is displayed in Figure 5.16. Overall, the RT topology is

congruent with that of the species phylogeny, however the relationships between the sequences of

the non-Saccharomyces group of species - with the exception of the sister relationship of T. blattae

and V. polyspora (91%mlBP; 0.98biPP) - are moderately supported at best. The methods disagree

regarding the positioning of the K. servazzii sequence, as BI instead places it as the outgroup to

this smaller clade, but its position has very little support from either method (<50%mlBP; <0.7biPP).

It was interesting to note that, as in the Ty3/gypsy phylogeny, RT sequences from Tetrapisispora

perhaps did not share an immediate ancestor.

Nakaseomyces bacillisporus RT falls as the outgroup to sequences from the Saccharomyces

species (99%mlBP; 1.0biPP) which is congruent with the species phylogeny and therefore vertical

inheritance of Ty4. No other Ty4-like sequences were located in the genomes of this genus. An

apparent Ty4-like RT sequence was however located in a contig of Spathaspora hagerdaliae, shar-

ing more than 90% similarity with that of Saccharomyces elements. However, upon examination

of the element’s flanking DNA, it proved to be Saccharomyces contamination in the sequencing

project of Spathaspora species by Lopes et al. (2016).

Strikingly, RT sequences fromSaccharomyces species are split by geographical origin (74%mlBP;

0.99biPP): those isolated from Europe and Russia (simplified to the European clade) and those

from the Americas and East Asia (simplified to the American clade). Internal and terminal branch
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lengths for the Saccharomyces sequences, with the exception of S. arboricola, are all very short,

indicating little divergence/recent ancestry and perhaps HT events.

The European clade consists of sequences from just three species: S. kudriavzevii and the

closely related RT sequences of S. paradoxus and S. cerevisiae. The positions of these sequences

is very high to maximally supported by both methods (83-95%mlBP; 1.0biPP, respectively). The

relationship between RT sequences of S. paradoxus and S. cerevisiae reflects that of the species

phylogeny. Interestingly, the South American species S. cariocanus contains a single European-

like FLE, but as its RT sequence has degraded, it was excluded from the phylogeny.

The American clade ML topology produced poor support values, the highest of which was

<70%mlBP for the monophyly of the American clade. BI topology differed (see right side of Amer-

ican clade in Figure 5.16) but unlike ML, generated very high support for four branches. However,

this Bayesian topology suggests that all American RT sequences evolved from a S. uvarum-like

ancestral sequence, followed by a series of divergences that are incongruent with the species phy-

logeny. Prior to the addition of S. cerevisiae strain 245 and S. pastorianus sequences, those of S.

cariocanus and S. eubayanus clustered together with very high support, suggesting an HT event

(data not shown). The partial RT sequence of S. arboricola was recovered from a poor quality

contig and shares an unsupported branch with that of S. uvarum MCYC623 in the ML topology.

As the only S. uvarum and S. eubayanus RT sequences were recovered from American strains,

they are not necessarily representative of the elements in these species. However, no intact Ty4

RT sequences were found in European strains of S. uvarum. Additionally, no intact American type

of S. kudriavzevii RT was discovered, despite this species’ isolation in Japan.

The almost identical sequences of S. mikatae and S. paradoxus YPS138 may also be indica-

tive of a HT event, as this relationship differs from the species phylogeny. Interestingly, hybrid

S. pastorianus (represented by strain M14) possesses an RT sequence distinct from that of its

parental species S. cerevisiae and S. eubayanus, indicating active evolution. The S. pastorianus

sequence falls within the American clade, suggesting its family was gained from its S. eubayanus

parent as opposed to European S. cerevisiae, but is distinct from the sequences of either parent.

Another potential HT event suggested by ML is that between elements of S. cerevisiae 245 and

S. cariocanus, which in turn share a recent ancestor with RT sequences in S. eubayanus and S.

uvarum CLIB533. Due to the differing topologies offered by the two methods, as well as the low

level of divergence and/or recent evolutionary history in the American RT sequences represented



160
Chapter 5. Phylogenetic analysis of TEs in Saccharomyces sensu lato and

Saccharomycetaceae species

by very short branch lengths, the true relationships between most elements cannot be discerned

with the currently available data.

5.4.2 Geographical distinctions in the Ty4 LTR phylogeny

The geographical split in the LTR phylogeny (Figure 5.17) is more evident than that of the RT phy-

logeny. Sequences clearly separate into the European and American clades, which are examined

in Figures 5.18 and 5.19 separately below. Although LTR sequences from T. blattae and Nk. bacil-

lisporus share enough identity with Saccharomyces LTRs to allow alignment, they were removed

from the final phylogeny as both ML and BI placed them within S. mikatae sequences on a long

branch – an implausible topology.

Figure 5.17: The two clades of the Ty4 LTR phylogeny in sensu stricto species. The tree is based upon
an alignment of 429 nucleotide positions and rooted with sequences from N. dairenensis. The two clades
were explored separately in more detail in Sections 5.4.3 and 5.4.4. Layout and labels are as in Figure 5.2.
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Their clades however displayed short terminal branches consistent with recent ancestry as

suggested by significantly negative Tajima’s D results (Table 5.5). Furthermore, LTR sequences

from T. phaffii, K. servazzii and V. polyspora did not share enough identity to create a reliable

alignment and so were rejected (Table 5.3).

Surprisingly, sequences from the SGRP strains of S. cerevisiae are almost entirely confined the

European clade of Ty4, with only sequences from the American isolate L-1528 present within the

American grouping. Additionally, non-SGRP strain 245 contains a single copy of an American-type

FLE, the RT sequence of which shares a branch with S. cariocanus in Figure 5.16, suggesting that

this species may be the origin of a HT event into this population of S. cerevisiae. Discovery of this

foreign element was independently reported by Legras et al. (2018). No further evidence of the

American sequences was discovered in S. cerevisiae, suggesting that this HT event may currently

be confined to these small populations.

5.4.3 Evident HT events between species in the American clade

Figure 5.18 displays the LTRs in the American clade of Ty4, in which three distinctions, also vis-

ible in the alignments, are made between sequences. A grouping of divergent LTRs contains

sequences of S. eubayanus, S. uvarum and S. arboricola (Figure 5.18, top). A second grouping

of Tse4/Tsu4-like sequences contains those from S. kudriavzevii and S. mikatae in addition to the

three previous species (Figure 5.18, middle). Finally, a very distinct grouping of the shorter LTRs

consists of S. eubayanus and S. uvarum sequences with those of S. paradoxus, S. cariocanus and

S. cerevisiae nested within (Figure 5.18, bottom and inset). The maximally supported rooting of

this phylogeny within S. eubayanus sequences is likely a reflection of the age and diversity within

this species, rather than it being the true source of elements in the other species. Two smaller,

unsupported groupings of S. eubayanus/S. uvarum sequences in the divergent and Tse4/Tsu4-like

clades likely represent phylogenetic artefacts, in that these should be two clades each with a single

root, but have separated onto multiple branches. In the divergent grouping, the vast majority of

S. arboricola sequences (n=26) are nested within those of S. eubayanus in the Bayesian tree on

a long branch (<0.7biPP), but this relationship was not inferred in the ML phylogeny, and instead

the sequences cluster together between branching S. eubayanus clades, again with poor support

(<50%mlBP). The remaining LTRs (n=2) fall within S. mikatae sequences. All S. arboricola LTRs

are solos and therefore representative of extinct lineages, possibly gained from S. eubayanus and
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Figure 5.18: LTRs in the American clade of Ty4. The alignment upon which this tree was based is taken
from that of Figure 5.17 and rooted with N. dairenensis sequences. The boxed region is magnified to dis-
play potential HT events. Small red boxes indicate LTRs associated with FLEs. The three main distinctions
between sequences were also visible in the alignment. Layout and labels are as in Figure 5.2. Signifi-
cantly negative Tajima’s D values for S. paradoxus, S. cariocanus and S. mikatae (Chapter 4) supported the
presence of short terminal branches and recent ancestry of the LTRs in these species.

a single unsuccessful transfer of a solo LTR from S. mikatae. It is unclear as to whether this family

is lost in all strains of S. arboricola, as although a partial RT sequence was recovered from a New

Zealand strain (Chapter 4), the state of the element could not be elucidated due to the short length

of the sequencing reads and low quality assembly. As the majority of LTRs are long-branched, it

would suggest this family has been present in S. arboricola for a relatively long time, and due to

the lack of short-branched LTRs, has not been recently active.
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Both the divergent and Tse4/Tsu4 groups contain a greater number of long-branched LTRs in

strains of S. eubayanus and S. uvarum, implying that these copies have not been active recently

as time has allowed the accumulation of mutations. At least one LTR associated with a FLE is

found in each of the main groupings of sequences from these species (red boxes in Figure 5.18),

suggesting a complex and ancient history. The close relationship between the LTRs of S. uvarum

and S. eubayanus is potentially the result of hybridisation events and the sharing of the Ty4-like

family. 20 solo LTR sequences from S. uvarum are nested within S. eubayanus, and LTRs from

FLEs (n=5) are also present in two clusters, likely the result of at least two independent HT events

and subsequent transposition in the new S. uvarum genome.

Although S. kudriavzevii sequences (n=7) branch immediately before those of S. mikatae, it

is unlikely that the former was the donor in a transfer, as this relationship is instead indicative of

vertical inheritance. ML topology is similar to that of the BI tree, but only the position of the initial

S. kudriavzevii sequences is highly supported by both methods (76%mlBP; 1.0biPP). The branch

placing S. kudriavzevii within S. eubayanus sequences is strong to maximally supported by both

(74%mlBP; 1.0biPP), suggesting a source for the HT into S. kudriavzevii as this relationship is

incongruent with that of the species phylogeny. All S. kudriavzevii LTRs in this clade are solos,

therefore the transfer of this American-type family was likely unsuccessful.

S. mikatae sequences split into two sublineages immediately in the BI topology but further

towards the terminal clades in the ML phylogeny. LTRs associated with FLEs are found in both

groups, the smaller of which also contains the unsuccessful additional transfer into S. arboricola.

Long-branched sequences (n=29) are common inS.mikatae, as inS. arboricola andS. eubayanus,

indicative of past activity and subsequent accumulation of mutations.

In the lower region of the tree containing the 294bp LTRs, the positions of S. paradoxus and S.

cariocanus within a S. eubayanus clade received very high to maximum support from both meth-

ods (99%mlBP; 1.0biPP). This reflects the close relationships observed in the RT tree between

the species and confirms S. eubayanus as the most likely original donor. The nesting of the ma-

jority of S. cariocanus sequences (n=38) within S. paradoxus indicates vertical transmission as

opposed to HT, with what is known about these species undergoing the speciation process. The

S. cariocanus sequences represent the high numbers of activity unique to this subspecies. This

family likely originated ultimately in S. eubayanus, however, as it is sequences from this species in

which S. cariocanus and S. paradoxus are nested. A direct but unsuccessful transfer of LTRs from
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S. eubayanus into S. cariocanus (n=2) also appears to have occurred without involving S. para-

doxus as an intermediate (top of the magnified box region), therefore occurring in the time since

the divergence of S. cariocanus from S. paradoxus. Most LTRs in S. cariocanus are from FLEs

and therefore discounted from phylogenetic analysis as they were identical, resulting in apparently

fewer sequences in this species. The species does however contain a number of long-branched

solo LTR sequences (n=8), indicating that this family has been present long enough for mutations

to accumulate. A similar number in S. paradoxus (n=7) illustrates an analogous story. The acqui-

sition of the Ty4 family from S. eubayanus is likely to have occurred shortly prior to the speciation

event in order for both species to gain it and for the LTRs to diverge in a similar fashion. S. para-

doxus however does contain a larger number of short-branched LTRs (n=22), but this may simply

be a reflection of the number of sequenced strains available, as opposed to its level of activity, i.e.

minimally active in multiple strains. Sequences in S. paradoxus within this clade are confined to

just five strains, all of which were isolated in the USA, Canada or Hawaii.

Additional LTRs (n=3) from two strains, 245 and 460, of S. cerevisiae nesting within the S.

paradoxus/S. eubayanus-like 294bp LTRs are indicative of HT. Both ML and BI placed these within

S. paradoxus sequences, indicating the successful transfer of a FLE into strain 245 and but the

failed HT into strain 460, by the presence of a single solo LTR. All SGRP S. cerevisiae strains were

screened for partial/degenerate American Ty4 sequences. Most SGRP strains contain a 147bp

stretch with 76% identity shared with the American LTR query sequence. However, when aligned

with the other sequences the partial copies fell on their own branch and did not nest within potential

donor sequences (data not shown), forcing the conclusion that the hits were a false positive and

the strains did not contain evidence of a degenerate family akin to Ty3p.

5.4.4 Fewer examples of HT in the European clade

Figure 5.19 displays the sequences of the European clade, the topology of which is relatively con-

sistent between both inference methods. While the relationship between S. cerevisiae and S.

paradoxus RT sequences is consistent with vertical inheritance (Figure 5.16), the nesting of S.

cerevisiae LTR sequences within those of S. paradoxus suggests that HT has occurred between

these species. The possibility of this positioning being the result of vertical transfer cannot be

discounted however. S. paradoxus contains long-branched LTRs indicating relative age, whereas

these are absent in S. cerevisiae. Additionally, S. cerevisiae contains solo LTR evidence of failed
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transfers back into S. paradoxus (n=7). S. cariocanus sequences are placed throughout S. para-

Figure 5.19: LTRs in the European clade of Ty4. The alignment upon which this tree was based was taken
from that of Figure 5.17 and rooted with S. kudriavzevii sequences. Layout and labels are as in Figure 5.2.
Red boxes indicate those LTRs associated with FLEs.

doxus (n=5), all of which are solos, which represent activity in S. cariocanus post-speciation. S.

paradoxus also contains nested L. waltii (n=3) and S. eubayanus (n=1) sequences, all of which

are solo LTRs and therefore representative of failed HT events. Additionally, two sublineages of

S. kudriavzevii sequences emerge, both of which contain LTRs associated with FLEs, but this

separation is weakly supported (<50%mlBP; <0.7biPP).
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5.5 Ty5-like phylogenies

Like Ty3, the family was found to be widespread in many species, beyond fungi and into plants.

Although not as limited as the Ty4 family, RT sequences are confined to three sensu stricto species.

Phylogenetically analysed here are the LTRs of all sensu stricto species, but the sequences of few

sensu lato species are included as lack of identity meant that alignments became unreliable. Table

5.9 summarises the potential HT events and stochastic losses observed in the Ty5 family.

Table 5.9: Potential HT events and stochastic loss in the Ty5 family. Stochastic loss and the occurrence
of HT events in RT and LTR phylogenies were counted as in Table 5.6. In this family, LTR numbers may not
reflect the true frequency of HT events, as discussed below.

5.5.1 Ancient divergences in the Ty5 RT phylogeny

The RT sequences in the Ty5 phylogeny (Figure 5.20) split into yeast and other fungi, both of

which subdivide further in a fashion congruent with the species phylogenies. The Tca5 clade,

named for a Candida albicans element, consists of sequences from yeast distantly related to the

sensu lato species. Sequences within the Ogataea clade are next to diverge, the positioning of

which is only supported by BI (<50%mlBP; 0.97biPP). The Ogataea RT sequences (n=8) cluster

together with high or maximum support on all but one branch, immediately before the divergence

ofO. parapolymorpha Top5 (<50%mlBP; <0.7biPP). The general layout of theOgataea sequences

is consistent with vertical transfer, with the only suggestion of HT between the sequences of O.

polymorpha and O. angusta (100%mlBP; 1.0biPP).

The sensu lato clade for the most part reflects that of the host species phylogeny. As in previous

families, placement of sequences from T. blattae and T. phaffii suggest the elements do not share

an immediate ancestor. A similar ancestry is observed between the sequences of Kazachstania

species, as they are split into two groupings.

The short branch lengths and close relationship of RT sequences in S. cerevisiae and S.

mikatae (77%mlBP; 0.94biPP) are suggestive of an HT event as opposed to vertical inheritance,

as this positioning is incongruent with that of the species phylogeny. Short-branched sequences



5.5. Ty5-like phylogenies 167

Fi
gu
re
5.
20
:T

y5
-li
ke

R
T
ph

yl
og

en
y
of

ye
as
ta

nd
ot
he

rf
un

ga
ls
pe

ci
es
.T

he
tre
e
is
ba
se
d
on

an
al
ig
nm

en
to
f2
97

A
A
po
si
tio
ns

an
d
ro
ot
ed

w
ith

Ty
1-
2
an
d

Ty
4
fro
m

S
.c
er
ev
is
ia
e.

Tr
ee

la
yo
ut
an
d
la
be
ls
ar
e
as

in
Fi
gu
re

5.
2.

/i
nd
ic
at
es

ar
bi
tra
ril
y
sh
or
te
ne
d
br
an
ch
es

an
d
ro
ot
.



168
Chapter 5. Phylogenetic analysis of TEs in Saccharomyces sensu lato and

Saccharomycetaceae species

are confined to sequences of Saccharomyces, Penicillium andOgataea, reflecting the likely recent

history within these species, and the relative divergence of the remaining sequences.

5.5.2 Ty5 LTR phylogeny

In contrast to the RT phylogeny, the LTR sequences of fewer species were confidently aligned

(n=13; Figure 5.21). However, the achieved topology resembles that of Figure 5.20, and is congru-

ent with species phylogenies. As they placed upon biologically implausible long branches within

Saccharomyces sequences with zero support, LTR sequences of K. exigua, V. polyspora, Nk.

glabrata and Wickerhamomyces species were removed from the final phylogeny (Table 5.3). Se-

quences from K. servazzii fall into the basal position, but only with strong ML support (78%mlBP),

as the BI method instead places LTRs from N. dairenensis in the basal position (1.0biPP). The

BI topology as a whole is poorly supported, with biologically implausible placements, such as the

sequences of T. blattae on a long branch within S. paradoxus sequences. Further discrepancies

between BI and ML topologies include the sister relationship of K. servazzii and K. naganishii

sequences, again with poor support (<0.7biPP). ML does not significantly support three internal

branches, but the remaining branches returned strong to maximum support.

The LTR sequences of the sensu lato species K. naganishii, K. servazzii and N. dairenensis

display a mix of older, long-branched sequences together with relatively short-branched insertions

with a recent common ancestry. T. blattae however, possesses only short-branched sequences,

with fewer degraded LTRs discovered in its genome. The activity of this family is therefore likely to

have been very recent, yet has since become extinct via a combination of LTR-LTR recombination

and the accumulation of null mutations resulting in pseudoelements.

Sequences from all Saccharomyces species cluster together and nest within those of S. para-

doxus, likely a reflection upon the age and diversity of sequences observed in these species. The

direction of the potential HT event between S. cerevisiae and S. mikatae seen in the RT phylogeny

remains unclear in the LTR tree. S. mikatae sequences (n=3) nest within those of S. cerevisiae

and S. paradoxus, suggesting that S. mikatae is the recipient. However, support values are poor

and branch lengths indicate any potential transfers were ancient, allowing nucleotide changes to

occur in the sequences of S. mikatae.

Five families returned significant Tajima’s D results (Table 5.5; Chapter 4) including those of

S. cerevisiae, S. paradoxus, K. servazzii and T. blattae, which are all significantly negative. In
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Figure 5.21: Ty5 LTR phylogeny of sequences in sensu lato species. The tree is based upon an align-
ment of 235 nucleotide positions and rooted with O. parapolymorpha sequences. The boxed region is
magnified in the middle of the figure. Sequences of S. uvarum and S. eubayanus possess highly similar
flanking DNA, indicating this insertion pre-dated their speciation. A recombination event resulting in the solo
LTR may have occurred in the ancestor or independently in each species before any transposition events.
Layout and labels are as in Figure 5.2. Red boxes indicate those LTRs associated with FLEs.

these four families, recent ancestry and potential activity are indicated by short terminal branches,

consistent with the results of Tajima’s tests. The final family, Tnkg5 of Nk. glabrata, returned a

significantly positive value of D (Table 5.5). This suggests that multiple lineages are present in the

genomes of this species, which is visualised in the phylogeny of Figure 5.22. Within the Tnkg5

clade, a division between the sequences is observed, with each containing LTRs associated with

FLEs. This is the stronger signal, as although the identical and highly similar sequences with short
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terminal branch lengths indicative of recent activity and common shared ancestry would cause the

D value to be more negative, Tajima’s test resulted in a significantly positive D value.

Figure 5.22: LTR phylogeny of sequences in the two Ty5-like families in Nk. glabrata. The tree was
based upon an alignment of 512 nucleotide positions and midpoint rooted. Layout and labels are as in
Figure 5.2. Red boxes indicate those LTRs associated with FLEs.
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5.6 Discussion

This chapter presents the possible phylogenetic relationships and HT events of Ty-like sequences

in Saccharomycetaceae yeast. Protein phylogenies were created for each family using the RT

domain as this is well conserved across the elements of different species (Eickbush and Jam-

buruthugoda, 2008). Previous studies showed that RH (Malik and Eickbush, 2001), IN (Malik

and Eickbush, 1999; Llorens and Marin, 2001) and even PR (the least conserved domain of pol;

Llorens et al., 2009) all support RT phylogenies and therefore evolutionary history. Corresponding

LTR phylogenies were created to establish possible direction of HT events, and to examine the

complex evolution of TEs. LTR phylogenies are particularly useful for species in which a partic-

ular family has undergone loss of coding regions, thereby establishing its possible position in the

evolutionary history of the elements where RT sequences are unavailable.

Yeast and other fungi are some of the most sequenced microorganisms to date, yet gaps in

data are still apparent. Although the results here support a number of findings by Neuvéglise et al.

(2002) and Liti et al. (2005), both research teams were working with very limited data. Sampling

bias, evident in the high number of genomes assemblies available for S. cerevisiae, and under-

sampling were both apparent in this study, with the latter potentially contributing to discrepancies

between RT and LTR phylogenies. Although the amount of genomic data is increasing, many

species outside of Saccharomyces are represented by a single strain. Where some conclusions

may be drawn about the elements from these genome assemblies, the likelihood of other strains

and populations of any given species containing very different TE landscapes should be taken

into consideration. An excellent example of this is the diversity observed across populations of S.

cerevisiae (Bleykasten-Grosshans et al., 2013). Surprisingly few species were found to contain

as many TE families as observed in S. cerevisiae. It has been previously noted that the S. cere-

visiae genome contains more full-length elements than any other known yeast species (reviewed

by Bleykasten-Grosshans and Neuvéglise, 2011). These differences in genomic landscapes and

interactions with their elements, even across genera, highlight the fact that defence mechanisms

employed are very much individual to the host species (Neuvéglise et al., 2002).

Sequences in Saccharomyces are far less diverse than those of other genera, illustrating the

relatively short history of Ty elements in this genus. The potential history of each family in Sac-

charomyces sensu stricto species is summarised in Figure 5.23 and detailed, along with Saccha-

romyces-specific family histories, in familial sections below.
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Figure 5.23: Summary cladogram of the likely losses and gains of Ty-like families. The history of Ty-
like element families in relation to divergences of the 12 clades ofSaccharomyces sensu lato species and the
WGD event. Gains (green +) and losses (red x) primarily occurred in an ancestor and are applicable to the
majority of species in the clade, e.g. Ty4-like is present only in a minority of Kazachstania, indicating multiple
losses, rather than a single loss in an ancestor. Ty5 and Ty3 were likely present in the last common ancestor
as families were discovered in species pre-dating the divergence of Hanseniaspora. *Ty3B has two possible
options: 1) the loss of Ty3B pre-dates the sensu lato ancestor, and was regained by the ancestor of clades
1-4 before being lost again in Saccharomyces (illustrated in the figure); or 2) Ty3B was lost sporadically
throughout, but retained in clades 2-4. The loss of Ty3A is confined to a minority of clades (2, 4, 10-11).
The source of Ty4 is unknown, and was likely gained around the time of the WGD, as it does not appear
in species that did not undergo this event. A series of losses of the Ty5-like family account for its sporadic
dispersal across the sensu lato complex. As no Zygotorulaspora species have been sequenced, the TEs in
this genus are unknown, so the loss of Ty5 in the ancestor of clades 8-9 is based speculatively on the loss
in Torulaspora.
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History of the Ty1/2 superfamily

Ty1-2 were named for the order in which they were discovered in S. cerevisiae (Boeke and Sand-

meyer, 1991), and along with a number of subfamilies, constitute the Ty1/2 superfamily. By ex-

amining the dispersal of these elements across species, they were most likely gained by the last

common ancestor after the divergence of the Hanseniaspora clade (Figure 5.23), as a single Ty1-

like family, which then underwent species-specific divergences. These conclusions are in agree-

ment with those drawn by Neuvéglise et al. (2002). According to this theory, independent losses

therefore occurred inNakaseomyces (Clade 4), Zygosaccharomyces (Clade 7) and Eremothecium

(Clade 12), as the family remains in species of the surrounding clades. Sequencing of any species

of Zygotorulasporamay shed light on the possibility of further independent loss of this superfamily.

Based upon a probe hybridisation technique using elements from S. cerevisiae, Liti et al.

(2005) hypothesised that the Ty1 family emerged or was gained shortly before the divergence

of S. mikatae, as the remaining species displayed no hybridisation signals. However, it is now

known that all Saccharomyces species possess the Ty1/2 superfamily. The authors’ conclusions

were likely the result of the limited data produced by the technique used and lack of shared identity

in the elements of S. kudriavzevii and S. uvarum (S. eubayanus and S. arboricola were discov-

ered almost a decade later). The ancestral Ty1-like element, present in an early Saccharomyces

ancestor, diverged with the species to form the distinct elements observed. Although Ty2 shares

this same Ty1-like ancestor (Figure 5.2), Ty2 was once thought to be a recently arisen subfamily

of Ty1 (e.g. Kim et al., 1998) until Carr et al. (2012) demonstrated the HT event from S. mikatae

into S. cerevisiae. However, as no major evolutionary events such as host speciation occurred

during the existence of Ty2 within S. mikatae, this species as Ty2’s true origin is questionable. Di-

vergence from a Ty1-like element in a S. mikatae ancestor is possible as genomic turnover in Sac-

charomyces is high (Jordan and McDonald, 1999c). Alternatively, recombination with host DNA

or with elements of another family (Jordan and McDonald, 1998) may have introduced enough

variability for Ty2 to emerge. Given the propensity for Ty2 to undergo HT, it may have been gained

from a currently unknown source. However, according to this theory, Ty2 would then assume a

sister relationship with Ty1, rather than nest within, as seen in Figure 5.4. The possible evolu-

tionary history of the Ty1/2 superfamily within Saccharomyces species is displayed in Figure 5.24.

This cladogram, as with those created for the remaining families, are intended to infer time only in

relation to speciation of host species, rather than the exact timing of element-related events.



174
Chapter 5. Phylogenetic analysis of TEs in Saccharomyces sensu lato and

Saccharomycetaceae species

Figure
5.24:Sum

m
ary

cladogram
ofthe

possible
evolutionary

history
ofthe

Ty1/2
superfam

ily.In
S
accharom

yces
species,the

fam
ily

likely
originated

w
ith

a
Ty1-like

ancestoronly,w
ith

the
possible

divergence
into

Ty2
in
an

ancestorofS
.m

ikatae.
The

possibility
ofTy2

being
donated

to
S
.m

ikatae
from

an
unknow

n,externaldonorcannotbe
discounted

atthis
stage.

E
vidence

recorded
here

suggests
the

H
T
ofTy1p

in
S
.paradoxus

into
a
Lachancea

ancestor,
L.w

altii,S
.eubayanus

and
S
.cerevisiae.

Furtherm
ore,the

transfer
ofTy2

from
S
.m

ikatae
into

S
.arboricola

and
S
.cerevisiae

(w
ith

a
further

H
T
into

S
.

paradoxus)
and

Ty1
from

S
.cerevisiae

into
S
.paradoxus

w
ere

docum
ented

here.
The

divergence
into

Tse1
and

Tsu1
occurred

w
ith

the
speciation

ofS
.

eubayanus
and

S
.uvarum

,respectively.



5.6. Discussion 175

History of Ty3/gypsy

Present in all eukaryotic supergroups and known to long pre-date the divergence of the Ascomy-

cota ancestor (Llorens et al., 2008, 2009), Ty3/gypsy is the most widespread of families. In ad-

dition to its age, it may be more persistent than other families. Neuvéglise et al. (2002) noted

phylogenetic divisions of Ty3/gypsy lineages were possible, given an increase in data. Their work

failed to produce clades containing only yeast sequences, but found Ty3/gypsy elements across all

branches. Supporting this finding, almost all species surveyed here contained at least pseudoele-

ment evidence of Ty3/gypsy families and with the increase in used data, the monophyletic clade

of Ty3A is presented, containing sequences from Saccharomyces to the more distantly related

Eremothecium yeast. Drinnenberg et al. (2009) noticed a divide in Ty3/gypsy elements between

Ty3-like and C. albicans Tca3-like. However, this may have been a result of the misidentification of

Ty3/gypsy elements within C. albicans, as the Tca3 RTs shared so little similarity with Ty3-like that

they were not included in the phylogenetic analyses here. Including a greater number of domains

in the phylogenetic analyses may improve resolution.

The simplest explanation for the complex dispersal of subtypes observed in the sensu lato

yeasts indicates that both Ty3A and Ty3Bwere present in their last common ancestor (Figure 5.23).

Clades then underwent sporadic stochastic loss of one or both subtypes: Ty3B was independently

lost throughout Saccharomyces, clades 5-12 and Hanseniaspora, but was retained by the species

of clades 2-4. Additionally, Ty3A was lost in Nakaseomyces, and most Kazachstania, Lachancea

and Kluyveromyces species. Alternatively, the loss of Ty3B pre-dated the sensu lato ancestor, but

was later regained by the ancestor of clades 1-4 before being lost again in Saccharomyces only.

Although Ty3 is a long-term inhabitant of Saccharomyces (Fingerman et al., 2003), a reliable

conclusion regarding the evolutionary history of this family cannot be made with currently available

genomic data. The work here built on that of Carr et al. (2012), supporting their suggestion that

at least two possible scenarios could account for the dispersal of the distinct Ty3 and Ty3p types

in Saccharomyces (Figure 5.25). Evidently once active in most species of the Saccharomyces

clade, Ty3 is not apparent in the S. eubayanus/S. uvarum lineage. Carr et al. (2012) used partial

Ty3p sequences of S. cerevisiae to show the insertions were possibly gained from S. paradoxus. A

similar approach here using the sequences of S. eubayanus andS. uvarumwas unsuccessful (data

not shown). However, if this lost family was present in the Saccharomyces ancestor, remnants in

S. eubayanus and S. uvarum would not be expected to nest within sequences of another species.



176
Chapter 5. Phylogenetic analysis of TEs in Saccharomyces sensu lato and

Saccharomycetaceae species

Figure
5.25:Sum

m
ary

cladogram
ofthe

possible
evolutionary

history
ofthe

Ty3
fam

ily.Tw
o
plausible

options
forTy3

are
illustrated,in

both
ofw

hich
the

fam
ily

w
as

lostin
the

lineage
ofS

.eubayanus
and

S
.uvarum

priorto
theirspeciation.

O
ption

1:
Ty3

is
the

ancestralcopy
and

diverged
into

species-specific
elem

ents
(e.g.

Ty3p
in
S
.paradoxus)via

verticalinheritance.
Itw

as
lostindependently

in
S
.arboricola

(tw
ice)and

S
.kudriavzeviibutrem

ained
functionalin

the
others.A

dditionally,single
unsuccessfultransfers

occurred
from

S
.cerevisiae

into
S
.arboricola

and
S
.cariocanus.Ty3p

from
S
.paradoxus

w
as

donated
to

S
.cerevisiae

and
S
.kudriavzevii,butbecam

e
extinctin

the
form

erand
spread

in
the

latter.A
w
eakness

to
this

option
is
the

poorly
supported

phylogenetic
positioning

ofthe
heavily

degraded
Ty3p

sequences
in
S
.cerevisiae

(C
arretal.,2012).O

ption
2:The

elem
ents

again
diverged

into
species-specific

lineages,
w
ith

Ty3p
as

the
ancestralcopy.

Ty3p
becam

e
extinctin

allbutS
.paradoxus

and
S
.m

ikatae,
w
ith

the
latter

successfully
donating

its
copy

ofTy3
to

S
.

cerevisiae.
A
dditionally,S

.kudriavzeviigained
a
subfam

ily
from

S
.paradoxus.

H
ow

ever,this
option

has
a
num

berofw
eaknesses,in

thatS
.m

ikatae
and

S
.

cerevisiae
LTR

s
do

notsupportthis
theory,and

tw
o
lineages

ofTy3
existin

S
.arboricola,w

hich
w
ould

suggestfurtherdivergence
in
this

species
notattributable

to
population

isolation.A
lternatively,the

second
lineage

w
as

the
resultofthe

transferfrom
a
currently

unknow
n
source.



5.6. Discussion 177

History of Ty4 and connection to the whole genome duplication event

It was proved conclusively here that Ty4 was gained before the last common Saccharomyces an-

cestor, contrary to previous hypotheses made using the limited data available (Neuvéglise et al.,

2002; Liti et al., 2005). Although Ty4 is uncommon within Saccharomycetaceae, this family was

not observed in pre-WGD species such as Lachancea and Kluyveromyces, occurring only after

the speciation of Zygosaccharomyces (Clade 7). Vanderwaltozyma is the most distant relative

of Saccharomyces to contain a Ty4-like family, and also happens to be the earliest post-WGD

genus to diverge, suggesting a clear point of acquisition (Figure 5.23). The WGD was an in-

terspecies hybridisation event, most likely between the ancestral eight-chromosome members

of the Kluyveromyces-Lachancea-Eremothecium (KLE; Clades 10-12) and Zygosaccharomyces-

Torulaspora (ZT; Clades 7-9) clades, resulting in the 16-chromosome polyploidy descendants of

the post-WGD clades (Marcet-Houben and Gabaldon, 2015). A number of options can explain

the origin of Ty4. The first hypothesis is that the Ty4-like ancestor was once present in one or

both of the parental ancestors of the WGD event and was since lost, accounting for its absence

in both ZT and KLE descendent clades. A second option is that the Ty4-like ancestor could have

been gained around the time of the WGD from an unknown (or now extinct) species. Phylogenetic

analysis of all Ty1/copia RTs showed that additional sequences from elements of Brettanomyces

and Ogataea cluster closer to Ty4 than Ty5 (data not shown), suggesting that familial differences

may not be as firm away from the species of the sensu lato complex. A third possibility is that an

existing Ty1/copia element was prompted by the WGD and subsequent evolutionary innovation to

undergo divergence alongside host speciation, thus resulting in the new Ty4 family. However, as

theWGD did not cause the divergence of other families, this may have been the result of population

isolation.

Further divergence may have recently occurred in Ty4, corresponding with the isolation of dif-

ferent populations of Saccharomyces species. This family has clearly separated into main two

lineages, referred to here as European (representing strains and species isolated in Russia and

European countries) and American (which encompasses isolates from East Asia alongside those

from the Americas). However, the evolutionary history of these lineages is complex, and can only

be explained by multiple events. Neither American nor European lineages themselves appear to

be ancestral, but existence of the American type is evident in all species, but not all populations of

each species.
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Figure 5.26 illustrates the possible evolutionary history of this complex family. The divergence

into the European type element is likely to have occurred after the speciation of S. arboricola,

as this accounts for the existence of European Ty4 in S. kudriavzevii, S. cerevisiae and S. para-

doxus. Being confined to these three species does not reflect that of vertical inheritance, as S.

mikatae does not contain European-like insertions, and so presents a flaw in this theory. How-

ever, S. mikatae has not yet been isolated outside of Japan, therefore if European populations of

this species do not exist, the point of divergence into the European-type element was not after the

speciation of S. arboricola.

Although species-specific divergences of elements were observed throughout this work, a sec-

ond and very noticeable divergence occurred at the point of distinction between S. eubayanus and

S. uvarum into Tse4 and Tsu4, respectively (Figure 5.26). This would suggest that up until the point

of divergence, it may have been these Tse4/Tsu4 types of element that most closely resembled

the ancestral copy of Ty4. The greater nucleotide diversity observed in the LTRs of these elements

would also add weight to this theory (Chapter 4).

Divergence into the American type of Ty4 may have occurred, most likely in S. eubayanus

(Figure 5.26), due to an isolation of a population in the Americas. Alternatively, the American Ty4

originated from an unknown source and was gained via HT by S. eubayanus. As a species, S.

eubayanus is alone in containing evidence of all four subfamilies: European Ty4 from S. para-

doxus (one solo LTR); endogenous Tse4 (now extinct); Tsu4 gained from S. uvarum (extinct or

failed transfer); Ty4 American (autonomous). No single strain of S. eubayanus contains evidence

of all four subfamilies however, but a selection instead, presumably a result of population and

geographical differences.

The American copies appear to either originate in S. eubayanus or have been present in this

species far longer than the others, considering the high nucleotide diversity (Chapter 4). Given the

current data, subsequent and direct HT events are observed from the S. eubayanus populations

into all other species except S. cerevisiae, which appeared to gain the subfamily via American

populations of S. paradoxus. As LTR branch lengths are short, the transfer into S. paradoxus may

have been relatively recent, and/or representative of the burst of activity of a newly acquired family

soon after an HT event. Additionally, these high levels of activity experienced by S. cariocanus in

particular coincided with the speciation from parental S. paradoxus (discussed below). S. kudri-

avzevii has since lost the American type, as only long-branched solo LTRs are present, positioned
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in the phylogeny as the potential origin of S. mikatae sequences - or representing vertical inheri-

tance. However, without the S. kudriavzevii RT to corroborate, the true origin of this subfamily of

Ty4 is unknown.

European elements are primarily confined to populations of S. kudriavzevii, S. paradoxus and

S. cerevisiae isolated upon this continent, with possible HT events into S. eubayanus and L. waltii

(discussed in the HT section). The LTR phylogeny suggests the European type was gained by S.

cerevisiae from S. paradoxus (Figure 5.19). This possibility is strengthened by the lack of older,

long-branched copies in S. cerevisiae as compared with S. paradoxus, along with relatively recent

activity in S. cerevisiae, accounting for the shorter branch lengths observed in this species.

Saccharomyces species predominantly contain the type of Ty4 appropriate to their population.

As the isolated European populations of S. cerevisiae, S. paradoxus and S. kudriavzevii do not

contain evidence of the American type of Ty4, the evolution into the two lineages therefore most

likely occurred after this major population isolation event and migrations to the Americas. Limited

interactions between the two populations occurred, as strains of S. paradoxus only contain both

main types of Ty4 if they were isolated in the USA, Canada or Hawaii, adding weight to this theory.

The multiple possible divergences of Ty4 was surprising, given the short age relative to the

other families in Saccharomyces. The ancestral WGD and genus-specific population isolation

and speciation events cannot account for these divergences, as similar changes in the other Ty

families, or in other species, have not occurred. Therefore, other events - or perhaps combinations

of events - caused the changes in the Ty4 family to occur.

History of Ty5

Ty5 is widespread across genera and may therefore be one of the oldest Ty1/copia families, as

Neuvéglise et al. (2002) suggested the characteristic fused ORFs of this family are a result of

age, as also observed in non-LTR retrotransposons. Also testament to its age, Ty5 is sporadically

lost throughout clades 7-12 of sensu lato species (Figure 5.23). Based upon their limited data,

Neuvéglise et al. (2002) further believed that Ty5 was gained after the divergence of yeast Yarrowia

lipolytica. However, remnants of a Ty5-like family were recovered in this species in addition to

autonomous copies in sister species Y. keelengensis (data not shown). The existence of Ty5

significantly pre-dates the divergence of ascomycete yeast from other fungi in a lineage-specific

form, long before the emergence of the sensu lato ancestor (Figure 5.20). Within ascomycete
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yeast, genera- and species-specific divergences of this family are very clear, such as the distinct

Ty5 of extant Saccharomyces species (Figure 5.27).

As with the other families in Saccharomyces, the evolutionary history of Ty5 is complex. Liti

et al. (2005) suggested that Ty5 was gained shortly before the speciation of S. mikatae, which

explained the apparent confinement to just three species. However, this conclusion was due to

the limitations of the technique used, and that in searching only for coding regions, the authors

failed to recover the solo LTR evidence of Ty5 in S. kudriavzevii. Now with the availability of

additional data such as the S. arboricola genome, it is far more likely that the family existed in

the Saccharomyces ancestor and underwent LTR-LTR recombination to become extinct in most

species (Figure 5.27). Alternatively, Ty5 was gained from an unknown source before S. mikatae

diverged, as suggested by Liti et al. (2005) or perhaps later by S. paradoxus, with subsequent HT

events into the other species. Given the relative rarity of HT and ease with which families are lost

however, the ancestral theory with multiple losses is far more likely. Regardless of the original

source of Ty5, more recent HT events from S. paradoxus into S. mikatae and S. cerevisiae were

uncovered here (Figure 5.21).

A single solo LTR was present in each of the early branching species. S. kudriavzevii and S.

arboricola experienced independent stochastic loss of Ty5, whereas the shared TSDs and flanking

DNA of the single insertion within S. eubayanus and S. uvarum indicates this family was far more

likely to have been lost in their last common ancestor, rather than more recent, independent losses.

Extensive horizontal transfer in the TE families of yeast

Prior to the availability of genome sequencing data, most discoveries of HT of TEs were serendipi-

tous, such as those inDrosophila (Bartolome et al., 2009), andmany plants (El Baidouri et al., 2014)

such as Rider in tomato (Cheng et al., 2009) and MULE in maize (Diao et al., 2006). Detection

of potential HTs has increased across kingdoms due to the recent focus on genomic sequencing.

Large-scale screenings for HT of TEs have generally been confined to multicellular eukaryotes

(Thomas et al., 2010; Wallau et al., 2012, 2016; Ivancevic et al., 2013; Dupeyron et al., 2014;

El Baidouri et al., 2014; Peccoud et al., 2017), therefore this study represents one of the first in

yeast.

Processes such as the transfer of episomes (O’Brochta et al., 2009), formation of VLPs (Kim

et al., 1994), viral infection (Dupuy et al., 2011) and parasite- and symbiont-mediated transmission
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(Gilbert et al., 2010; Brown and Lloyd, 2015) have all been suggested for various eukaryotes.

Interspecies hybridisation is the most likely mechanism behind HT in yeast (reviewed by Morales

and Dujon, 2012). Interspecific hybrids are usually infertile, requiring backcrossing with parental

species in order to become viable (Greig et al., 2002). Although the transfer and introgression

of genomic DNA between Saccharomyces species is regularly reported (e.g. Paques and Haber,

1999; Naumova et al., 2005, 2011; Wei et al., 2007; Muller and McCusker, 2009; Dunn et al.,

2013; Almeida et al., 2017), HT of TEs is considered far rarer. Previously documented events

were limited to Ty2 between S. mikatae and S. cerevisiae (Liti et al., 2005; Carr et al., 2012), the

degraded Ty3p in S. cerevisiae from S. paradoxus (Carr et al., 2012), and Ty1 in Lachancea from

an unknown Saccharomyces species (Neuvéglise et al., 2002). All of these events are supported

here, with the identification of the donor to Lachancea as an ancestral Saccharomyces element.

This study discovered an additional 75 HT events involving 19 species in all five families (Tables

5.4-5.9). The analyses here present a conservative estimate of HT events in yeast, as although the

phylogenetic methods employed here are robust, they likely underestimate the true frequency of

events (Andersson, 2012). A slight tendency towards Ty1/2 was observed, most likely a reflection

on the prevalence of this superfamily in the Saccharomyces sensu lato complex. Despite previous

reports of low activity (Hug and Feldmann, 1996) and its confinement to only 14 species, Ty4

surprisingly displays a high number of potential transfers.

Data bias and limitations in HT screenings

Few HT events were observed outside Saccharomyces species, which may in part be due to

their propensity to hybridise, whereas this is not commonly investigated in other genera (reviewed

by Morales and Dujon, 2012). Reports indicate that species of Zygosaccharomyces (Watanabe

et al., 2017; Wrent et al., 2017), Candida (Pujol et al., 2004; Schröder et al., 2016) and Pichia

(Smukowski Heil et al., 2017) may undergo hybridisation, but no evidence was found to support

the HT of TEs in these species. Whereas the ability to hybridise is now known to depend upon

the level of genetic compatibility (reviewed by Maheshwari and Barbash, 2011), TEs do not ap-

pear to experience such difficulties, demonstrated by the success of LINEs from Candida albicans

introduced into S. cerevisiae (Dong et al., 2009; Horn and Han, 2016).

HT may also appear to be widespread in Saccharomyces species due to sequencing bias,

in that high numbers of these species that have been sequenced (Hittinger, 2013), particularly
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in comparison to those of other genera. Excluding highly successful families such as Ty2 in S.

cerevisiae, transfers were usually found to be confined to a single or limited number of strains. In

these analyses, most species outside Saccharomyces sensu stricto were represented by a single

type strain, and the chances of a single given strain displaying evidence of HT, already a relatively

uncommon event, is rarer still.

Only relatively recent HT events were able to be documented here, as phylogenetic signals

becomeweaker over time, and ancient eventsmay therefore go undiscovered. In ancestral species

where similarity was previously very high (i.e. before the current species arose), any HT signals

may have been completely eroded. Additionally, the ability to differentiate between HT events and

ancestral variation, poorly resolved phylogenies and stochastic loss becomes more unclear with

time due to the erosion of signals.

Extinction of families across budding yeast

Although pseudoelements are common (Chapter 4, Appendix P), the majority of families were lost

as a result of LTR-LTR recombination, with solo LTR evidence of a once active family. Solo LTRs

of a family were located in genomes by using those associated with FLEs as queries. If coding

regions cannot be located in a genome due to deletion by LTR-LTR recombination, any remaining

solo LTRs go undiscovered should they lack identity with those of a closely related species. The

occurrence of stochastic loss, ranging from 0.12-0.48 throughout the families (Tables 5.6-5.9), is

undoubtedly an underestimation due to these undiscoverable solo LTRs.

Throughout Saccharomyces sensu stricto and sensu lato species, Ty5- and Ty3-like were found

to be the families most susceptible to stochastic loss, each with a minimum of four independent ex-

tinctions, depending on evolutionary history (Figure 5.23). This is likely a result of the combination

of relative age of these two families and their widespread presence in the genomes of species in

the sensu lato complex. In the sensu stricto species, S. paradoxus and S. cerevisiae experienced

the fewest losses, whereas all families except Ty2 are lost in S. arboricola. Ty3 was present in the

last common ancestor of Saccharomyces, but lost in the S. eubayanus/S. uvarum lineage, with

potentially only partial LTRs remaining. Given the available genomic data, Ty5 may also have suf-

fered a similar fate in these species, as no coding regions remain associated with the single solo

LTR. As the insertions share TSDs and flanking DNA, the family was likely lost in their common

ancestor.
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Phylogenetic analyses support patterns of Tajima’s D and nucleotide diversity

TEs are considered to have their own life cycle within their hosts (Brookfield, 2005). Their phylo-

genies, nucleotide diversity and Tajima’s D values all reflect the evolutionary history in each family.

Whereas this has previously been established for the model organism S. cerevisiae (Carr et al.,

2012), the families of other species of yeast have not been examined in this respect.

Elements with a recent common ancestry will show lower nucleotide diversity with variants

present at low frequency, therefore resulting in a negative value of D. This may also indicate recent

transposition activity (Maside et al., 2003; Sánchez-Gracia et al., 2005; Bartolome et al., 2009; Carr

et al., 2012; Carr and Suga, 2014), which would generate short terminal branches in phylogenies

as relatively few mutations can accumulate in this relatively short time. Identical paralogous copies

are also indicative of recent activity.

Nucleotide diversity and Tajima’s D values were calculated for LTRs in Saccharomyces (Chap-

ter 4) and other species (Table 5.5; Chapter 4; Appendix P). LTRs of Saccharomyces (n=21) and

sensu lato (n=15) families obtained significantly negative D values, consistent with recent transpo-

sition. In all cases, these families possess short terminal branch lengths in the LTR phylogenies.

A minority of families received a positive value of D (n=8; Chapter 4; Appendix P) but only that

of Tnkg5 inNk. glabrata is significant. Population substructure, resulting in variants at intermediate

frequency may result in positive values of D. This is observed noticeably in Tnkg5 of Nk. glabrata

as the development of possible active sublineages (Figure 5.22).

The remaining families returned negative values of D, but not significantly so (Chapter 4; Ap-

pendix P). Of these, S. eubayanus families did not return significant values of D, despite the pres-

ence of multiple identical copies, and FLEs in Tse1 and Ty4. The signal of recent ancestry was

likely disrupted by the presence of relatively long-branched insertions. In addition, a lower level

of activity would account for the less significant, yet still negative, D values seen in S. eubayanus

and the families of other species.

Limitations of phylogenetics in the analysis of TEs

In comparison to the phylogenetic analysis of host genes, that of TEs is notoriously difficult due

in part to the necessity of repeated TE evolution to avoid host defences. Phylogenetic analysis

of TEs is comparable to that of pseudogenes, as individual TE sequences are highly subject to

drift and negative selection (Biémont et al., 1997; Charlesworth et al., 1997). Support can vary for
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phylogenies of coding regions (Malik and Eickbush, 1999, 2001), whereas those of LTRs typically

lack support (Sánchez-Gracia et al., 2005; Benachenhou et al., 2009, 2013; Carr et al., 2012; Carr

and Suga, 2014). Recombination between subfamilies can also result in conflicting phylogenetic

signals (Jordan and McDonald, 1998). Observed here in particular was the propensity for internal

branches to lack support, with support steadily increasing towards the terminal branches of both

LTR and RT trees. Both phylogenetic methods have their drawbacks: poorly supported short in-

ternal branches are a recorded issue with ML (Anderson and Swofford, 2004; Kück and Wägele,

2015), whereas BI has a tendency to overinflate support values (Rannala and Yang, 1996). How-

ever, BI and ML are far more suitable than parsimony-based methods for datasets containing

long-branched sequences and those that undergo recombination (Hillis, 1996, 1998; Hedtke et al.,

2006).

Long-branch attraction, the clustering of older sequences to the point of distorting topology,

is well documented in phylogenetics, yet the reasons behind the phenomenon are not fully un-

derstood (reviewed by Bergsten, 2005). While care was taken here to produce strongly supported

estimations of evolutionary relationships, phylogenies were nonetheless susceptible to issues such

as long-branch attraction, as independent mutations cause sequence divergence and excessive

phylogenetic noise. However, there is evidence to suggest that long-branch attraction may be less

of an issue with larger phylogenies such as the LTR datasets used here (Hillis, 1996). Additionally,

the practice of including only active lineages or removing branches over an arbitrary length (Carr

et al., 2012) did not improve tree topology, or allow resolution (data not shown).

A number of discrepancies between the placement of sequences in corresponding RT and

LTR trees was observed throughout the families. In the Ty3/gypsy RT phylogeny, there was a

suggestion of HT betweenS.mikatae andS. cerevisiae, whereas this was not supported by the LTR

phylogeny, instead inferring a sister relationship between the two. In Kazachstania, Tetrapisispora

and Naumovozyma, RT sequences often shared close similarity with those of Saccharomyces,

yet their LTR sequences possessed very little shared identity. Similarly, V. polyspora LTRs were

excluded from all phylogenies due to poor shared identity with other species, despite the often high

similarity in RT regions, particularly with Saccharomyces species. Instances such as these aptly

demonstrate the tendency for LTRs to diverge, as opposed to the functionally constrained internal

coding regions (Benachenhou et al., 2009).
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5.7 Summary and conclusions

In this chapter, the most likely evolutionary relationships of four superfamilies of retrotransposons

in yeast are presented using two highly robust methods of phylogenetic inference. Analyses used

the highly conserved RT domain and LTR sequences to screen for possible HT events between

species. HT allows elements to escape the almost inevitable eradication within their host genome

in order to propagate in those of other closely related species. In excess of 75 potential HT events

between 19 species are documented, with around half involving the successful transposition of

families in new genomes, indicating that HT is far more common in yeast than previously believed.
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Chapter 6

Isolated Saccharomyces cerevisiae populations share TE

insertion profiles

Geographical isolation of Saccharomyces species and populations has previously been docu-

mented by various authors (Johnson et al., 2003; Fay and Benavides, 2005; Aa et al., 2006;

Sampaio and Gonçalves, 2008; Liti et al., 2009; Schacherer et al., 2009; Goddard et al., 2010;

Legras et al., 2014; Peris et al., 2014, 2016; Almeida et al., 2015; Clowers et al., 2015). There

are currently >1000 S. cerevisiae strains of differing origins whose genomes have now been se-

quenced (Liti et al., 2009; Borneman and Pretorius, 2015; Strope et al., 2015; Peter et al., 2018).

Their comparison allows the evolutionary history of yeast populations to be determined, and the

identification of TEs that persist in the genomes under specific environmental conditions. TEs are

now known to play a complex role in the evolution of their hosts, rather than existing simply as

genomic parasites (Bonchev and Parisod, 2013). Liti et al. (2005) were the first to conduct a major

investigation into elemental differences between populations and Saccharomyces species, iden-

tifying conserved coding regions with hybridisation probes. Bleykasten-Grosshans et al. (2011)

discovered variation in the Ty1 sequences of populations of S. cerevisiae and further analyses by

Carr et al. (2012) were predominantly confined to the S. cerevisiae reference strain. Most recently,

Bleykasten-Grosshans et al. (2013) surveyed the TE content of 41 strains of S. cerevisiae to es-

tablish distribution patterns of insertions but did not determine element evolutionary relationships.

In this chapter, two distinct populations of S. cerevisiae are explored for their TE content. As

publicly available data, the two isolated populations were chosen to highlight common patterns of

TE distributions, while tracking the spread of a newly acquired Ty1-like family. The Peterhof collec-

tion, originating in Russia and distinct from commonly used S288c-related strains, are of an indus-

trial background, used in distillation (Drozdova et al., 2016). The Brazilian population underwent
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an environmental relocation from Europe before frequent hybridisation with South American pop-

ulations of S. paradoxus (Barbosa et al., 2016). Despite possessing very different levels of human

association and geographical backgrounds, their Ty families show remarkably similar evolutionary

histories. Phylogenetic analyses show that LTRs are distinct from those of the Saccharomyces

Genome Resequencing Project (SGRP) strains, reflecting the isolation of their populations.

6.1 The Saccharomyces cerevisiae Peterhof Genetic Collection

The Peterhof Genetic Collection (PGC) of laboratory yeast strains originated from a single Russian

industrial distillery population, thought to be distant from the Carbondale stocks that produced

the S. cerevisiae reference strain S288c and commonly used laboratory derivatives (Lindegren,

1949; Mortimer and Johnston, 1986). The PGC strains were used extensively in early work with

translation termination (Zhouravleva et al., 1995) and more recently with prions (Du and Li, 2014).

Drozdova et al. (2016) sequenced five examples from the collection and found that their related-

ness to SGRP strains is comparable to that of geographically isolated populations of S. cerevisiae.

Phylogenetic analysis of >800 genes showed that PGC yeast share more similarity with bakery

strains than S288c-derived laboratory or European strains. Two strains from the progenitor lin-

eage (P), 15V-P4 and P3982, are considered ‘pure’ and have had no association with other strains

outside the Peterhof distillery population. The remaining three strains are maintained as diploids

obtained from the mating of progenitor and hybrid (mosaic) isolates (D; Figure 6.1).

The authors discovered that the strains contain unique combinations of up to 11ORFswhich are

absent from S288c-derived strains, but are not confined to the Peterhof genomes. These included

gene clusters specific to wine strains (Borneman et al., 2011), the RTM1 cluster and KHR1, a gene

encoding a heat-resistant killer toxin (Goto et al., 1990) which is also present in strain YJM789

(Wei et al., 2007).

The authors assembled each of the genomes into scaffolds but exact chromosomal locations

could not be elucidated due to genomic rearrangements in the strains. Here, TE landscapes are

explored in all five of the PGC strains in preparation for phylogenetic analyses.

6.1.1 TE variation in the Peterhof strains

A summary of the PGC strains is displayed in Table 6.1. Genomic GC content is similar across

all isolates, whereas they show slight variation in TE content. The mosaic strains are closely
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Figure 6.1: Simplified pedigree of the Peterhof strains. Blue - ‘pure’ strains; purple – mixed heritage with
S288c-derived strains; red – original S288c progenitor strain. Adapted from Drozdova et al. (2016).

related, yet possess a very different distribution of insertions. Copy numbers are also lower than in

comparison to many SGRP strains with a similar industrial background. It was hypothesised that

the progenitor strains would contain evidence of Ty activity unique to this population, whereas the

mosaic strains would contain a greater number of insertions from both populations as a reflection

of their mixed heritage. Interestingly strain D694 contains the lowest number of insertions in all

families.

Table 6.1: Summary of the Peterhof strains. Element numbers: FLE(solo LTRs); *tandem.

Nucleotide diversity was calculated for LTRs unique to the Peterhof collection (Table 6.2) and

not present in SGRP strains, which show that elements have likely been active since the isolation

of the PGC population. The majority of insertions are fixed across the strains as solo LTRs of all

families. Ty1 insertions prove to be the most diverse and also the most abundant, whereas Ty2 is

both the most conserved and more than ten times less abundant than Ty1 in the genomes of the
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PGC strains, likely the result of the relatively short age of Ty2 in this species (Carr et al., 2012).

Table 6.2: Nucleotide diversity calculated on the number of insertions unique to the PGC strains.

6.1.2 Ty1/2: diversity and extinction of subfamilies

An alignment of the Ty1/2 LTR sequences was inspected for the presence of Ty1’, Ty1/2 recombi-

nant hybrids and the Ty1v subfamily (documented in Chapter 3), as almost half of the sequences

show divergence from the canonical Ty1 and Ty2 sequences. No common features were identi-

fied, and so it was concluded that the state of these insertions is the result of an accumulation of

nucleotide changes due to age. Figure 6.2 displays the main differences between Ty1 and Ty2

LTR sequences, including two deletions not commonly seen in SGRP strains of S. cerevisiae.

All coding regions from elements in the Ty1/2 superfamily were extracted, translated and aligned.

Due to the presence of multiple copies in three strains, Ty1 elements were accurately constructed

only in 15V-P4 and D694. The copy count in D373 is based on LTRs with short regions of associ-

ated coding DNA and TSDs, as the gag and pol ORFs are too fragmented over contigs to construct

(<500bp). If Ty1/2 hybridisation has occurred, the short contigs (<1kb) prevented breakpoints from

being located. To determine the subfamilies of the Ty1/2 elements, Gag regions were aligned (Fig-

ure 6.3). Ty1’ is present in four strains (D1606, 15V-P4, P3982 and D373, the latter not shown due

to short contigs), whereas 15V-P4 is the only strain lacking Ty1. A Ty1 relic is also present, fixed

in all five strains, which possesses the 5’ LTR but is degraded from the gag region onwards.

Each strain possesses a single Ty2 copy that spans an entire contig in each assembly. All

elements contain at least one stop codon, likely rendering this family non-functional in the Peterhof

collection. Unique Ty2 LTR sequences were recovered from the strains (n=10), half of which are

solo insertions, indicating strain-specific activity. Interestingly, occurrences of recombination differ

between populations, as the insertions that are associated with Ty2 coding regions are all present

as solo LTRs in the SGRP strains of S. cerevisiae, Conversely, one solo LTR in common across

all Peterhof strains is present as a full-length element (FLE) in the SGRP S. cerevisiae strains.
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Figure 6.2: Alignment of Ty1-2 LTR sequences in the Peterhof strains. Although sequence 8 shows
divergence from the canonical Ty2 sequence, no evidence of hybridisation with Ty1 was noted. A: 5bp
deletion in Ty1 sequences; B: 3bp deletion in Ty2 sequences; C: characteristic 1bp deletion in Ty2 sequences
used to distinguish between subfamilies. *denotes position is fully conserved. Graphic below the alignment
represents the number of sequences in which the position is conserved. Numerals below the alignment
denote position in the alignment.

Figure 6.3: Alignment of Ty1-2 Gag sequences in S288c and the Peterhof strains. Layout and con-
servation indicators are as in Figure 6.2, with the addition of : denoting strong conservation and . denoting
weak conservation.
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6.1.3 Strain-specific activity of Ty3 in the Peterhof strains

LTR copy numbers in four of the strains are relatively consistent (Table 6.1), but D694 is unusual

in that it possesses only the single autonomous FLE consistent across all strains, but no intact

Ty3 solo LTRs. It did however contain remnants of solo LTRs (n=19), which shared more identity

(∼70%) with those from S. kudriavzevii. The partial solo LTRs are either interrupted by a more

recent Ty1 insertion (n=4) or degraded at the 5’ boundary (n=15). Additionally, a single partial S.

paradoxus-like insertion (95% identity with Ty3p canonical LTR) shared with an insertion in S288c

on chromosome IV was recovered from D373. No further evidence of Ty3p-like sequences was

found.

6.1.4 Variant Ty4 frequency and duplication resulting in a tandem formation

As with Ty3, copy numbers in the Ty4 family are relatively consistent in the five PGC strains (Table

6.1). Unfortunately, in all assemblies, LTRs are cut off by the ends of the contigs, and so the

possible identities of these insertions were manually determined from sequencing reads. Three

strains likely contain a single copy of Ty4, while two copies assumed a tandem formation in D373

(Figure 6.4), unlikely to be the result of an assembly error as the RT domains differed (∼300bp at

90% identity; 62% similarity in 64 residues of RT). Due to the short sequencing reads (∼400bp) it

remains unclear as to whether the tandem formation was the result of duplication or transposition.

Furthermore, the LTR associated with the FLE in strain D694 could not be located in the reads,

perhaps due to low coverage.

The D1606 assembly contains a single FLE, yet the flanking regions of LTRs suggested two

copies. Rebuilding the genome from sequencing reads confirmed the presence of two copies, but

unfortunately placed only one within a scaffold (5’-GAGAG-GAGAG-3’), which is also shared by

progenitor strain P3982. Both progenitor strains each possess an autonomous copy with differing

TSDs, but the family is lost in themosaic strains due to the presence of multiple stop codons (Figure

6.4). It is unclear as to whether both the RT domains of D1606’s elements contain stop codons,

Furthermore, only European insertions are present in the PGC strains, as they are presumably

isolated from populations containing the American type of Ty4.
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Figure 6.4: Diagrammatic representation of the Ty4 elements in the PGC strains. *denotes the pres-
ence of a stop codon. As the stop codons are in differing positions depending on the strain, they represent
the independent loss of this family in each strain. LTRs cut off by the ends of contig reads are represented by
dotted outlines. In D373, the ends of contigs prevented the full-length elements being recovered. Elements
are drawn to scale.

6.1.5 The Ty5 relic is fixed in PGC strains

TheS. cerevisiae Ty5 relic (Chapter 4) is present in all strains, with identical TSDs and flanking DNA

suggesting this insertion predates the isolation of the Peterhof population. When aligned against

the full-length copy found in S. paradoxus strains, the 2.7kb relics are missing the IN and full RH

domains (data not shown). The copy in D373 is the most heavily degraded, but large deletions

are present in the copies of all strains except D1606. Interestingly, the copies in the progenitor

strains 15V-P4 and P3982 are more closely related to that of S288c, whereas the mosaic strains

are further diverged (62 nucleotide changes resulting in 24 non-synonymous changes, plus stop

codons spread throughout the domains). Mutations have therefore accumulated in the generations

between the progenitor and mosaic strains.

Slight variation in copy numbers in addition to the relic element meant that, as seen in the

majority of S. cerevisiae strains, Ty5 is extinct in the PGC strains. As in the other families, unique
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solo LTRs are the result of strain-specific activity or lineage sorting through drift. Due to its fixed

position, the relic must pre-date the independent activity, therefore Ty5 became inactive after the

isolation of the Peterhof strains.

6.2 Peterhof S. cerevisiae phylogenetics

The relationships between the LTRs of Peterhof and SGRP strains of S. cerevisiae are explored

in a series of phylogenetic trees below. Analyses were conducted only on LTRs as RT sequences

are highly conserved or identical to those in S288c-derived S. cerevisiae (data not shown). As in

Chapter 5, only full-length LTR sequences were used in analysis.

6.2.1 Large numbers of long-branched sequences in the Ty1/2 superfamily

The Ty1-2 superfamily phylogeny, displayed in Figure 6.5, shows the main groupings of Ty1 and

Ty2 in the SGRP strains, and that the majority of the Peterhof sequences fall outside these.

The Peterhof sequences present within the Ty2 grouping are all short-branched (as defined by

Carr et al., 2012; n=10), consistent with the presence of young copies and therefore potentially

recent activity. The position of all Ty2 sequences may be the result of an artefact, causing the

root to be placed within Ty1 sequences, as Ty2 is known to have been gained from S. mikatae

via horizontal transfer (Carr et al., 2012) rather than descent from S. cerevisiae Ty1. PGC Ty1

insertions (n=109) are far more numerous than Ty2 in these strains, 95% of which are solo LTRs

(n=103). 24% of all Peterhof Ty1 sequences fall within the SGRP Ty1 grouping (n=26) and of

these, eight are short-branched (31%). The remaining 76% of Ty1 LTRs (n=83) fall outside the

main SGRP Ty1 group on long branches, indicative of their degradation. These long-branched LTR

sequences share <97% identity with LTRs in the SGRP strains. Despite this high shared identity,

the Peterhof insertions are distinct, with a small number of SGRP sequences also falling within

this long-branched group (n=3). Upon examination of these SGRP sequences, they could not be

identified as belonging to another subfamily such as Ty1’, but appeared simply to be degenerate in-

sertions. The long-branched insertions are not only predominantly confined to the Peterhof strains,

but form their own grouping which caused issues with outgroup selection. LTR sequences from S.

eubayanus were selected as the outgroup as sequences from other Saccharomyces species fall

within those of the SGRP sequences. All long-branched Peterhof sequences are clearly inactive,
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Figure 6.5: Ty1/2 LTR sequences in the SGRP and Peterhof strains of S. cerevisiae. The phylogeny
was produced from an alignment of 338 nucleotide positions and rooted with sequences from S. eubayanus.
Topology is that determined by Maximum Likelihood (ML). ML support values are indicated by * above
the branch (≥70%mlBP) and Bayesian Inference (BI) below the branch (≥0.95biPP). Scale bar represents
substitutions per site.

with the majority existing as solo LTRs, with only one present as a 5’ LTR belonging to the degen-

erate relic element shared by all strains (section 6.1.2). The long-branched insertions are the only

evidence of ancient activity unique to the Peterhof strains.

It was suspected that the Peterhof sequences that are positioned within the SGRP group would

be confined to the three mosaic strains that were crossed with the S288c-derived strains, thus

providing a recent source for the short-branched shared insertions. However, this is not the case

as the insertions are also present in the two progenitor strains, suggesting these insertions predate
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the isolation of the PGC.

An additional phylogeny was created incorporating sequences of otherSaccharomyces species

to ensure that the origin of the Peterhof sequences is not a result of another source. However, this

failed to change the relationships between Peterhof and SGRP sequences, and caused further

rooting issues, including the placement of all S. cerevisiae sequences within those of S. mikatae

with no support (data not shown).

6.2.2 Peterhof Ty3 sequences cluster with SGRP insertions

Figure 6.6 displays the phylogeny of Ty3 LTR sequences in the Peterhof and SGRP strains of S.

cerevisiae.

Figure 6.6: Ty3 LTR sequences in the SGRP and Peterhof strains of S. cerevisiae. Formatting is the
same as in Figure 6.5, but based on an alignment of 350 nucleotide positions and rooted with sequences from
S. mikatae. / indicates arbitrarily shortened long-branched sequences and root. The position of potential
Ty3p sequence is weakly supported by ML (29%mlBP) and with other long-branched SGRP sequences
according to BI (0.95biPP).
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The Peterhof sequences form a small grouping of long-branched insertions (n=9) in the basal

position, which is supported by ML only (100%mlBP; 0.44biPP). A third of these insertions are

shared with the SGRP strains and are therefore likely to be ancestral, persisting only in the PGC

strains after the isolation of this population.

This Peterhof grouping shares a small number of insertions with the SGRP sequences which

share a similar rate of degradation (n=4). The remaining Peterhof sequences (n=31) fall within the

main group of S. cerevisiae sequences, 25% of which are short-branched and therefore consistent

with recent activity in the PGC strains. A minority of Peterhof insertions are shared with those of

the SGRP strains (n=13), but the majority differ in TSDs and status of the elements, e.g. FLE

in the SGRP strains but solo in Peterhof or vice versa. The Ty3p-like sequence falls within the

main SGRP sequences in an unsupported position by ML (29%mlBP) and at an earlier branching

position according to BI (0.95biPP). The Ty3p-like sequence also failed to cluster with S. paradoxus

sequences when added to the phylogeny, so its identity remains unknown.

6.2.3 PGC Ty4 LTRs form the basal position

Figure 6.7 displays the phylogeny of Ty4 LTR sequences in the Peterhof and SGRP strains of S.

cerevisiae.

As duplicates were removed from alignments, the multiple identical LTRs associated with FLEs

are represented by a single sequence within the boxed region of Figure 6.7. As with the Ty1/2 and

Ty3 phylogenies, Ty4 shows a similar topology in that almost 60% of the Peterhof sequences form

the basal position and an early branching separate group on long branches (n=11) with only one

sequence in common with the SGRP S. cerevisiae strains. All LTR sequences from strain D694

(n=4) fall within the long-branched group, indicating their relatively ancient loss and subsequent

sequencemutations. The remaining long-branched sequences are spread across the other strains.

In the SGRPgrouping, Peterhof LTR sequences are short-branched (n=7) and cluster with the other

S. cerevisiae sequences, four of which are insertions unique to the Peterhof strains, indicative

of activity post-Peterhof isolation. Despite the pseudoelement state of the tandem elements in

strain D373, the shared middle LTR has not undergone mutation as it clusters with 5’ LTRs of both

Peterhof and SGRP sequences.
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Figure 6.7: Ty4 LTR sequences in the SGRP and Peterhof strains of S. cerevisiae. Formatting is the
same as in Figure 6.5, but based on an alignment of 383 nucleotide positions and rooted with S. eubayanus
sequences. / indicates arbitrarily shortened root branch. The boxed region contains Peterhof 5’ and tandem
LTRs.

6.2.4 The loss of Ty5 in the Peterhof strains may have been relatively recent

Figure 6.8 displays the phylogeny of Ty5 LTR sequences in the Peterhof and SGRP strains of

S. cerevisiae. Although a single Peterhof sequence forms the basal position, the remaining Ty5

sequences (n=17) fall with the SGRP S. cerevisiae LTRs. Around half of the sequences (n=8)

are associated with relic elements and positioned on relatively short branches. This suggests

that although the coding regions are degraded (section 6.1.5), the LTRs are less affected by drift

as conservation is higher across strains. The remaining sequences are those of solo LTRs and

also positioned on short branches, suggesting the possibility of recent activity shortly followed

by recombination in this family. Insertions unique to the PGC strains represent over half of the

sequences (n=10), whereas the remainder are shared with the SGRP strains (n=7). The topology

is relatively well supported on terminal branches by both methods, but not within internal branches.
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Figure 6.8: Ty5 LTR sequences in the SGRP and Peterhof strains of S. cerevisiae. Formatting is the
same as in Figure 6.5, but based on an alignment of 265 nucleotide positions and rooted with S. kudriavzevii
sequences. / indicates arbitrarily shortened branches. Boxes indicate the LTRs associated with relics of
elements.
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6.3 Brazilian strains of S. cerevisiae contain widespread introgres-

sion from S. paradoxus

Barbosa et al. (2016) isolated 28 strains of wild S. cerevisiae in Brazil, two of which proved to be

hybrids with S. paradoxus. The remaining strains contain introgressed regions of varying sizes.

Figure 6.9 displays the ancestry of the 28 Brazilian strains as determined by Barbosa et al. (2016).

The majority of the strains share a common ancestor within clade B1. For brevity the strains are

referred to as Ynnn, where n=strain number, which is a shortened version of those used in Barbosa

et al. (2016).

Figure 6.9: Ancestry of the Brazilian strains of S. cerevisiae. Genome phylogeny of 143 strains to
establish the ancestry of the Brazilian S. cerevisiae strains in the context of representatives of the main
populations currently sequenced. The phylogeny was determined from an alignment of 69,321 SNP posi-
tions. The newly sequenced population of Brazilian strains consists of clades B1-4 and two strains which fall
within the Japan/North America cluster, presumably the result of migrations. Adapted from Barbosa et al.
(2016).
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Barbosa et al. (2016) reported evidence of introgression in 21 strains, no instances of which are

fixed in the population. Strains typically contain a single foreign ORF, but larger regions containing

up to five ORFs were also discovered. Although the configuration of introgressed region among the

Brazilian strains varied, the authors noted twomajor patterns that corresponded to the phylogenetic

groups (the split between B1 and B2-4). The authors assigned most introgressions to the North

American population of S. paradoxus, determined by comparisons of orthologous genes, but also

noted similarities with the sequenced strains of S. cariocanus. Nine ORFs are undetermined as to

their precise origin but nevertheless belonged to an unknown S. paradoxus population that shows

more sequence identity to the North American population than to the European or Far East. The

authors also discovered that three ORFs commonly gained are SNF5, BMH1 and MET28. The

complete set of introgressed genes is significantly enriched for transmembrane transporters.

Barbosa et al. (2016) submitted raw sequencing reads to the European Nucleotide Archive

(ENA) which were downloaded in order to construct the genomes. Construction was performed

with SPAdes v.3.9 and organised into scaffolds with MeDuSa v.1.3. Finally, the genomes were

screened with RepeatMasker v.4.0.7 using a custom library (Chapter 5 and Appendix P). The

highly dispersed regions of introgression from S. paradoxus (section 7.1.3) caused issues with

scaffolding of contigs, and therefore locations of insertions were not confidently assigned to a

particular chromosome. Although the location in the S. cerevisiae reference genome could be

approximated via flanking DNA, this would not take into account any chromosomal rearrangements

that may have occurred during and post-hybridisation.

6.3.1 TE variation in Brazilian strains

All insertions were extracted from the strains, aligned and LTRs unique to the Brazilian strains ex-

tracted for nucleotide diversity (π) analysis with DnaSP v5.10 (Table 6.3). Insertions were divided

into their respective subfamilies in order to improve alignments and therefore generate more ac-

curate π values, which are indicative of familial age. Values would suggest that Ty1, followed by

European Ty4, Ty5 and Ty3p have inhabited the genomes far longer than the other four subfami-

lies. Alternatively, the insertions of these families are less deleterious to their hosts and therefore

able to persist in the genomes and accumulate mutations.

TE and GC content, level of introgression and Ty copy numbers were collected for each Brazil-

ian strain in Appendix Q. The TE content ranges from 0.96% in Y255 to 1.85% in hybrid strain



204 Chapter 6. Isolated Saccharomyces cerevisiae populations share TE insertion profiles

Y652, with a mean content of 1.31%. GC content is relatively stable, with the exception of North

American migratory strain Y255 (Table Q.1, Q). Interestingly, this strain also possesses the low-

est TE content and introgression level from S. paradoxus. Y263 is the only strain to experience

extinction of all families.

Table 6.3: Nucleotide diversity calculated for unique insertions in the Brazilian strains of S. cere-
visiae. *LTRs from European elements were not able to be extracted in full as they are disrupted by the
ends of reads.

Rate of genomic recombination may be indicated by the number of contigs built by SPAdes and

scaffolded by MeDuSa onto the reference genomes of S. cerevisiae and S. paradoxus. Contigs

containing a recombination breakpoint would not be integrated into a scaffold if that breakpoint

differed from the reference strains onto which it was being mapped. Therefore recombination

may be estimated by number of contigs that failed to be built further due to differing breakpoints

relative to the reference genomes. TE insertions are known to cause genome rearrangements

as they serve as templates for ectopic recombination (Hoang et al., 2010). As LTRs in particular

are commonly present at the ends of contigs in the Brazilian genomes (>30%), the relationship

between the number of contigs and genomic TE content was examined. Figure 6.10 displays

the weak positive correlation observed between the two (R2=0.3774). It is highly likely that Ty

sequences may be at least partially responsible for the level of recombination observed in the

genomes of the Brazilian strains. However, it should be considered that this may also be due

to the fact that repetitive sequences cause assembly issues (Hoban et al., 2016; Treangen and

Salzberg, 2011) rather than being purely representative of recombination.

6.3.2 Species hybridisation and Ty elements

Barbosa et al. (2016) previously identified strains (Y651 and Y652 as S. cerevisiae x S. paradoxus

hybrids by analysing sequence divergence. Here, the raw reads were mapped onto a reference file
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Figure 6.10: Correlation between genomic TE content and no. of contigs in the Brazilian strains of
S. cerevisiae. Weak positive correlation is observed between genomic TE content % and no. of contigs
(indicative of recombination breakpoints). It was ensured that no contigs contain regions of duplication
before analysis.

of S. cerevisiae and S. paradoxus genomes (Borneman and Pretorius, 2015) in order to visualise

hybrid genomes. A number of observations were unique to the two hybrid strains. Firstly, they

possess the highest TE content percentage of all the isolated Brazilian strains (1.84 and 1.85%

respectively). Secondly, they are the only strains to contain multiple copies of Ty3 and Ty4 FLEs.

Copy number variation resulting from aneuploidy is a mechanism of adaptation to environmental

changes (Dunham et al., 2002; Kondrashov, 2012). Further evidence of aneuploidy is observed

in only one other Brazilian strain (section 6.3.3). Y651 possesses an aneuploid genome (Figure

6.11) and Y652 is a complex diploid (Figure 6.12). Aneuploid Y651 contains an additional copy of

chromosome V, but is otherwise haploid. Its chromosomes are shared between parental species,

skewed slightly toward S. cerevisiae. Chromosomes I, II, VI, XII and XVI are entirely from S. cere-

visiae, whereas chromosomes III, VIII, X and XV are of S. paradoxus origin. Chromosomes IV, VII,

XI, XIII and XIV are non-homologous and have undergone recombination/large scale translocation

events (Figure 6.11).

Y652 has a complex diploid genome (Figure 6.12). Interestingly, one copy of chromosome XII

is entirely of S. cerevisiae origin, but the other is a combination of S. cerevisiae and S. paradoxus.

Similar recombination events have occurred in chromosomes IV, VII, IX and XIV, detailed in Figure
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6.12.

6.3.3 Introgression is widespread in the genomes of Brazilian wild S. cerevisiae

By mapping reads onto a reference file of S. cerevisiae and S. paradoxus genomes, aneuploidy

and introgressed regions were visualised such as in strain Y456 in Figure 6.13. S288c was used as

a negative control for locating regions of introgression which identified a region on chromosome XII

ofS. paradoxus as a false positive (see B of Figure 6.13). Reads fromS288cmapped to this region,

so it was omitted from the results of the Brazilian stains. The percentage of the genome that was

gained from S. paradoxus by introgression was calculated by aligning reads to the S. cerevisiae

reference genome, then with a reference containing both S. cerevisiae and S. paradoxus genomes.

The difference between these two percentages, taking into account the region on chromosome

XII, provided a conservative estimate of the proportion of the genome gained from S. paradoxus.

The false positive region on chromosome XII is highly conserved between S. paradoxus and S.

cerevisiae only, and consists of a duplicated region containing copies of the TAR1 gene and a

number of putative ORFs within the region of ∼435-480kb, depending on the species. As no more

than 2% of reads could be attributed to the false positive region of chromosome XII, this was used

to establish the margin for false positives when determining the degree of introgression. This 2%

was disregarded, which meant that introgression is observed in 23 (89%) of the 26 non-hybrid

strains (Table Q.1 Q). Although regions of introgression in chromosomes V and VI are commonly

observed across the strains, none were found to be fixed across the population. Regions that

failed to map to either S. cerevisiae or S. paradoxus reference genomes were used as BLAST

queries to identify other strains and species in which they may have originated. All are present in

other strains of their parental species, but not in other species, reflecting similar results obtained

by Barbosa et al. (2016). None contain Ty sequences.

Strains Y263 and Y266 possess ∼2-4% genomic introgression from S. paradoxus. However,

only ∼80-89% of their genomes were mapped onto S. cerevisiae, leaving >8% unaccounted for.

Their raw reads were each mapped to reference genomes of all Saccharomyces species and North

American S. paradoxus to trace their possible origin. However, this did not reduce the percentage

of unmapped reads. Using these regions as BLAST queries shows that they are of Saccharomyces

origin, but that the population(s) in which they originated are yet to be identified and/or sequenced,

as only partial hits were found.
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With 40 protein coding genes identified as of S. paradoxus origin by Barbosa et al. (2016), strain

Y263 was expected to contain the largest proportion of DNA gained from S. paradoxus. However,

it is in fact strain Y640 that contains the largest non-S. cerevisiae proportion of the genome outside

of the hybrid strains. Interestingly, Barbosa et al. (2016) did not recover any ORFs of S. paradoxus

origin in this strain. Upon examination of its TE content, this strain contains a large number of S.

paradoxus-like insertions, which may account for its apparent increased level of introgression.

6.3.4 Varying copy numbers of Ty1/2 insertions

All 28 strains contain S. paradoxus-like Ty1 insertions to varying degrees (Ty1p; Table 6.4), with

full-length elements present in 19 strains (68%). Ty1/2 coding regions of S. cerevisiae origin are

found in all strains except Y263 which has undergone extinction of the entire superfamily (Table

6.4). Ty2 elements share 99% similarity, and together with strain-specific Ty1 (n=12) and Ty2 (n=4)

full-length insertions show that transposition of elements within these subfamilies has occurred

relatively recently and/or since these strains share an ancestor. A small number of Ty1 FLEs are

present at loci as solo LTRs in other strains, having undergone intra-element recombination (n=4).

Both Ty1 and Ty2 are lost in strains Y641 and Y642, with only relics and solo LTRs to attest

to their previous existence. Ty2 is extinct in a further eight isolates, which correlates with strains

falling within clades B2-4 in Figure 6.9, suggesting a common point of loss. Ty1p pseudoelements

are present in all but four strains, with the complete loss of this subfamily in almost a third (n=9).

No evidence of Ty1’ FLEs was uncovered. Brazilian Ty1p LTRs typically share ∼93% identity with

those of S. paradoxus.

All Ty1/2 elements in the hybrids are confined to their original chromosomal background. Y651

and Y652 each contain only one copy of elements in the S. cerevisiae-like Ty1 and Ty2 subfam-

ilies, which are present in S. cerevisiae DNA. Additionally, Y651 contains a single copy of Ty1p,

whereas Y652 possesses three, all of which are present within S. paradoxus DNA, pointing to

unlikely activity since the hybridisation event, unless transposition is confined to the S. paradoxus

chromosomes.

Five strains (Y641, Y642, Y652, Y456 and Y263) each contain a single copy of a 1.4kb Ty1-like

relic which shares 90% identity with Tsk1 from L. kluyveri, than the endogenous Ty1 relic commonly

found in SGRP strains. However, only the IN domain remains intact in these five highly conserved

relics (99% identity and similarity), and the rest of the element has degraded. The AA sequence



6.3. Brazilian strains of S. cerevisiae contain widespread introgression from S. paradoxus 211

Table 6.4: Copy numbers of Ty1-like coding regions in the Brazilian strains of S. cerevisiae. Element
numbers: FLE(pseudo).

also shares 90% similarity with a relic copy in S. cariocanus, and the flanking DNA in the five

strains is shared, likely originating from S. paradoxus. Possible functional constraint was identified

by calculating Ka/Ks values with default settings (http://services.cbu.uib.no/tools/kaks), all of which

are close to zero (0-0.004; Appendix R). This indicates that the positions are possibly evolving

under purifying selection, and that the IN domainmay provide function to the host strains. However,

as too few changes have occurred since the strains diverged, the exact nature of selection at this

locus remained unclear.

A total of 614 Ty1/2 LTRs were recovered from the 28 strains. 398 (65%) sequences were

identified as S. cerevisiae Ty1 and subfamilies, 198 (32%) as S. paradoxus Ty1p and 20 (3%) as

Ty2. The subfamilies could not be confidently determined, either due to divergence from canon-

ical sequences or breakpoints indicating recombination. Excluding one Ty1-like relic (discussed

above), no divergent LTRs are associated with coding regions.
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Unique insertions represent independent activity of elements in their respective genomes, ob-

served in 23 non-hybrid strains (Table 6.5). Three strains (Y257, Y266 and Y463) possess no

unique activity in either subfamily, and are therefore unlikely to be active in these populations

since the divergence of these strains. All three are early branching strains in the B1 clade of Fig-

ure 6.9, suggesting the activity level seen in the other strains began after the divergence of these

from the ancestor.

Table 6.5: Copy numbers of unique Ty1 and Ty1p insertions in the non-hybrid Brazilian strains of S.
cerevisiae.

There is however no correlation between percentage of introgressed genome from S. para-

doxus and Ty1p copy number (R2= 0.0641; Figure 6.14), suggesting that few Ty1p insertions were

gained during the introgression events, and that the activity of this subfamily occurred later (dis-

cussed in Section 6.3.5).

Furthermore, hybridisation between Ty1/2 FLEs of these strains seems to be uncommon. Re-

combination events occurring within LTRs are not observed, and coding regions were identified



6.3. Brazilian strains of S. cerevisiae contain widespread introgression from S. paradoxus 213

Figure 6.14: Lack of correlation between the introgression and Ty1p copy number. No correlation is
observed between the percentage of genome gained from S. paradoxus and Ty1p copy number, suggesting
that activity of this subfamily occurred post-hybridisation/introgression.

as distinctly Ty1 or Ty2 in their entirety. The exception to this is in nine strains which contain a

degraded element whose identity is unclear. The 5’ LTR belongs to that of Ty1, but the degraded

gag region is more like that of Ty2 (data not shown). However, the element is interrupted after

∼700bp by the host gene ASE1, perhaps due to an assembly error, so it cannot be confidently

identified as a hybrid. The degraded insertion is however highly conserved in the three strains

(95-99% identity).

6.3.5 A S. paradoxus Ty1 subfamily was active post-introgression

To establish whether these are simply present in the introgressed regions gained fromS. paradoxus

or have been active in the time since introgression, strain Y641 was chosen for investigation as

it possesses the highest frequency of unique S. paradoxus-like Ty1 LTRs (Ty1p; Table Q.1). The

strain contains significantly fewer S. cerevisiae-like Ty1 LTRs (n=9), none of which are associated

with FLEs. Additionally, Y641 contains both solo Ty1p LTRs (n=63 total; n=33 unique) as well as

those associated with FLEs (n=3; the LTR from the remaining FLE was not able to be extracted in

full due to fragmentation). Upon investigation of coding regions within this strain, both autonomous

Ty1-like elements were found be that of S. paradoxus origin as opposed to S. cerevisiae. The FLEs

(n=2) sre present on scaffolds where enough DNA flanking at least one end of each insertion is
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present to extract 1kb to use as a BLAST query to ascertain its origin. A S. paradoxus-like element

in S. cerevisiae flanking DNA would indicate transposition post-introgression. In both cases, the

Ty1p elements are present in S. cerevisiae regions, indicating transposition of active elements has

occurred after the introgression events.

Solo LTRs were also investigated in strain Y641 to ascertain previous activity levels of Ty1

and Ty1p. The majority of Ty1p LTRs possess S. cerevisiae flanking DNA (n=60) and were there-

fore active post-introgression and have since undergone recombination. The remaining Ty1p solo

LTRs are present in the S. paradoxus regions (n=3) and therefore likely present in this position

when the regions were gained by introgression. It is unclear whether the S. cerevisiae Ty1/2 inser-

tions (n=28) have been active in the time since introgression, as their positions within endogenous

genomic regions do not reveal their level of activity as with Ty1p insertions. None are found in

the introgressed regions of Y641 or any other strain. Brazilian Ty1p LTRs and copies in S. para-

doxus strains share ≥93% nucleotide identity, including solo LTRs, indicating the acquisition of this

subfamily was relatively recent as few mutations have have time to accumulate.

The possible source of the Ty1p family in the Brazilian strains is unlikely to be a single shared

insertion, as unsurprisingly, the introgression patterns are not fixed in the population. Most Ty1p

insertions are low frequency and polymorphic. However, a number of solo insertions are of high

frequency (n=4; ∼20 strains). No fixed insertions were discovered in all strains.

6.3.6 Ty3 elements were gained from both parental species

Only the hybrid strains contain full-length copies of Ty3p from S. paradoxus. Strain Y457 contains

partial Ty3p coding regions alongside the single endogenous S. cerevisiae copy. In the remaining

25 strains, all of the S. paradoxus-like sequences are present as solo LTRs. The unique solo Ty3p

insertions (n=15) show almost twice the level of diversity than the endogenous S. cerevisiae Ty3

sequences, which are a mix of solos (n=79) and those associated with FLEs (n=5). Copies in both

subfamilies are present only in their respective regions, i.e. Ty3p in the introgressed regions and

Ty3 in the main S. cerevisiae genome, indicating that although Ty3 has likely been recently active,

it has not yet transposed into the S. paradoxus regions.

The endogenous full-length Ty3 copy is highly conserved throughout the 25 strains π=0.0075).

Stochastic loss of Ty3 has occurred in three strains (Y641, Y642 and Y263), as no coding regions

remain.
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Additionally, strain Y640 contains a ∼1kb remnant of a Ty3/gypsy–like element that shares

81% identity with the RT-RH region of Tlf3 in L. fermentati. However, no further domains are

recognisable.

6.3.7 American and European Ty4 insertions in the Brazilian strains

Ty4 is lost in seven of the strains, present as a single copy in the remaining strains and only the

hybrids contain multiple copies (Table 6.6). Upon examination of the elements in hybrid Y651, the

two proved to be of different origins: one S. uvarum-like (American) and one S. cerevisiae-like

(European). The copies share 77% identity over the entire coding region. The LTRs, as seen pre-

viously in Chapter 4, share little identity and also differed in length (291bp and 370bp, respectively).

Elements in hybrid Y652 unfortunately could not be compared as they are split over multiple reads,

and even after scaffolding could not be manually assembled. The strain did however contain the

flanking LTRs of three elements (two American and one European) but autonomy could not be

ascertained due to the lack of contigs covering entire coding regions.

In the strains containing European Ty4, elements share 96% identity with those of their parental

species, S. cerevisiae and S. paradoxus. They also share ∼72% identity with the American type

over the majority of the element. No evidence of recombination between elements of the two types

is not observed in coding regions or LTRs.

No full-length European insertions are unique to the Brazilian strains, as all are present in their

parental species. However, the majority of solo LTRs are unique to individual strains, indicating

that recent activity in this family has possibly occurred, but all elements have since undergone

recombination. Unfortunately, most coding regions span entire contigs, beginning and ending in

the LTRs, so TSDs and flanking DNA could usually not be ascertained. The short length of raw

reads (70bp) prevented elements being confidently identified. Those LTRs with enough flanking

DNA to be used as BLAST queries show that the insertions are still confined to their original loci.

Notably, no European pseudo or partial elements are present, as only LTR-LTR recombination has

caused the loss of this subfamily in around a third of the strains (n=9).

LTRs from the American subfamily of Ty4 are present in five strains: the two hybrids, Y641 and

Y642, plus a single solo LTR in strain Y456. Limited to these five strains, nucleotide diversity is far

lower in American LTRs (π=0.02481) than European (π=0.16459). Two European-type solo LTRs

are fixed in all 28 strains, and an additional insertion is fixed in 23 strains. The remaining insertions
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Table 6.6: Copy numbers of Ty4 coding regions in the Brazilian strains of S. cerevisiae. Element
numbers: FLE(pseudo).

are low to moderate frequency (n=75; ≤10 strains) and typically polymorphic. The American type

however, confined to five strains, are typically fixed in ≤4 strains (n=16). The remaining insertions

(n=15) are polymorphic and present in single instances. Additionally, the subfamily shows possible

evidence of recent strain-specific activity, as the solo LTRs and those associated FLEs in the hybrid

strains are not found in the corresponding loci in S. paradoxus. However, this may also be due to

the fact that the exact population of S. paradoxus that underwent hybridisation with these strains

of S. cerevisiae is yet to be discovered.

The American Ty4 elements in the hybrid strains possess divergent gag regions. The assumed

partial copies are unfortunately present on short reads with their 5’ LTRs. In Y652, this element

could not be constructed in full as regions covering the PR and IN domains were not located in

the reads by RepeatMasker, perhaps due to low identity, or simply low sequencing coverage. The
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sequence shares 68% identity with the American element and none with the European copy. The

FLE was manually constructed in Y651 using overlapping sequences of an alignment of all coding

regions in this strain. The gag region shares higher identity with the American type (73%) than

the European (66%). When used as a query in BLASTp, a Gag region from S. eubayanus is

the closest hit, with 78% similarity. The pol region of this element shares 87% identity with the

American copy, and far less with European (∼30%). The LTRs are also shorter as in the American

elements (291bp) and show little evidence of mutation. The entire Y651 element did however share

95% similarity with the element from S. cariocanus lacking RT (Chapter 4), hinting at a possible

link between the elements of these populations. It was therefore concluded that this is a further

subfamily of American Ty4, much like Ty1’, elements of which differ from Ty1 mainly in the gag

region.

An alignment of translated Gag regions in all strains (Figure 6.15) shows that the European

copies are all highly conserved and typically differed from the canonical S. cerevisiae Gag region

at 16 sites. In contrast, American-type Gag sequences share far less similarity. The two American

subtypes are clearly seen – those like S. uvarum (with one copy in S. eubayanus CRUB1971)

and those like the remaining S. eubayanus elements. Variability in the Gag region is currently

unreported outside the Ty1/2 superfamily.

6.3.8 Ty4 elements may contain extra domains

An NCBI Conserved Domain Search (CDS) with the pol regions of American and European ele-

ments revealed the presence of potential extra domains between IN and RT (Figure 6.16). The

domain in the European elements shares similarity with the COG3942 superfamily, a surface anti-

gen usually confined to bacterial species (e value 7.28−03). In the American elements, an extra

putative domain is located in the hybrid strain Y651 and determined as Utp14, one of the 40 pro-

tein components of the ribosomal small subunit (e value 9.85e−03; Dragon et al., 2002). In the S.

uvarum Tsu4 element, this location is occupied by a zinc-finger domain (Chapter 4). No further

American copies contain the extra domain.

Searching with the coding regions of all European elements in the Brazilian strains returned

a further 10 copies with the functional domain. Upon alignment of the protein sequences, the

presence of the putative antigen domain appears to coincide with an insertion of 17 residues (Figure

6.17). Elements from the reference strains of S. cerevisiae and S. paradoxus are missing this 17
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Figure 6.15: Alignment of the divergent Gag regions in the types of Ty4 elements in the Brazilian
strains of S. cerevisiae. Top section consists of the ‘American’ species and strains of Brazilian S. cere-
visiae, including examples from S. eubayanus (Seub) and S. uvarum (Suva). Lower ‘European’ section
contains S. cerevisiae (Scer), S. paradoxus (Spar), S. kudriavzevii (Skud) and sequences from the Euro-
pean elements of the Brazilian strains. Conservation indicators are as in Figure 6.3.
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Figure 6.16: NCBI CDS result of Pol regions in American and European type Ty4 elements. European
elements (represented by the copy in strain Y266; A) and American elements (represented by a copy in
strain Y651; B) contain putative extra domains, resembling a surface antigen and small ribosomal subunit.
Both are positioned between IN and RT domains in their respective elements. Although present, the PR
domains are not annotated.

residue insertion and lack the extra potential domain. However, a further four Brazilian elements

may contain this insertion, but ∼13 changes to the surrounding domain do not result in the same

BLAST hit, therefore a combination of the extra insertion and the changes may determine the

presence of the extra domain. The element from the remaining strain (Y462) is fragmented over

multiple contigs and could not be reliably constructed.
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6.3.9 The S. cerevisiae Ty5 relic is uncommon in the Brazilian strains

20 of the non-hybrid strains (71%) are entirely devoid of Ty5 coding regions, possessing a solo

LTR in position of the S. cerevisiae relic instead. The remaining six strains contain the S. cere-

visiae relics, totalling seven elements. In two strains, Y462 and Y464, the Ty5 relic has been

interrupted by a newer Ty1 element which has transposed within the existing Ty5 coding region

before undergoing recombination to result in a solo LTR. Surprisingly, neither hybrid contain intact

Ty5 elements. In strain Y651, the chromosome III is of S. paradoxus origin, and so does not pos-

sess the S. cerevisiae Ty5 relic (Chapter 4). However, the relic is also absent in Y652, despite

possessing a copy of S. cerevisiae chromosome III. The strain instead possesses a solo LTR at

the locus, having undergone LTR-LTR recombination. Interestingly, no S. paradoxus-like copies

of FLEs are found in any strains, only solo LTRs in the S. paradoxus regions.

Y260 is the only strain to contain multiple copies of Ty5, which possess different TSDs to the

relic in the S. cerevisiae reference strain on chromosome III. When compared to the reference

strain, it is clear that a rearrangement has occurred to result in the altered TSDs (Figure 6.18).

The DNA flanking one end of each element originates from chromosome III (grey in Figure 6.18),

whereas the opposite ends of the elements (both with TSDs of ATTTT) are flanked by DNA from

chromosome VII (black in Figure 6.18). The simplest explanation for this rearrangement is that the

strain once possessed two copies of Ty5, which underwent a recombination/conversion event to

result in the translocation between chromosomes III and VII and the loss of regions PR and IN.

The coding regions and 3’ LTRs are identical, with nucleotide changes confined to the 5’ LTRs

(n=10). Overall, the elements share 99% identity. The position of the stop codon between the

gag and PR regions causing loss of function in these elements differs to that in the Ty5 relic in

other strains of S. cerevisiae (after the PR region), suggesting independent accumulation of stop

codons.

As many as 20 solo LTRs are observed in a single strain (hybrid Y652), but no evidence of activ-

ity since the introgression events is observed as all insertions remained confined to their respective

genomic origins. Solo LTRs unique to the Brazilian strains are observed however, indicating ac-

tivity since the isolation of the population from its origin in Europe, or loss in the SGRP strains by

drift or selection. Four Ty5 solo insertions are fixed at high frequency, whereas the remaining 35

insertions varied in frequency (≤18 strains), few of which are fixed.
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Figure 6.18: Illustration of the potential recombination between two Ty5 elements in strain Y260.
Recombination between multiple elements may have caused a chromosomal rearrangement in strain Y260.
The recombination event most likely occurred in or around the PR-IN region, and this has resulted in shorter
elements with these two domains lost or unrecognisable. *indicates the presence of a stop codon. TSDs
are shown immediately 5’ and 3’ to the elements, respectively. LTRs are not annotated in the figure. Not
drawn to scale.

6.4 Brazilian S. cerevisiae phylogenetics

In order to minimise phylogenetic noise caused by excessive numbers of sequences, the relation-

ships between the LTR sequences in the Brazilian strains of S. cerevisiae with high rates of intro-

gression from S. paradoxus were explored separately from the Peterhof sequences. Sequences

from all 28 strains were included as both hybrids and introgression strains contain evidence of

Ty families from both parental species. Duplicate insertions and poor quality sequences were

removed before phylogenetic analysis.

6.4.1 S. paradoxus-like Ty1 sequences dominate the Brazilian strains

Despite being predominately S. cerevisiae strains, the Ty1/2 phylogeny (Figure 6.19) displays the

majority of Brazilian sequences forming a sister group with S. paradoxus, or their own group of

long-branched sequences separate from the bulk of SGRP S. cerevisiae sequences. Outside the

SGRP S. cerevisiae Ty1 and Ty2 groups, three main Brazilian groups form (A-C). Group A (n=66)

consists of long-branched Ty1-like LTRs all of which are solo LTRs. Group B (n=198) forms the

distinct sister group to S. paradoxus Ty1p, 7% of which are from FLEs (n=14). Almost half of the

sequences in this grouping originate in the two hybrid strains (n=99). Finally, group C (n=58) also
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consists of long-branched sequences, and are all solo LTRs except one, which is associated with

the degenerate element (section 6.3.4). A small number of Brazilian sequences fall within the main

S. paradoxus Ty1 grouping (n=3), indicating a more recent transfer.

Figure 6.19: Ty1/2 LTR phylogeny of sequences from Brazilian S. cerevisiae. Formatting is the same
as in Figure 6.5, but based on an alignment of 333 sites and rooted with Tlw2 sequences from L. waltii.
The SGRP S. cerevisiae sequences falling within the Brazilian group C sequences, it is unlikely that this is
the true relationship, and more likely a phylogenetic artefact resulting from the diversity seen in the long-
branched sequences in group C of the Brazilian LTRs.

Unique Ty2 LTRs (n=29) were collected, almost two thirds of which fall on short branches

(n=19), consistent with recent activity or gain. Although degenerate Ty2 coding regions were dis-

covered in most Brazilian genomes, intact LTRs are present in less than half of the strains (n=11;
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39%). A minority of LTRs (n=7; 24%) are associated with FLEs, but present in only five strains.

Ty2 is therefore extinct in 23 of the Brazilian strains, assuming the majority of Brazilian population

has not been isolated from the source of Ty2. Far more Ty1 sequences in the Brazilian strains are

shared with SGRP S. cerevisiae strains (n=96), around a third of which are older, long-branched

insertions (n=30).

6.4.2 Brazilian Ty3 LTRs cluster only with parental species

Figure 6.20 displays the Ty3 phylogeny of the Brazilian strains in relation to their parental species’

sequences.

Figure 6.20: Ty3 LTR phylogeny of sequences from Brazilian S. cerevisiae. Formatting is the same as
in Figure 6.5, but based on an alignment of 353 sites and rooted with sequences from N. dairenensis. /
indicates the root is arbitrarily shortened.

Although S. paradoxus sequences nest within those from S. cerevisiae, this is likely an artefact

and as established in Chapter 5, a sister relationship is most likely the true connection. Only

the root and the position of the S. paradoxus group are supported by both methods. Unlike in
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the Ty1/2 superfamily, sequences from the Brazilian strains do not form their own groupings but

instead cluster with sequences of their parental species. The majority of sequences cluster with

S. cerevisiae (n=78), whereas the remaining sequences fall with those of S. paradoxus (n=31).

Furthermore, short-branched sequences (n=66) outweigh long-branched sequences (n=43) in the

Brazilian strains, and also tend to cluster within groups of their parental species’ sequences.

6.4.3 European and American Ty4 inhabit the Brazilian population

Figure 6.21 displays the Ty4 phylogeny of the Brazilian strains in relation to their parental species’

sequences in the two main populations: American and European.

Figure 6.21: Ty4 LTR phylogeny of sequences from Brazilian S. cerevisiae. Formatting is the same as
in Figure 6.5, but based on an alignment of 383 sites and rooted with sequences from N. dairenensis. /
indicates the root is arbitrarily shortened.

The split between sequences of the American and European populations is maximally sup-

ported by both methods. Long-branched Brazilian sequences mainly cluster with European S.
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paradoxus LTRs (n=17), whereas short-branched sequences are prevalent within those of S. cere-

visiae (n=29). Lower copy numbers of short-branched sequences are also present nested within

American S. paradoxus (n=12) and S. cariocanus sequences (n=6). American sequences are

confined to five Brazilian strains (section 6.3.7).

The long-branched sequences of S. paradoxus and Brazilian S. cerevisiae are most likely in

this position due to diversity and age. Long-branched attraction, the phylogenetic artefact whereby

rapidly mutating sequences are inferred as sharing a far closer relationship than in the true phy-

logeny (reviewed by Bergsten, 2005), and the fact that the population from which the Brazilian

strains gained their S. paradoxus introgressions is yet to be discovered may also have influenced

the phylogeny.

6.4.4 Ty5 is extinct in the Brazilian population

Figure 6.22 on the following page displays the Ty5 phylogeny of the Brazilian strains in relation to

their parental species’ sequences.

Both Ty5 and Ty5p LTRs (n=44) are present in the Brazilian strains from each of their parental

species, but only a small minority are associated with FLEs (n=5). As all coding regions are present

as partial or non-autonomous elements, Ty5 is therefore extinct in these strains. Long-branched

sequences (n=5) nested within S. paradoxus suggested this particular Ty5 lineage is far older than

that of S. cerevisiae, as nucleotide changes have had time to accumulate. Sequences from the

European strains of S. paradoxus (Figure 6.22) show evidence of independent activity, possibly

since the introgression events resulting in the Brazilian strains, as none of these insertions are

shared by the Brazilian strains.
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Figure 6.22: Ty5 LTR phylogeny of sequences from Brazilian S. cerevisiae. Formatting is the same as
in Figure 6.5, but based on an alignment of 251 sites and rooted with N. dairenensis sequences. / indicates
the root is arbitrarily shortened. Boxed regions highlight the LTRs associated with FLEs.
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6.5 Discussion

In this chapter, the Ty elements of two distinct populations of Saccharomyces cerevisiae were

examined for common evolutionary characteristics and insertion profiles. The industrial Peterhof

collection, distinct from common S288c-derived laboratory strains (Drozdova et al., 2016), experi-

enced minimal Ty activity in the time since this population was isolated from the SGRP strains. In

contrast, the Brazilian population of wild strains which has experienced varying levels of hybridis-

ation and introgression with S. paradoxus (Barbosa et al., 2016), which allowed the spread of a S.

paradoxus-like family, Ty1p, to propagate. Limited Ty3-5 activity is observed in either population,

and the introduction of a Ty4 subfamily gained by the Brazilian strains adds to previously accumu-

lated evidence (Chapters 4 and 5) that this subfamily may be confined to the American continent.

Furthermore, Ty2 is relatively unsuccessful in both populations, with little strain-specific activity and

extinction in all PGC and a third of Brazilian strains. Since its acquisition from S. mikatae (Carr

et al., 2012), Ty2 became widespread throughout S. cerevisiae, with evidence of this subfamily

being reported in all sequenced strains to date (e.g. Ibeas and Jimenez, 1996; Dunn et al., 2005;

Liti et al., 2005, 2009; Novo et al., 2009; Akao et al., 2011; Bleykasten-Grosshans et al., 2013).

Although the Peterhof population was clearly isolated in the time following the acquisition of Ty2,

if the initial copy number in the ancestral population was low, the subfamily would have a poorer

chance of survival due to the likelihood of recombination and negative selection acting upon the

elements. The subfamily may have undergone a burst of activity after the HT event, but it was not

enough to avoid extinction in the PGC population. Similarly in Brazilian S. cerevisiae, the intro-

duction of a foreign subfamily such as Ty1p may also have introduced competition between the

two (Abrusan and Krambeck, 2006; Le Rouzic and Capy, 2006). The presence of specifically S.

paradoxus regions clearly did not cause the loss of Ty2, as Liti et al. (2005) noted S. paradoxus x

S. cerevisiae hybrids containing the subfamily. However, as Ty2 has yet to be found as a functional

family in pure S. paradoxus, how well this would thrive in this species is unknown.

Widespread introgression from S. paradoxus into a Brazilian population of S. cere-

visiae

Evidence of introgression from S. paradoxus in the shape of chimeric chromosomes is found in 23

non-hybrid strains to varying degrees, an increase upon the 21 strains identified by Barbosa et al.
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(2016). This was likely a result of the differing identification methods employed, as the authors

focussed on ORFs, whereas a whole genome mapping approach was used here.

Supporting the results of Barbosa et al. (2016) is the conclusion that introgression patterns are

not fixed in the Brazilian population, and likely a result of multiple hybridisation and backcross-

ing events. In order to gain the elements observed in the strains, one hybridisation event with

S. paradoxus occurred within the European populations in order to gain Ty4, as evidenced previ-

ously in Chapter 5. The migration to the Americas then occurred, where they underwent further

hybridisation with American populations of S. paradoxus in order to gain Ty1p in all strains and the

American Ty4 in a minority of strains. This may have consisted of multiple hybridisation events

and repeated backcrossing to cause the introgression patterns of the mosaic genomes as hypoth-

esised by the authors. However, as seen in a study of S. cerevisiae and S. uvarum hybrids by

Dunn et al. (2013), repeated backcrossing may not be required for introgression as the daughter

cells can simply undergo independent recombination, losing regions of S. uvarum chromosomes

to become genomically stable. The possibility that this occurred in the Brazilian strains in order

to result in the complex patterns of introgressed S. paradoxus regions cannot be discounted. The

elements and regions respectively gained by migratory strains Y255 and Y640 likely resulted from

independent interactions with a S. paradoxus population (section 6.3.3).

Although there was no observed correlation between genomic proportion of introgression and

TE content, the two hybrid strains possess the highest genome content, due to the presence of

elements from the combined parentage and activity post-hybridisation. Liti et al. (2009) made a

similar observation concerning strains with mosaic genomes caused by introgression. Additionally,

a number of the introgressed regions and elements share identity with those of the S. cariocanus

population, suggesting blurred lines between populations and species on this continent.

In this study, the number of assembled contigs, which is to an extent representative of frequency

recombination breakpoints, shows a weak positive correlation with genomic TE content. In the ec-

topic exchange model, recombination rate is typically inversely correlated with insertion density

(as opposed to genomic content), as selection is weaker in areas of low recombination, therefore

allowing TEs to proliferate (Montgomery et al., 1987; Langley et al., 1988; Charlesworth et al.,

1992a,b; Dolgin and Charlesworth, 2008). Examined in Drosophila (Bartolome et al., 2002; Riz-

zon et al., 2002) and rice (Tian et al., 2009), the negative correlation followed the model, whereas
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no correlation was discovered in Arabidopsis (Wright et al., 2003). In yeast, however, the rela-

tionship between insertions and recombination rate appeared to be more complicated. Although

Ben-Aroya et al. (2004) reported a reduction in recombination due to full-length Ty insertions, Pan

et al. (2011) noted that events resulting in recombination were not simple, and were more likely

to occur between solo LTRs than regions containing FLEs. With this in mind, the apparent corre-

lation between recombination rate and genomic TE content may also be explained in part by the

range of complexity observed in the assembled genomes, in that the higher the insertion rate and

potential rearrangements that occurred, the more difficult scaffolding was to perform. The number

of contigs assembled for each genome, while indicative of recombination breakpoints due to the

failure to build into scaffolds due to the differences in the reference genomes, may also simply be

indicative of insertions that differ to that of the reference, and due to the highly repetitive nature of

LTRs in particular, contigs were not able to be scaffolded further.

A new Ty family in Brazilian S. cerevisiae

The spread of Ty1p in the Brazilian strains of S. cerevisiae marks a successful transfer event

into a new population from S. paradoxus. Although the regions of introgression are not fixed in

the Brazilian population, all strains, including migratory strains Y255 and Y640, gained the new

subfamily from S. paradoxus. This was likely gained by the ancestor population of the 26 non-

migratory strains. The possibility that Ty1p was gained by Brazilian S. cerevisiae in multiple events

cannot be discounted, as the introgressed regions contain evidence of the Ty1p family, usually as

solo LTRs. If these regions are the source of the new family, recombination post-hybridisation with

S. paradoxus caused these original elements to be lost in their new hosts, but not before they

spread throughout the genomes. The possibility that the source for this family could have been

a single copy gained by all strains also cannot be discounted, as the assembly process caused

disruption of some solo insertions. It is however more likely that multiple elements were gained by

the population(s) of Brazilian S. cerevisiae during hybridisation with S. paradoxus, as no insertion

was found in common across all strains.

Full-length elements, solo LTRs, usually in high abundance, were discovered across the strains,

together with low nucleotide diversity in LTRs, all of which indicated that this family was recently

active since its acquisition, and perhaps continues to be so. LTR-LTR recombination caused the

loss in some strains post-introgression, as the resulting solo LTRs are observed in the S. cerevisiae
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regions of the genome. No unique activity in strains Y257, Y266 and Y463, all early branching

strains in B1 of Figure 6.9 suggests a restriction of activity not observed in the other strains in this

clade.

Activity of a new TE family introduced by hybridisation/introgression has previously been docu-

mented after the crossing of two Drosophila species (de Lucca Jr. et al., 2007) and in plants, such

as subspecies of rice (Liu and Wendel, 2000; Shen et al., 2005), wheat (Liu et al., 2015; Senerchia

et al., 2015) and sunflowers (Kawakami et al., 2010). Activity of Ty1p may have been induced by

the introgression events themselves, as seen in a variety of organisms including Drosophila (Guer-

reiro, 2014), rice (Han et al., 2004), sugarcane (de Araujo et al., 2005) and Arabidopsis (Josefsson

et al., 2006).

Phylogenetics of Peterhof and Brazilian populations of S. cerevisiae

All families share similar evolutionary genomics regardless of whether they originated in the Pe-

terhof collection or Brazilian population, as evidenced by phylogenies for each family. Combining

SGRP, Peterhof and Brazilian sequences caused the phylogenetic signals to be lost in LTR trees

and provided very little insight into their evolutionary history unless smaller, representative datasets

were created (data not shown). Therefore, splitting datasets into Peterhof and Brazilian allowed

the clearest and most plausible topologies to be presented here.

When forming the phylogenies, it was hypothesised that LTR sequences from the Peterhof and

Brazilian strains would primarily cluster with those of SGRP S. cerevisiae, which exist as a fair

representation of insertions present within the species as a whole. However, in both populations,

only a minority of insertions in each family are shared with the SGRP strains, and the majority,

particularly in the Ty1/2 superfamily, formed separate groupings. The Brazilian Ty1/2 superfamily

phylogeny illustrated the success with which Ty1p spread from donor S. paradoxus into the new

S. cerevisiae population and has since evolved into a distinct subfamily alongside endogenous S.

paradoxus subfamily.

In both populations, there is a prevalence of long-branched sequences within each familial phy-

logeny. Sequences in the PGC strains tended to assume long-branched groups in the basal posi-

tion which is not observed for the Brazilian strains. They indicated ancient activity, often unique to

the individual populations and not shared by the SGRP strains, potentially occurring post-isolation
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of these two populations. Long-branched solo LTR sequences tend to become fixed in the popula-

tions as they are less likely to be deleterious and formed poor templates for ectopic recombination

Hoang et al. (2010). With LTR phylogenies commonly displaying long-branch attraction (LBA)

(Benachenhou et al., 2013), there is a possibility that phylogenies may not reflect the true posi-

tions of the insertions due to the tendency for long branches to cluster together. Simultaneously,

the clustering of short-branched insertions may have caused further alterations to the topologies.

Short-branched insertions are indicative of relatively recent activity in most families. No evidence

in the regions containing solo LTRs was discovered that might suggest duplication, which could

also account for short-branched insertions, therefore it was concluded that recent transposition

has occurred.

Population isolation and environmental effects on Ty families

The differences seen in activity levels and genomic TE contents within the two populations from

SGRP strains may only be explained in part by their geographical differences, as the SGRP strains

themselves were collected from a variety of locations. Population isolation occurred predominantly

in the PGC strains, whereas those in Brazil are free to interact with other populations and species.

This is starkly pronounced in their genomic TE content: without the repeated introduction of new

Ty sources in the Peterhof population, their isolation caused the loss of most families through

drift (Le Rouzic and Deceliere, 2005). A contributor to the poor success of families in the PGC

strains may have been the stable environment in which the population is maintained, as various

stressful conditions and environments have been reported to induce transposition (Lesage and

Todeschini, 2005). In contrast, the Brazilian strains in their wild environment would be subjected

to stressful conditions such as temperature changes, which would lead to increased transposition.

Hosid et al. (2012) suggested that populations with increased TE activity are more likely to survive

during environmental changes as there would be more genomic variety for natural selection to act

upon.

Population history could be determined by Ty sequences: a future application

Interdelta sequencing is currently extensively used as a method of genotyping strains by ampli-

fying randomly distributed regions between solo Ty1/2 LTRs (Legras and Karst, 2003; Tristezza

et al., 2009; Franco-Duarte et al., 2011; Xufre et al., 2011; Sun, Guo, Liu and Liu, 2014; Sun et al.,
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2017), but its reliability has recently been questioned (Pfliegler and Sipiczki, 2016). Identifying

the presence of subfamilies may provide an alternative method in determining geographical origin,

possible introgression/HT or at the very least provide a history of populations with which contact

has occurred. A number of the Brazilian strains contain both types of Ty4 and the Ty1p subfamily,

the presence of which confirmed the interactions with multiple populations on multiple continents.

Specifically designed PCR primers used to screen strains or species for e.g. both types of Ty4,

potentially revealing migrations, interactions with overseas populations and inter-species hybridi-

sation, thus identifying appealing candidates for genome sequencing and analysis. Additionally,

LTR sequences could then be added to existing phylogenies in order to determine the possible

relative age of the interaction(s).

6.6 Summary and conclusions

Two isolated populations of S. cerevisiae were investigated here for their Ty content. Consisting

of a series of varyingly isolated populations throughout the world, S. cerevisiae is able to hybridise

with other species and displays susceptibility to newly invading Ty families. The populations’ con-

trasting environments promote low activity and extinction of families in the Peterhof collection, and

new additions in the Brazilian strains through hybridisation and introgression.

Although the mosaic Peterhof strains were briefly exposed to a new source of elements during

mating with S288c-derived strains, the insertions failed to thrive. There is little difference between

those and the progenitor strains and they saw little change in their genomic landscapes from low

levels of Ty activity. Confined to a stable environment, their elements are lost to genetic drift and

LTR-LTR recombination.

The introduction of Ty1p elements into the Brazilian population of S. cerevisiae coincided with

the adaptation to the climate by the acquisition of established S. paradoxus genomic regions. Few

insertions are fixed and are unlikely to cause localised benefits, while others likely contribute to

genomic diversity in the rearrangements TEs naturally promote. In all likelihood, Ty1p simply took

advantage of a new population in which it could propagate.
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Chapter 7

Discussion

The following is a brief discussion of the findings reported throughout this thesis, as more detailed

discussions are included within each previous results chapter.

TEs are typically under negative selection in the genomes of their hosts due to deleterious

effects (Charlesworth and Charlesworth, 1983; Biémont et al., 1997; Charlesworth et al., 1997).

Hosts therefore employ successful methods of limiting TE effects and proliferation, such as RNAi,

methylation and antisense RNAs (Kidwell and Lisch, 2000; Matsuda and Garfinkel, 2009). De-

spite this, TEs are able to persist in the genomes of most eukaryotic species. In this work, the

genomes of more than 50 budding yeast species were investigated for evidence of TEs. All pos-

sess very different genomic TE contents, and few contain copy numbers or genomic fractions as

high as S. cerevisiae. Some species, such as Eremothecium and Ogataea, are entirely devoid

of elements. Due to the methods of identifying insertions, there is little doubt that these species

- and perhaps many others - contain solo LTRs of families that cannot be located without coding

sequences. Unlike genera such as Drosophila (McCullers and Steiniger, 2017) and most plants

(Jiao et al., 2017; Xia et al., 2017; Stritt et al., 2018), very few yeast contain large numbers of TEs,

with the exceptions of Candida albicans (Goodwin and Poulter, 2000) and Schizosaccharomyces

japonicus (Rhind et al., 2011). These differences in genomic content suggests that the relation-

ship between host and insertions is very much on a species-by-species basis. These yeasts also

possess efficient TE control mechanisms, such as LTR-LTR recombination, necessary in small,

compact genomes where methylation and RNAi are absent (Proffitt et al., 1984; Wolfe et al., 2015).

Using the model species of budding yeast, the work presented here investigated two main ways

in which TEs may avoid host defences and linger in genomes: by providing a benefit to their host

and crossing species barriers via horizontal transfer of TE families.

The genomic population data of two yeast species, Saccharomyces cerevisiae and S. para-

doxus, were examined for signatures of positive selection that may be acting upon insertions and
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their adjacent genes. These insertions may provide benefits to the host genome, perhaps by alter-

ing expression of neighbouring genes. Candidate insertions for positive selection were found to be

typically solo LTRs, and therefore no longer of use to the functionality of the Ty family. Insertions

that may benefit their host’s fitness are more likely to be older, having been well conserved and

selected for, and present at high frequency or fixed across populations. Previous studies have re-

ported the general benefits of Ty insertions (e.g. Wilke and Adams, 1992) or serendipitous, single

findings (e.g. Paquin and Williamson, 1986; Brady et al., 2008; Servant et al., 2008), and often

focus on full-length elements (FLEs) (e.g. Boeke and Sandmeyer, 1991; Roelants et al., 1995,

1997; Lesage and Todeschini, 2005). Therefore, the work presented here is the first full genome

screening of all insertions in Saccharomyces.

Of the candidates in S. cerevisiae, 12 were investigated for potentially significant differences

in expression of adjacent genes in a stable laboratory environment. Candidate LTRs neighbouring

AVL9 and SCS7 may cause significant differences in the expression of these host genes, therefore

potentially improving host fitness. Although the reported findings suggest that positive selection

may be acting on far more insertions than previously thought, they may only be representative

of the Ty insertions of Saccharomyces. Hybridisation is relatively common in Saccharomyces

(Peris et al., 2017; reviewed by Morales and Dujon, 2012) and thought to be promoted by the

stressful, industrial environments of many yeasts (Zeyl et al., 1996; Matzke et al., 1999; Tofalo

et al., 2013; Marti-Raga et al., 2017). Hybridisation provides a simple mechanism whereby Ty

elements and other genomic DNA can pass between species. Subsequent HT may not be as

common in other species, particularly those which do not undergo asexual reproduction or have

lower rates of recombination.

In comparison to unicellular species such as budding yeast, multicellular organisms employ

germline separation which may protect them from horizontally transferred insertions being passed

onto next generation, thereby reducing the apparent rate of HT occurrence. Effective popula-

tion size may also play a role in the propagation of elements through HT, as species with higher

effective population sizes are more efficient at removing TEs from the population (Charlesworth

and Charlesworth, 1983; Brookfield and Badge, 1997; Groth and Blumenstiel, 2016). Further-

more, investigations into selection acting upon TEs in other species have revealed that insertions

may have greater effects on a host when FLEs are under positive selection. The genomes of

Drosophila species - in contrast to those of Saccharomyces - contain far greater numbers of FLEs
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(McCullers and Steiniger, 2017). Reports of TEs resulting in benefits such as insecticide and viral

resistance in Drosophila (Daborn et al., 2002; Aminetzach et al., 2005; Magwire et al., 2011; Ma-

teo et al., 2014) are the result of autonomous full-length retrotransposons and DNA transposons,

which may account for the more subtle effects observed here in Saccharomyces. Species within

predator/prey, parasitic/host or symbiotic relationships may also experience atypical occurrences

of HT, as Drosophila may undergo HT with its symbiotic bacteria Wolbachia (Brown and Lloyd,

2015; Ortiz et al., 2015).

Reconstruction of the possible evolutionary relationships between the families of TE sequences

in all available budding yeast genomes allowed the identification of potential horizontal transfer

of families between species. Species phylogenies are typically created using the sequences of

multiple highly conserved, slowly evolving host genes such as ribosomal 18S, 26S and internal

transcribed spacers. These contrast with the phylogenetic analysis of TE sequences, which are

expected to present long branches, reflecting their relatively fast evolution. Therefore, the short-

branched Ty phylogenies reported here, where they share little congruence with those of their host

species, strongly indicate transfer between populations and species. Short-branched sequences

can also result from gene conversion, where branch lengths are indicative of the last conversion

event rather than transposition. However, gene conversion occurs at relatively low frequency (Ku-

piec and Petes, 1988b), and the presence of ancient, long-branched insertions in all families would

suggest that conversion is not particularly active in the Ty sequences of these species.

In order to recover maximum evidence of HT occurrence, both LTR and RT phylogenies were

constructed. Although phylogenetic analyses of RH (Malik and Eickbush, 2001), IN (Malik and

Eickbush, 1999); (Llorens and Marin, 2001) and PR (Llorens et al., 2009) domains are congruent

with those of the most conserved domain of RT (Eickbush and Jamburuthugoda, 2008), unresolved

relationships may be determined in the future by increasing the number of domains included in phy-

logenies. TE trees are renowned for incongruence between LTR and internal coding regions and

their poor support values, regardless of inference method (e.g. González et al., 2008; Benachen-

hou et al., 2009, 2013).

Despite these complications, the potential evolutionary histories of all Ty families presented

here allowed for identification of in excess of 75 HT events in 19 species, with around half of these

successful in the further propagation in recipient genomes. Furthermore, Ty1p of S. paradoxus

spread throughout a Brazilian population of S. cerevisiae (Chapter 6). Although transfers of TE
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families across greater phylogenetic distances have been reported (e.g.Tang et al., 2015; Lin et al.,

2016; Peccoud et al., 2017; Gao et al., 2018), the events documented here concern only yeasts,

suggesting a confinement of Ty-like elements to this particular species group. Evidence of HT was

discovered in all Ty families, with the high rate of Ty4 being the most surprising, having previously

been assumed to be transcriptionally active at a very low level (Hug and Feldmann, 1996).

The ease with which families can be transferred across species is very much of interest, as

the artificial transfer of LINE elements from Candida albicans into S. cerevisiae (Dong et al., 2009)

shows that ’foreign’ elements are able to survive - and proliferate - in other species of budding

yeast. However, as Saccharomyces do not typically possess DNA transposons and non-LTR-

retrotransposons, it is possible that many cellular requirements for their activity have not survived

in extant genomes. Furthermore, as hybridisation and introgression appear to be the main meth-

ods by which new TE families are gained in yeast, the types of elements gained are limited by the

species which can undergo hybridisation. For example, the S. cerevisiae strain AWRI1631 con-

tains degenerate copies of Rover DNA transposons (Borneman et al., 2008), likely the result of

hybridisation(s) with another yeast - perhaps of the Lachancea genus (Sarilar et al., 2015) - which

possesses this family.

During analysis, a further method of persistence was uncovered: sequence divergence of a

TE family in differing populations, which has yet to be reported in Saccharomyces (Ty4; Chap-

ters 4 and 5). The impact of insertions driving population divergence is documented in a variety

of organisms (e.g. Begin and Schoen, 2007; Senerchia et al., 2015; Oppold et al., 2017), while

divergence typically coincides with major evolutionary events such as speciation, as seen in the

differing elements of Saccharomyces species (Chapter 4, Liti et al., 2005) and Drosophila, such

as the divergence of roo and rooA (de la Chaux and Wagner, 2009). It may be a method by which

insertions are able escape deletion via inter-element recombination (Charlesworth and Langley,

1989; Petrov et al., 2003) and small RNA targeting in eukaryotes (reviewed in Castillo and Moyle,

2012). A review of current literature revealed only two instances of divergence of TEs with isolation

of host populations. Arabidopsis (Lockton et al., 2008; Lockton andGaut, 2010) andMediterranean

grass (Stritt et al., 2018) show divergence in TE families, where polymorphisms are specific to pop-

ulations. It is reasonable to think that such divergences can and do occur in the elements of other

species, yet as the discovery and annotation of TEs is often performed as an entirely automated

process, such divergences may be classified by the software as entirely different families. Without
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manual investigations into the TE contents of genomes - particularly those of non-model species

- to complement automated TE pipelines, many interesting and unique evolutionary histories may

be misinterpreted or missed altogether.

The taxonomy of closely related species such as budding yeast has been a difficult and often

controversial subject, particularly before NGS. Investigations into genomic TE content here led to

the discovery of two wrongly designated species: Vanderwaltozyma yarrowii and Naumovozyma

dairenensis. These were in fact strains of Lachancea waltii and Candida albicans, respectively,

the latter of which was very recently independently reported by Stavrou et al. (2018). Furthermore,

the accuracy of repeat rich regions of genomes is often questionable due to sequencing methods

(Treangen and Salzberg, 2011; Hoban et al., 2016). Genomes can be submitted to GenBank with

their repetitive regions masked by programs such as RepeatMasker, or assembled in a fashion

that severely under-represents these regions, thereby preventing the true TE content being es-

tablished and hindering investigations into TEs and their host genomes (Choudhury et al., 2017).

The increasing availability of single-molecule techniques such as PacBio and Oxford Nanopore,

vast improvements on previous Illumina-style sequencing methods, will hopefully improve studies

of TEs (Feng et al., 2015; Rhoads and Au, 2015; Salazar et al., 2017). However, even with im-

proved sequencing techniques, automated TE discovery and annotation methods should not be

completely relied upon to accurately examine genomes, as seen here with Sz. japonicus (Rhind

et al., 2011) and species of Eremothecium (Dietrich et al., 2004, 2013; Wendland and Walther,

2011).

The investigations reported here represent the first genomic screening of Ty insertions in Sac-

charomyces for signatures of positive selection, and an updated, comprehensive search for evi-

dence of HT between species of budding yeast, which both may act as methods for TE families

to persist in the genomes of their hosts. The results documented for these species are unlikely to

characterise the relationship between host and TEs and rate of HT events in and between other

species. Therefore, the work presented in this thesis will hopefully serve as inspiration for similar

analyses of TEs in other species.
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Appendix A

List of software used

The following is a list of software used throughout this work.

Software Reference/link

UCSC S. cerevisiae genome browser Link

UCSC S. paradoxus genome browser Link

Wellcome Trust Sanger Institute S. cerevisiae BLAST Link

Wellcome Trust Sanger Institute S. paradoxus BLAST Link

NCBI BLAST Altschul et al. (1990)

SGD S. cerevisiaeWU-BLAST2 Link

SGD fungal genome WU-BLAST2 Link

SGD GO-Slim mapper Link

PANTHER Classification System Link

MAFFT v.7.205 Katoh and Standley (2013)

revseq Link

Primer3 Untergasser et al. (2012)

CFX Manager Link

qbase+ Link

GraphPad Prism v4.0 Link

CIPRES Science Gateway Miller et al. (2013)

SIB ExPASy Translate Link

UniProt Link

FASTA sequence length sorter Blankenberg et al. (2010)

Sequence extractor Blankenberg et al. (2010)

DnaSP v.5.10 Rozas and Rozas (1999)

https://genome-euro.ucsc.edu/cgi-bin/hgTracks?db=sacCer3
http://intron.ucsc.edu/cgi-bin/hgTracks?db=sacPar1&lastVirtModeType=default&lastVirtModeExtraState=&virtModeType=default&virtMode=0&nonVirtPosition=&position=chr12%3A457773%2D578681&hgsid=319933_jrDPALpzM6OwPVWyopblsbXi8ctC
https://sanger.ac.uk/cgi-bin/blast/submitblast/s_cerevisiae_sgrp
https://sanger.ac.uk/cgi-bin/blast/submitblast/s_paradoxus_sgrp
http://yeastgenome.org/blast-sgd
http://yeastgenome.org/blast-fungal
http://www.yeastgenome.org/cgi-bin/GO/goSlimMapper.pl
http://pantherdb.org/
http://bioinformatics.nl/cgi-bin/emboss/revseq
http://www.bio-rad.com/en-uk/sku/1845000-cfx-manager-software?ID=1845000
https://www.qbaseplus.com/
https://www.graphpad.com/scientific-software/prism/
http://web.expasy.org/translate/
http://uniprot.org/
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TOPALi v.2 Milne et al. (2009)

SplitsTree4 v.4.14.4 Huson and Bryant (2006)

ClustalX v.2.1 Larkin et al. (2007)

FigTree v.1.4.0 Link

RepeatMasker v.4.0.7 Smit et al. (2013)

RepBase v.20150807 Bao et al. (2015)

bwa c.0.6 Li and Durbin (2009)

SAMtools v1.3.1 Li et al. (2009a)

MeDuSa v.1.3 Bosi et al. (2015)

SPAdes v.3.6.2 Bankevich et al. (2012)

Mauve v.2.4.0 Darling et al. (2010)

SyMAP v.3.4 Soderlund et al. (2011)

RAxML v.8 Stamatakis (2014)

UGENE UniPro v.1.29 Okonechnikov et al. (2012)

Qualimap v.2 Okonechnikov et al. (2016)

Adobe Photoshop CS6 v.13 Link

http://tree.bio.ed.ac.uk/software/figtree/
https://www.adobe.com/uk/products/photoshop.html
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Bayesian Inference and Maximum Likelihood parameters

Bayesian Inferences (Yang and Rannala, 1997) parameters used with MrBayes v.3.2.6 (Huelsen-

beck and Crandall, 1997) on XSEDE, available on the CIPRES Science Gateway v.3.3 (Miller et al.,

2013). All other parameters were set to default.

Maximum hours 72
Data type nt/AA (changed as required)
BEAGLE disabled for nt phylogenies
Nst 6
Nt substitution model 4 x 4
Nt site variation gamma
Protein model Mixed or RT - allow MrBayes to select
MCMC generations 500,000
MCMC sample time 1000
MCMC burn in 0.25
Stop if convergence falls below stop No
Sumt burn in 1250
Sumt consensus tree All compatible groups
Show sumt probabilities Yes
Sump burn in 1250

The following priors were determined byMrBayes during the initial configuration part of analysis.

transition/transversion ratio
DNA onlysubstitution rate

coalescence parameter
synonymous/nonsynonymous ratio
frequencies of sites under purifying, neutral and positive selection
state frequencies
proportion of invariable sites
autocorrelation for gamma distribution
covarion switching rate
stationary frequencies
branch length probability distribution
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Maximum Likelihood (Huelsenbeck and Crandall, 1997) parameters used with RAxMLGUI v.8

(Stamatakis, 2014).

Bootstrap ML+thorough
Runs 100
Repeats 1000

Model GTRCAT (nt)
PROTCAT (AA)

Matrix RTREV (AA)
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Appendix C

Candidate LTR presence/absence matrix

On the following page is a presence/absence matrix for candidate LTRs in the SGRP strains of

Saccharomyces cerevisiae.
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Table
C
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Appendix D

RNA extraction quality

The following table is supporting data for Chapter 3.

Table D.1: RNA extraction qualities. RNA was extracted from cultured S. cerevisiae SGRP strains us-
ing the method of RNASwift (Nwokeoji et al., 2016). The quality and concentration of genomic RNA was
evaluated with the NanoDrop system (Fisher Scientific).
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Appendix E

qPCR primer details

Table E.1: Primer details used in qPCR for Chapter 3. *Volume of H2O added for primer concentration
of 50μmol/μl.
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Appendix F

qPCR plate layout

Figure F.1: qPCR plate layout used for qPCR in Chapter 3. Strain codes correspond to those used in the
presence/absence matrix of Appendix C.
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Appendix G

Tajima’s D results for all insertions in S. cerevisiae

The following tables are supporting results for Chapter 3, which cover Tajima’s D tests completed

for all insertions of all families in S. cerevisiae.

In all tables, N/A indicates a lack of polymorphisms which prevented the test from being com-

pleted. Those insertions with significant results are listed in Results Chapter 3.
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Ty1/2 superfamily

Sequence No. of strains Tajima’s D P value π value θ value (per site)

423095111 14 -1.24392 >0.10 0.01359 0.01935

423274700 30 -1.37590 >0.10 0.00425 0.00751

423284107 5 -0.68448 >0.10 0.02229 0.02458

452457071 13 -1.46463 >0.10 0.00416 0.00677

1253241397 15 -1.27331 >0.10 0.02262 0.03232

1253243015 6 -1.24578 >0.10 0.01370 0.01720

1253289677 10 -1.64861 0.05-0.10 0.01984 0.03027

1253319819 4 -0.78012 >0.10 0.00606 0.00661

1253343310 5 N/A N/A N/A N/A

1253416948 6 -1.33942 >0.10 0.01998 0.02545

1253434488 12 -1.29119 >0.10 0.00323 0.00497

1253460430 15 0.67276 >0.10 0.01087 0.00924

1253465121 7 0.27225 >0.10 0.01558 0.01484

1253467398 17 -1.33013 >0.10 0.02170 0.03207

1253537608 4 N/A N/A N/A N/A

1253538259 20 -1.33679 >0.10 0.01332 0.02038

1253555414 29 -1.61533 0.05-0.10 0.00763 0.01428

1253555750 9 -1.19734 >0.10 0.01515 0.02007

1253585482 6 -0.67613 >0.10 0.00463 0.00529

1253601153 4 -0.84729 >0.10 0.02252 0.02457

1253612939 13 0.29407 >0.10 0.02146 0.02008

1253635781 5 1.11678 >0.10 0.02840 0.02465

1253651207 23 -0.64597 >0.10 0.01393 0.01688

1253790050 4 N/A N/A N/A N/A

1253791920 5 0.31504 >0.10 0 .08605 0.08261

1253829756 10 0.17997 >0.10 0.03755 0.03620

1253848883 11 -0.51784 >0.10 0.01278 0.01448

1750365951 12 N/A N/A N/A N/A

1750371567 20 -1.34880 >0.10 0.01325 0.02038
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1750546426 25 0.45318 >0.10 0.01308 0.01158

1750589650 17 -0.97450 >0.10 0.01136 0.01515

1750592606 4 -0.75445 >0.10 0.00445 0.00486

1750603848 10 0.81980 >0.10 0.00141 0.00106

1750813820 13 0.52008 >0.10 0.01538 0.01367

1750817734 4 -0.70990 >0.10 0.00300 0.00328

1750842981 12 -1.12253 >0.10 0.00346 0.00497

1893510956 15 -0.77356 >0.10 0.00280 0.00369

1906203936 5 -0.41017 >0.10 0.00541 0.00577

1945049940 4 -0.81734 >0.10 0.01064 0.01161

1945050283 4 -0.75445 >0.10 0.00452 0.00493

1948757264 5 -0.81650 >0.10 0.00118 0.00142

1975691073 10 -0.76222 >0.10 0.02242 0.02670

1975719999 5 -0.17475 >0.10 0.00420 0.00432

1994531502 15 -1.00042 >0.10 0.00968 0.01292

2017501236 9 0.04541 >0.10 0.02138 0.02118

2063021721 4 -0.38921 >0.10 0.01104 0.01150

2063028992 4 0.16766 >0.10 0.00502 0.00493

2063030395 6 0.02803 >0.10 0.01325 0.01319

2064339580 7 -1.51388 0.05-0.10 0.03715 0.05041

2064463329 7 -1.00623 >0.10 0.00086 0.00123

2064890711 9 -1.53917 >0.10 0.01537 0.02237

2068868355 4 -0.75445 >0.10 0.00455 0.00496

2068928477 26 -0.95463 >0.10 0.01689 0.02275

2070746256 8 -1.45938 >0.10 0.01017 0.01433

2293172043 19 -0.98513 >0.10 0.01551 0.02075

2293267940 6 1.12414 >0.10 0.00482 0.00396

1253601963 18 -0.98092 >0.10 0.00765 0.01041

2017445866 8 -0.26382 >0.10 0.03044 0.03204

1975692398 8 -0.28622 >0.10 0.03022 0.03195

1750949753 7 -1.23716 >0.10 0.00174 0.00248
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1963750385 19 -1.33865 >0.10 0.01541 0.02334

1752141171 21 -1.45758 >0.10 0.01513 0.02428

2293171133 7 1.10686 >0.10 0.00460 0.00370

1945055670 12 -0.42854 >0.10 0.00260 0.00299

1904702417 9 -0.46495 >0.10 0.02157 0.02381

1948027081 7 -1.55311 0.05-0.10 0.00606 0.00866

1253298553 21 -1.25552 >0.10 0.01519 0.02254

1901770950 8 -0.27692 >0.10 0.02428 0.02563

2017463375 15 -0.59679 >0.10 0.03459 0.04020

1253860549 5 -0.74682 >0.10 0.00912 0.01021

1922304422 4 N/A N/A N/A N/A

1750390760 18 -0.93985 >0.10 0.01602 0.02102

1253888926 14 -0.48484 >0.10 0.00745 0.00852

1253788471 12 -0.90201 >0.10 0.00298 0.00400

1253305308 11 -1.34124 >0.10 0.00473 0.00707

2064877131 8 -1.45938 >0.10 0.01017 0.01433

1253546086 5 -1.04849 >0.10 0.00361 0.00434

1948027290 18 1.32989 >0.10 0.02004 0.01489

1253642065 9 N/A N/A N/A N/A

1253895868 16 0.63878 >0.10 0.01380 0.01184

1750367443 8 -1.23716 >0.10 0.00176 0.00251

2017465203 8 -1.64262 0.05-0.10 0.02310 0.03349

1750549190 10 -0.79994 >0.10 0.01767 0.02129

1751352537 19 1.17988 >0.10 0.02148 0.01642

1253841100 10 -0.61494 >0.10 0.00923 0.01071

1253643613 16 -1.12617 >0.10 0.02319 0.03177

1906197045 21 -1.17904 >0.10 0.00376 0.00591

1253626575 16 -1.51429 >0.10 0.01139 0.01826

1904694409 23 -0.83369 >0.10 0.00622 0.00826

1750547686 27 -0.31615 >0.10 0.00340 0.00383

1750427858 22 -0.98526 >0.10 0.01017 0.01392
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1253642825 11 -1.37058 >0.10 0.01295 0.01862

1253842613 16 -0.83602 >0.10 0.00269 0.00368

1750415694 10 -1.16934 >0.10 0.01531 0.02037

Table G.1: Tajima’s D results for Ty1/2 insertions.
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Ty3

Sequence No. of strains Tajima’s D P value π value θ value (per site)

1963300263 4 0.59158 >0.10 0.00343 0.00321

1893505639 15 -0.47812 >0.10 0.01364 0.01547

1752137827 8 -1.57586 0.05-0.10 0.00946 0.01377

1750609673 4 -0.78012 >0.10 0.00587 0.00640

1750579190 16 -1.58514 0.05-0.10 0.00455 0.00800

1750424241 6 -1.33698 >0.10 0.00489 0.00642

1750414164 6 -1.29503 >0.10 0.00396 0.00520

1750397574 4 -0.70990 >0.10 0.00294 0.00321

1750391442 4 -0.78012 >0.10 0.00588 0.00642

1253845381 13 -1.38139 >0.10 0.00686 0.01043

1253845040 4 1.66214 >0.10 0.01124 0.00960

1253563606 4 -0.61237 >0.10 0.00147 0.00160

1253542549 5 -1.14554 >0.10 0.00708 0.00850

1253421223 9 -1.27944 >0.10 0.02302 0.03094

1253333458 6 0.88776 >0.10 0.01045 0.00907

1253291586 10 0.52594 >0.10 0.00243 0.00209

423299768 14 -1.49064 >0.10 0.01443 0.02226

423119869 9 N/A N/A N/A N/A

423092408 10 -1.03446 >0.10 0.00222 0.00312

1750853728 5 -0.97256 >0.10 0.00236 0.00283

1750951189 9 1.42885 >0.10 0.01557 0.01194

1752139269 9 -1.39844 >0.10 0.00441 0.00649

1892472183 10 -1.03446 >0.10 0.00222 0.00312

422848513 13 -1.38139 >0.10 0.00686 0.01043

423108613 8 -0.56068 >0.10 0.00597 0.00679

423104489 11 -1.42961 >0.10 0.00107 0.00200

1253576906 4 -0.81734 >0.10 0.01036 0.01130

2056181479 6 0.61082 >0.10 0.01144 0.01037

1253612664 5 -1.14554 >0.10 0.00708 0.00850
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1253564256 15 -1.53857 >0.10 0.02717 0.04236

1253290099 14 -0.79031 >0.10 0.00281 0.00370

1892463544 13 1.47542 >0.10 0.00158 0.00095

1922462233 21 -0.89661 >0.10 0.02212 0.02870

422856666 21 -1.18019 >0.10 0.02004 0.02870

1750790573 4 -0.70990 >0.10 0.00298 0.00325

1253542355 6 -0.36201 >0.10 0.03138 0.03329

423324250 14 -0.95219 >0.10 0.01063 0.01387

1253234179 11 -1.62322 0.05-0.10 0.01402 0.02177

1253296927 14 -1.14505 >0.10 0.00653 0.00925

1253426982 13 -1.64267 0.05-0.10 0.00558 0.00948

1253541193 4 -0.82407 >0.10 0.01183 0.01291

1253624022 4 -0.70990 >0.10 0.00294 0.00321

1253802574 20 -1.16547 >0.10 0.00378 0.00585

1253808383 6 -1.36732 >0.10 0.00587 0.00771

1253812633 6 -1.35927 >0.10 0.02124 0.02713

1253840950 7 -0.75333 >0.10 0.01575 0.01821

1750361205 15 -1.11524 >0.10 0.01328 0.01825

1750603135 4 -0.61237 >0.10 0.00133 0.00145

1750614606 21 -1.38070 >0.10 0.00734 0.01181

1750621922 15 -0.31699 >0.10 0.00892 0.00972

1750847635 9 -0.73969 >0.10 0.00541 0.00651

1751355977 13 0.10070 >0.10 0.00880 0.00858

1893519769 14 -1.03805 >0.10 0.01112 0.01489

1945055758 25 -1.43329 >0.10 0.01005 0.01660

1962582664 13 -1.75462 0.05-0.10 0.00652 0.01144

1962594677 6 -1.33698 >0.10 0.00492 0.00646

1963600102 10 -1.58602 0.05-0.10 0.00739 0.01144

1975691243 19 -0.95616 >0.10 0.01019 0.01367

2017502064 12 -1.17901 >0.10 0.00187 0.00291

2017505814 15 -1.04163 >0.10 0.01003 0.01357
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2056181752 8 -1.14142 >0.10 0.00695 0.00910

2063030282 6 -1.33698 >0.10 0.00493 0.00648

2064458468 19 -0.05144 >0.10 0.00249 0.00254

2064642908 6 -1.29503 >0.10 0.00378 0.00496

Table G.2: Tajima’s D results for Ty3 insertions.
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Ty4

Sequence No. of strains Tajima’s D P value π value θ value (per site)

1253545921 5 -0.81650 >0.10 0.00108 0.00129

1253547397 4 N/A N/A N/A N/A

1253550240 4 2.08033 >0.10 0.00719 0.00588

1253610629 6 -0.73166 >0.10 0.02096 0.02374

1253808752 5 -0.54556 >0.10 0.02168 0.02341

1253858106 7 -1.02394 >0.10 0.01662 0.02035

253859846 6 -0.73166 >0.10 0.02096 0.02374

1750567884 6 -0.98980 >0.10 0.01913 0.02274

1750571613 4 1.21400 >0.10 0.01993 0.01779

1750582399 4 0.03892 >0.10 0.01033 0.01029

1922468385 4 -0.87425 >0.10 0.28940 0.31571

1922470484 4 -0.06867 >0.10 0.01168 0.01176

2017463612 4 -0.75445 >0.10 0.00407 0.00443

2063016019 4 -0.38921 >0.10 0.00988 0.01029

2064869783 5 0.69900 >0.10 0.00431 0.00388

2293152340 20 -1.72331 0.05-0.10 0.00076 0.00215

1750546887 4 -0.82407 >0.10 0.01081 0.01179

1750363477 6 -1.44477 0.05-0.10 0.00991 0.01302

1253610629 6 -0.73166 >0.10 0.02096 0.02374

1253833151 4 -0.86098 >0.10 0.03580 0.03906

1750601028 4 2.08033 >0.10 0.00658 0.00539

1750621338 4 -0.61237 >0.10 0.00135 0.00147

Table G.3: Tajima’s D results for Ty4 insertions.
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Ty5

Sequence No. of strains Tajima’s D P value π value θ value (per site)

422846906 22 -1.44848 >0.10 0.04279 0.06740

1253885689 5 -0.33192 >0.10 0.01275 0.01339

1253607370 6 N/A N/A N/A N/A

1253905252 4 -0.70990 >0.10 0.00402 0.00438

1750830484 8 -0.18166 <0.10 0.03259 0.03377

1752115423 4 -0.38921 >0.10 0.01455 0.01515

1893503712 9 -1.28067 >0.10 0.01173 0.01612

1253468709 4 -0.38921 >0.10 0.01455 0.01515

1253541860 9 -1.28067 >0.10 0.01173 0.01612

1253605367 4 -0.61237 < 0.10 0.00199 0.00217

1253540480 21 -0.59736 >0.10 0.04271 0.05032

1253449340 11 -0.97277 >0.10 0.02702 0.03428

2068870413 7 N/A N/A N/A N/A

1752124229 7 1.34164 >0.10 0.00239 0.00171

1253622465 16 1.11147 >0.10 0.02523 0.01962

1750393967 17 -0.39214 >0.10 0.03921 0.04335

Table G.4: Tajima’s D results for Ty5 insertions.
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Appendix H

Tajima’s D results for all insertions in S. paradoxus

The following tables are supporting results for Chapter 3, which cover Tajima’s D tests completed

for all insertions of all families in S. paradoxus.

In all tables, N/A indicates a lack of polymorphisms which prevented the test from being com-

pleted. Those insertions with significant results are listed in Results Chapter 3.
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Ty1/2 superfamily

Sequence No. of strains Tajima’s D P value π value θ value (per site)

203316420 5 -1.14554 >0.10 0.00757 0.00909

1253978543 12 0.53727 >0.10 0.05031 0.04501

1254000917 7 -1.43414 >0.10 0.00342 0.00489

1254003216 11 -0.16811 >0.10 0.00720 0.00752

1254015836 7 -1.33626 >0.10 0.01851 0.02431

1254042274 7 -1.44309 >0.10 0.03090 0.04130

1254082394 15 N/A N/A N/A N/A

1254106805 10 -0.77544 >0.10 0.02086 0.02494

1254109789 12 0.56310 >0.10 0.00773 0.00676

1254140487 15 -1.45596 >0.10 0.01354 0.02097

1254157663 10 0.51245 >0.10 0.01363 0.01223

1254171365 10 -1.38473 >0.10 0.01996 0.02814

1254296184 16 -0.32139 >0.10 0.01891 0.02055

1254299738 9 -1.69754 0.05-0.10 0.00891 0.01388

1254380201 7 -1.00623 >0.10 0.00090 0.00129

1254385225 4 -0.79684 >0.10 0.00786 0.00858

1254391570 5 -1.24176 >0.10 0.03041 0.03649

1254407467 7 N/A N/A N/A N/A

1254417005 8 1.76414 0.05-0.10 0.00804 0.00579

1254417560 7 -1.00623 >0.10 0.00090 0.00128

1254466181 14 -0.71962 >0.10 0.02914 0.03494

1254475535 7 0.25402 >0.10 0.00809 0.00770

1254487069 4 N/A N/A N/A N/A

1254568436 7 0.93086 >0.10 0.02590 0.02220

1254568461 7 -1.43414 >0.10 0.00359 0.00513

1254570171 5 N/A N/A N/A N/A

1254581381 5 -0.41017 >0.10 0.00568 0.00606

1750933499 4 -0.81734 >0.10 0.01108 0.01208

1750978940 14 -0.60752 >0.10 0.00946 0.01116
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1750987481 8 -1.02972 >0.10 0.00368 0.00482

1750988685 10 -1.66706 0.05-0.10 0.00252 0.00445

1751000800 6 -0.44736 >0.10 0.00376 0.00412

1751002336 4 -0.78012 >0.10 0.00621 0.00678

1751004647 4 -0.75445 >0.10 0.00472 0.00515

1751224491 12 -1.67054 0.05-0.10 0.02704 0.04263

1751228721 15 -0.67092 >0.10 0.00770 0.00935

1751271947 5 1.32768 >0.10 0.01212 0.01018

205950307 10 -0.10094 >0.10 0.02875 0.02937

205954333 8 0.23069 >0.10 0.00783 0.00746

1250539987 5 -0.80734 >0.10 0.01069 0.01208

1253940161 4 0.16766 >0.10 0.00526 0.00516

1253944513 4 -0.85430 >0.10 0.03021 0.03296

1253965680 6 -0.44736 >0.10 0.00379 0.00414

1253968255 6 -1.13197 >0.10 0.00212 0.00279

1253971669 6 -1.46056 0.05-0.10 0.01313 0.01725

1254005374 7 -1.33021 >0.10 0.02367 0.03092

1254011475 9 -1.08823 >0.10 0.00069 0.00115

1254087361 7 1.24854 >0.10 0.02402 0.01961

1254124084 5 -0.81650 >0.10 0.00121 0.00145

1254145435 9 0.40121 >0.10 0.02297 0.02123

1254159332 9 1.45715 >0.10 0.04074 0.03154

1254169217 5 0.98145 >0.10 0.01796 0.01581

1254194682 13 0.01076 >0.10 0.01473 0.01469

1254242779 11 -1.28247 >0.10 0.01239 0.01740

1254247165 6 -0.73110 >0.10 0.03851 0.04352

1254251068 15 -0.85107 >0.10 0.01698 0.02137

1254252169 4 -0.82943 >0.10 0.01420 0.01549

1254253248 12 -1.29282 >0.10 0.02385 0.03343

1254256455 5 -1.17432 >0.10 0.00991 0.01189

1254262592 7 -0.65405 >0.10 0.00315 0.00368
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1254263237 9 -1.58469 0.05-0.10 0.01005 0.01504

1254273457 8 -1.05482 >0.10 0.00078 0.00120

1254280322 9 1.76414 0.05-0.10 0.00804 0.00579

1254290491 10 -0.10539 >0.10 0.01381 0.01414

1254373522 12 1.09997 >0.10 0.01199 0.00943

1254373626 12 -0.90560 >0.10 0.02330 0.02919

1254379648 14 0.29262 >0.10 0.02839 0.02657

1254385016 10 -0.69098 >0.10 0.00175 0.00222

1254388801 13 -0.56342 >0.10 0.01045 0.01212

1254394238 7 N/A N/A N/A N/A

1254397255 6 1.03370 >0.10 0.01614 0.01377

1254404140 11 -1.49107 >0.10 0.01738 0.02577

1254408721 9 -0.06382 >0.10 0.00227 0.00231

1254409542 10 1.54637 >0.10 0.01076 0.00788

1254413515 7 0.20619 >0.10 0.00270 0.00258

1254425300 13 -1.65136 0.05-0.10 0.01830 0.02939

1254459340 5 1.22474 >0.10 0.00185 0.00148

1254461638 10 -0.85103 >0.10 0.02335 0.02841

1254470966 17 0.91388 >0.10 0.05138 0.04213

1254488181 11 -1.46460 >0.10 0.00332 0.00537

1254494629 5 1.57274 >0.10 0.00566 0.00453

1254563162 4 -0.61237 >0.10 0.00151 0.00164

1254564766 6 -1.36732 >0.10 0.00604 0.00794

1254569124 4 -0.61237 >0.10 0.00157 0.00172

1254578732 11 -1.40055 >0.10 0.00906 0.01333

1750931608 10 -1.01586 >0.10 0.03012 0.03815

1750936593 7 -0.33869 >0.10 0.00710 0.00761

1750987759 6 -1.13197 >0.10 0.00218 0.00286

1750991037 6 -0.93302 >0.10 0.00105 0.00138

1750994717 11 -0.81068 >0.10 0.01852 0.02255

1750994807 11 -0.16811 >0.10 0.00720 0.00752
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1750998205 10 N/A N/A N/A N/A

1750999991 8 -1.45671 >0.10 0.01130 0.01587

1751000090 9 -1.16790 >0.10 0.01776 0.02329

1751004305 6 -1.47739 >0.10 0.01656 0.02176

1751004609 9 -1.14944 >0.10 0.00329 0.00458

1751225035 8 1.16650 >0.10 0.00169 0.00122

1751230612 6 1.29710 >0.10 0.01509 0.01239

1751234179 16 0.30922 >0.10 0.01688 0.01566

1751251098 12 -0.38175 >0.10 0.00187 0.00215

1751253950 7 0.55902 >0.10 0.00150 0.00128

1751258912 9 -1.59839 0.05-0.10 0.01690 0.02501

1751259342 8 -1.42130 >0.10 0.00689 0.00976

1751262858 11 N/A N/A N/A N/A

1751263383 10 -1.11173 >0.10 0.00061 0.00107

1751265408 11 -1.67815 0.05-0.10 0.00725 0.01188

1751266573 5 -0.81650 >0.10 0.00128 0.00153

1751269079 14 -0.41027 >0.10 0.00847 0.00947

Table H.1: Tajima’s D results for Ty1/2 insertions.
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Ty3

Sequence No. of strains Tajima’s D P value π value θ value (per site)

204019754 10 0.22171 >0.10 0.00220 0.00206

1253958237 8 0.16843 >0.10 0.00583 0.00562

1253979580 10 -0.10174 >0.10 0.01073 0.01098

1253987674 4 N/A N/A N/A N/A

1253990620 8 -1.05482 >0.10 0.00073 0.00112

1254020327 7 0.40249 >0.10 0.00389 0.00357

1254122758 9 -0.20713 >0.10 0.01193 0.01247

1254141673 11 0.31974 >0.10 0.01654 0.01543

1254237181 9 0.24844 >0.10 0.00669 0.00633

1254245650 9 -1.02653 >0.10 0.00643 0.00831

1254264772 8 -0.16751 >0.10 0.00523 0.00543

1254371088 5 1.45884 >0.10 0.00350 0.00280

1254371870 12 -1.74606 0.05-0.10 0.00736 0.01251

1254418141 5 -1.18441 >0.10 0.01050 0.01259

1254448868 4 0.03892 >0.10 0.01071 0.01067

1254489464 11 -1.17529 >0.10 0.02008 0.02693

1254493036 4 -0.83741 >0.10 0.01603 0.01749

1751223678 7 0.20619 >0.10 0.00250 0.00238

1751255781 7 -1.55311 0.05-0.10 0.00583 0.00833

1751260386 6 -1.40833 0.05-0.10 0.00777 0.01021

1751261699 8 -1.44684 >0.10 0.01541 0.02136

1751267326 8 0.08124 >0.10 0.00445 0.00437

Table H.2: Tajima’s D results for Ty3 insertions.



Appendix H. Tajima’s D results for all insertions in S. paradoxus 269

Ty4

Sequence No. of strains Tajima’s D P value π value θ value (per site)

1254245884 9 0.92073 >0.10 0.03038 0.02565

1254102474 7 -1.35841 >0.10 0.00223 0.00318

1254461557 12 -0.33218 >0.10 0.00583 0.00637

1254246245 9 0.74175 >0.10 0.02370 0.02060

1254012963 7 -0.04378 >0.10 0.00857 0.00864

1254009871 6 0.85057 >0.10 0.00144 0.00118

1253969717 8 -1.05482 >0.10 0.00067 0.00104

1751255985 7 -0.27492 >0.10 0.00197 0.00211

1254242465 9 0.24844 >0.10 0.00629 0.00595

1254146633 12 0.73262 >0.10 0.01254 0.01068

1751257415 11 -0.21051 >0.10 0.02047 0.02146

Table H.3: Tajima’s D results for Ty4 insertions.
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Ty5

Sequence No. of strains Tajima’s D P value π value θ value (per site)

205759631 4 -0.70990 >0.10 0.00398 0.00435

1254083747 6 -0.39875 >0.10 0.01301 0.01396

1254102451 9 -0.46495 >0.10 0.03245 0.03582

1254411251 5 -1.09380 >0.10 0.00637 0.00765

1750994560 5 -1.14554 >0.10 0.01062 0.01274

1751006167 10 -1.66706 0.05-0.10 0.00321 0.00568

1751219545 9 -0.57015 >0.10 0.02997 0.03389

1751247193 9 0.15647 >0.10 0.00155 0.00147

1751274729 4 -0.22234 >0.10 0.02186 0.02235

1751276348 5 -0.97256 >0.10 0.00349 0.00419

Table H.4: Tajima’s D results for Ty5 insertions.
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Appendix I

GO process categories of genes adjacent to candidate

LTRs

The table on the following page lists the GO categories of adjacent genes and is supporting data

for Chapter 3.
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Table I.1: GOcategories of genes adjacent to candidate LTRs. Breakdown of functions of genes adjacent
to candidate LTRs in S. cerevisiae and S. paradoxus using the SGD GO-Slim Process Mapper. Genes are
present in multiple process categories.
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Appendix J

tRNA-candidate LTR associations

The following tables list those candidates associated with tRNAs and are supporting data for Chap-

ter 4.
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Table J.1: Candidate LTRs associated with tRNAs in S. cerevisiae.
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Table J.2: Candidate LTRs associated with tRNAs in S. paradoxus.
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Appendix K

Details of gene adjacent to candidate LTRs in S.

cerevisiae

The following table split over two pages details the genes adjacent to candidate LTR insertions in

S. cerevisiae and are supporting data for Chapter 3.
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Appendix L

Details of gene adjacent to candidate LTRs in S.

paradoxus

The following table split over two pages details the genes adjacent to candidate LTR insertions in

S. paradoxus and are supporting data for Chapter 3.
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Appendix M

Paralogues associated with Ty insertions in S. cerevisiae

and S. paradoxus

Table M.1: Paralogues associated with Ty insertions in Saccharomyces. Many genes adjacent to
potential candidate LTRs documented in Chapter 3 have paralogues which arose in the WGD event in an
ancestor of Saccharomyces species. The function of the paralogue is also documented, as many differ from
the original copy of the gene. Ty4E=European.
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Appendix N

Supporting Saccharomyces LTR alignments

The following figures are supporting alignments for Chapter 4.
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Appendix O

Summaries of genome contents of surveyed species

The following table contains supporting data for Chapter 5.

Species Strain Genome content %

Kazachstania

(Clade 2)

K. africana CBS2517 0.18

K. exigua* CBS379 -

K. naganishii CBS8797 0.58

K. saulgeensis CLIB1764 0.18

K. servazzii SRCM102023 0.32

Naumovozyma

(Clade 3)

N. castellii CBS4309 0.53

N. dairenensis CBS421 1.89

Nakaseomyces

(Clade 4)

Nk. bacillisporus CBS7720 0.46

Nk. bracarensis CBS10154 0.03

Nk. castellii CBS4332 0.03

Nk. delphensis CBS2170 0.09

Nk. glabrata DSY562 0.70

Nk. nivarensis CBS9983 0.04

Tetrapisispora

(Clade 5)

T. blattae CBS6284 1.88

T. phaffii CBS4417 0.41

Vanderwaltozyma (Clade 6) V. polyspora DSM 70294 1.61

Zygosaccharomyces

(Clade 7)

Z. baillii ISA1307 0.05

Z. parabaillii ATCC 60483 0.05

Z. rouxii CBS732 0.08

Torulaspora

(Clade 9)

T. delbrueckii CBS1146 0.46

T. microellipsoides CBS427 0.16
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Species Strain Genome content %

Lachancea

(Clade 10)

L. cidri CBS2950 0.04

L. dasiensis CBS10888 0.69

L. fantastica CBS6924 0.12

L. fermentati CBS6772 0.16

L. kluyveri NRRL Y-12651 1.31

L. lanzarotensis CBS12615 0.24

L. meyersii CBS8951 0.04

L. mirantina CBS11717 0.08

L. nothofagi CBS11611 0.16

L. quebecensis LL2012_068 0.54

L. thermotolerans CBS6340 0.41

L. waltii NCYC 2644 1.79

Kluyeromyces

(Clade 11)

K. aestuarii ATCC 18862 0.33

K. dobzhanskii CBS2104 0.15

K. lactis NRRL Y-1140 0.25

K. marxianus CMKU3-1042 0.77

K. wickerhamii UCD 54-210 0.05

Eremothecium

(Clade 12)

E. aceri FD-2008 0.26

E. coryli CBS749 0.52

E. cymbalariae DBVPG7215 0.40

E. gossypii ATCC 10895 0.08

E. sinecaudum ATCC 58844 0.27

Schizosaccharomyces

Sz. cryophilus OY26 0.42

Sz. japonicus yFS275 3.75

Sz. kambucha SPK1820 0.56

Sz. octosporus yFS286 0.03

Sz. pombe 972h 1.08

Ogataea

O. angusta* CBS4732 -

O. arabinofermentans NRRL Y-2248 0.30

O. boidinii JCM 9604 0.37
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Species Strain Genome content %

Ogataea

(cont.)

O. methanolica JCM 10240 0.91

O. parapolymorpha DL-1 0.30

O. polymorpha NCYC 495 0.34

O. succiphila JCM 9445 0.01

Table O.1: Summary contents of sensu lato, Schizosaccharomyces and Ogataea species. Repre-
sentatives for Zygotorulaspora (clade 8) were not available. *The genomes of K. exigua and O. angusta
have not been fully sequenced, therefore the presence of RNAi pathway proteins and genome content %
could not be ascertained at this stage. The reference genome for each species was used where previously
designated in the literature. P - Argonaute and/or Dicer present; A - absent.
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Appendix P

Characteristics of LTR-retrotransposon families

The following sections contain supporting data for Chapter 5 and detail the Ty-like families of Sac-

charomyces sensu lato, Schizosaccharomyces andOgataea species. Family names are assigned

with respect to host species names as suggested by Neuvéglise et al. (2002).

Tajima’s D values in bold indicate significant results (Chapter 5).

Kazachstania (Clade 2)

The genome of K. exigua has yet to be sequenced in full, and only genomic survey sequencing

(GSS) reads were available, representing approximately 20% of the genome (Bon et al., 2000).

Annotated elements, named Tse1-5 for this species’ previous designation of Saccharomyces ex-

igua, were available on the NCBI database (Neuvéglise et al., 2002). Therefore, at this stage the

copy numbers of elements and solo LTRs could not be accurately determined in this species.

Table P.1: Characteristics of Ty1/copia families within Kazachstania species. Copy numbers are likely
to be an underestimate in K. exigua due to its incomplete genome sequencing. –indicates no evidence of
LTRs in this family was found and/or too few sequences were available to complete the nucleotide diversity
and Tajima’s D tests. Copy numbers are: FLE(partial or pseudo); solo LTRs.

Table P.2: Characteristics of Ty3/gypsy families within Kazachstania species.
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Naumovozyma (Clade 3)

Previously members of theSaccharomyces clade,Naumovozyma castellii andN. dairenensiswere

transferred to a new genus (Kurtzman and Robnett, 2003), now including N. baii in the basal

position of the species phylogeny (Liu et al., 2012).

While screening strains of Naumovozyma for TEs, strain 763_NDAI, sequenced as part of a

large project of clinical isolates (Roach et al., 2015), was wrongly identified as N. dairenensis. Less

than 1% of sequencing reads mapped to the reference strain of N. dairenensis, as the strain was

in fact an isolate of Candida albicans (93% of reads mapped to the reference strain). This finding

was independently documented by Stavrou et al. (2018).

Table P.3: Characteristics of Ty1/copia families within Naumovozyma species. Tajima’s D test required
≥4 sequences therefore was not completed for two Ty1/copia families of N. castellii. *Tnd2-like in N. castellii.

Table P.4: Characteristics of Ty3/gypsy families within Naumovozyma species. *Tnc3-like family in N.
dairenensis.
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Nakaseomyces (Clade 4)

Table P.5: Characteristics of families within Nakaseomyces species. *tandem insertions. The copy
number and LTR length of the Ty3/gypsy family in Nk. delphensis were not able to be determined.

Tetrapisispora (Clade 5)

Table P.6: Characteristics of families within Tetrapisispora species.

Vanderwaltozyma (Clade 6)

An NCBI Trace Archive strain (listed as K. yarrowii) was incorrectly designated as a species of

Vanderwaltozyma. <2% of reads mapped to the genome of sister species V. polyspora whereas

95% onto the reference genome of Lachancea waltii.

Table P.7: Characteristics of families within Vanderwaltozyma polyspora.

Zygosaccharomyces and Zygotorulaspora (Clades 7-8)

Zygosaccharomyces bailii, Z. parabailii and Z. rouxii all contained a single Ty3/gypsy pseudoele-

ment with pseudogenes RT and RH. Additionally, no LTRs could be recovered from any species
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in this clade, Therefore, the sequences of these species were not included in the phylogenies of

Chapter 5. Furthermore, no nuclear genomes of Zygotorulaspora species have currently been

sequenced, therefore the TE content remains unknown.

Torulaspora (Clade 9)

Table P.8: Characteristics of families within Torulaspora species. *indicates presence of tandem for-
mations.

Lachancea (Clade 10)

The phylogenetic analysis of Kurtzman and Robnett (2003) allowed the reconciliation of several

species previously spread throughout the sensu lato clades into the new genus of Lachancea. L.

fantastica was previously designated as a strain of L. thermotolerans, but renamed by Vakirlis et al.

(2016).

Table P.9: Characteristics of Ty1/copia families within Lachancea species. No Ty1/copia elements
beyond Ty1/2 like were discovered in these species, with the exception of Ty4-like solo LTRs in one strain
of L. waltii (Table P.10).

Table P.10: Characteristics of Ty1/copia families within L. waltii. *trace archive strain only.
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Table P.11: Characteristics of Ty3/gypsy families within Lachancea species.

Kluyveromyces (Clade 11)

Table P.12: Characteristics of families within Kluyveromyces species.

Eremothecium (Clade 12)

Table P.13: Characteristics of Ty3/gypsy families within Eremothecium species. *E. cymbalariae-like
family in E. coryli.

Schizosaccharomyces

Sz. kambucha and Sz. octosporus did not contain any full-length LTRs.

Table P.14: Characteristics of Ty3/gypsy families within Sz. cryophilus species.
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Table P.15: Characteristics of Ty3/gypsy families within Sz. japonicus species. *tandem elements.
+Newly identified family. The remaining families (Tj1, Tj8) could not be reliably identified given the co-
ordinates of Rhind et al. (2011).

Table P.16: Characteristics of Ty3/gypsy families within Sz. pombe species.

Ogataea

Due to only recently resolved taxonomies,Ogataea is synonymous withCandida and Pichia (Kurtz-

man et al., 2011).

Table P.17: Characteristics of Ty3/gypsy families within Ogataea species.

Table P.18: Characteristics of Ty5-like families within Ogataea species. *families in O. polymorpha.
+nucleotide polymorphism and Tajima’s tests could not be completed for identical sequences.
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Appendix Q

Genomic contents of Brazilian strains of S. cerevisiae

The following table contains supporting data for Chapter 6.
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Appendix R

Test of functional constraint on a Ty1 relic in Brazilian

strains of S. cerevisiae

The following table and figure contain supporting data for Chapter 6.

Table R.1: Output of Ka/Ks calculation on the potential functionally constrained IN region of Ty1
relics in Brazilian strains of S. cerevisiae.
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Figure R.1: Output of Ka/Ks calculation on the potential functionally constrained IN region of Ty1
relics in Brazilian strains of S. cerevisiae.
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