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ABSTRACT OF THE DISSERTATION 

 
Transposons: molecular tools for genome investigation  

 
By 

 
Kurt Patterson 
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 University of California, Irvine, 2016 

 
Professor Suzanne B. Sandmeyer, Chair 

 
 
 

      Transposable elements are DNA sequences capable of moving or copying and reinserting 

themselves in the genome of a host cell. The Hermes DNA transposon was originally found in the 

housefly Musca domestica. Since its discovery, Hermes has been adapted to multiple eukaryotic 

species for random mutagenesis or mapping of chromatin structure. The Ty3 retrotransposons of 

S. cerevisiae is a long terminal repeat (LTR) mobile element of the gypsy–like class. Ty3 is unique 

among retroelements for its highly specific targeting of RNAP3-transcribed genes for integration. 

In this dissertation, each of these mobile elements are utilized for different purposes. The Ty3 

retrotransposon was used to investigate the relationship between integrase and host factors that 

direct insertion site selection. Ty3 integration events were quantitatively profiled genome-wide, 

demonstrating an unexplained bias within an already limited selection of RNAP3 targets. This 

bias was not defined by the host chromatin environment flanking target sites, and investigation of 

RNAP3 factors found poor agreement with Ty3 targeting bias. DNA sequence composition and 

structure of local target sequence were found to regulate integration frequency, in a motif-

independent manner. The Hermes DNA transposon was used to establish a functional genomics 

system for the oleaginous yeast Yarrowia lipolytica, a quickly emerging and valuable microbe with 

many biotechnology applications. Identification of essential genes provides important information 
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required for genome engineering. Hermes was used to mutagenize a population of Y. lipolytica. 

To classify essential and non-essential genes, transposon were profiled in surviving mutants by 

statistically testing under-representation of insertions relative to an expected number derived for 

each gene. The Y. lipolytica genome was categorized as 20.8 % essential, 71.1 % non-essential 

and 8.1 % poor essential. Many essential differed from S. cerevisiae, demonstrating the utility of 

a model obligate aerobe compared to current model yeasts. Pooled mutants were grown for 80 

generations in glucose or glycerol, an industrial waste stream, to identify genes contributing to 

fitness. Glycerol media created a much more competitive environment than glucose. Gene 

classifications inform future metabolic studies by fine tuning flux analysis and genome scale 

models, while mutant libraries provide a pipeline for rescreening phenotypes relevant to industrial 

applications.
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Chapter 1 
 
Introduction 
 
 
CLASS I & II TRANSPOSABLE ELEMENTS 

 Transposable elements (TEs) are DNA sequences capable of moving or copying and 

reinserting themselves in the genome of a host cell. TEs consist of two major groups, class I and 

II. Class I TE consist of retrotransposons which utilize a RNA intermediate during their lifecycle; 

while class II TEs are DNA transposons that use a cut and paste mechanism. The study of TEs 

has produced significant advances in understanding genome evolution; all eukaryotic (and many 

prokaryotic) genomes contain transposons, however a wide range of element type and copy 

number exist between species (Wessler, 2006; Feschotte and Pritham, 2007; Iida et al., 2012; 

Castanera et al., 2016). On the one hand transposition leads to genome diversity and serves as 

a platform for creating novel genes and phenotypes. Adaptive immunity in vertebrates involves 

generating genome diversity in T/B cell receptors through somatic hypermutation and a another 

mutagenic process termed V(D)J rearrangement (Tonegawa, 1983; Li et al., 2004). Immune cell 

receptors are redundantly encoded within the genome and the RAG1-RAG2 recombinase 

complex generates novel and diverse transcripts by recombineering these genes into a single 

exon with varying insertions and deletions. Interestingly, the recombinase domain of the RAG1 

enzyme was evolved from a transposase belonging to the Transib family of transposons, 



2 
 

demonstrating how a key feature of vertebrate evolution was acquired from a transposable 

element (Kapitonov and Jurka, 2005; Koonin and Krupovic, 2015). Conversely, host cells have 

adapted various mechanisms to limit transposon mobility, which is often disruptive. In mammalian 

cells for example, transposons are actively silenced via several mechanisms to preserve genome 

stability, including chromatin modification, small RNA silencing and DNA methylation (Molaro and 

Malik, 2016).  

 Several important areas of research revolve around transposon biology. For 

example, the struggle between transposons and host organisms is a powerful driver of evolution 

and adaptation, as in the vertebrate adaptive immune system. Additionally, retrotransposons and 

retroviruses share several mechanistic properties, offering unique models for understanding how 

mobile elements function on a structural level and the extent of host protein involvement to resist 

them. Finally, TEs have become powerful mutagenic tools for geneticists and molecular biologists 

to manipulate cells and whole organisms. The development of versatile tools and applications of 

transposons will continue to be a major facet of scientific research and achievement.  

 

GENOME EVOLUTION AND ENVIRONMENTAL RESPONSE 

 In eukaryotic cells, TEs account for large portions of total genomic DNA and are 

highly variable between species. In humans for example, the genome is ~ 3% DNA transposons 

and 42% retrotransposons; notably, ~17% of the human genome is a single retrotransposon 

known as LINE-1 (L1) (Lander et al., 2001; Bannert and Kurth, 2004; Ishizaka et al., 2012). High 

variability of TE content among species suggests unique relationships exist between the host and 

active mobile elements. Plants species for example show drastic variation in genome size, largely 

due to a vast range in TE content, ranging from 3 to 85 % (Lee and Kim, 2014). Genomic gigantism 

is used to describe salamanders whose genomes are larger than all land species and most fish; 

ranging from 14-120 billion bases, the vast majority of which is due to expansion of Long Terminal 

Repeat (LTR) retrotransposons (Sun et al., 2012). Such large genomes have produced significant 
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changes in the salamander species relative to other amphibians. For example, the enlarged 

nucleus and cell size increases the duration of the cell cycle which in turn increases limb 

regeneration time (Sessions and Larson, 1987). Some species, including ciliates and copepods, 

have developed mechanisms for removing large sections of repetitive DNA elements in somatic 

cells, a process known as chromatin diminution. In the case of Tetrahymena thermophile, a 

germline cells contain vast numbers of transposon-like DNA which exist in introns or intergenic 

regions (Kataoka and Mochizuki, 2011). When somatic cells are produced, these repeat 

sequences must be removed for gene expression and cell viability. Similarly in copepods, the 

germline genome of 15-75 billion bases (Gb) is reduced to ~1-74 Gb in somatic cells (Sun et al., 

2014). 

 Genetic variation is paramount to the survival of a species over time, and during 

adverse conditions TE mutagenesis can play a large role in adaptation. The waxy gene of maize 

is involved in amylose biosynthesis in the triploid endosperm; mutation of the gene causes a waxy 

phenotype that allowed researchers to isolate over 40 mutant alleles for characterizing the 

underlying basis of phenotype producing genetic mutations. Many of the isolated alleles were 

found to have transposon insertions into introns which altered pre-mRNA splice site recognition, 

creating novel transcripts with unknown functions (Varagona et al., 1992). Although the waxy∆ 

transposon mutants were technically non-lethal, this research provided some one of the earliest 

models of permanently altered gene expression as a result of transposition. In humans, 

transposition events in somatic or germline cells has resulted in serval kinds of cancer, Duchenne 

muscular dystrophy, hemophilia B and other disorders (Hancks and Kazazian, 2012). Host 

mutations can also lead to deregulated transposon expression, as in the case of several 

neurodegenerative disorders (Lapp and Hunter, 2016). Interestingly, normal neurogenesis is 

accompanied with more active transposition than other somatic cell types; over ones lifespan this 

creates a mosaic of brain tissue made by variation in novel insertions or element expression 

(Erwin et al., 2014; Richardson et al., 2015). The biological purpose of active somatic 
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transposition in human cells is unclear; however, studies demonstrate active transposition often 

coincides with environmental influences. For example, epigenetically regulated gene imprinting in 

response to embryonic nutrition has lasting effects on transposon expression throughout later 

developmental stages and adulthood (Waterland and Jirtle, 2004). Parallels have been drawn 

between aberrant epigenetic regulation of disease related genes and transposons. The TAR DNA 

binding protein (TDP-43) is a critical transcriptional regulator linked to several neurodegenerative 

disorders like amyotrophic lateral sclerosis (ALS), Alzheimers and frontotemporal lobar 

degeneration (FTLD) (Neumann et al., 2006; Cohen et al., 2011). Mutated variants of TDP-43 are 

responsible for the characteristic inclusions of related diseases. Recently, deep sequencing 

analysis of several studies in mice, rat and human brain tissue identified strong association of 

TDP-43 to TE transcripts (Li et al., 2012). In FTLD tissues afflicted TDP-43 inclusions, TE binding 

was reduced and multiple RNA-seq studies showed broadly elevated TE expression. Epigenetic 

gene regulation is heavily influenced by response to environmental triggers (Verhoeven et al., 

2016). Enhanced L1 activity in human tissues include heavy metals, gamma irradiation, a 

tryptophan photoproduct FICZ (6-formylindolo[3,2-b]carbazole), a stimulant found in dietary 

supplements DMBA (dimethylbenzoanthracene), a carcinogen linked to prostate cancer 3-MC (3-

methylchoranthrene), methamphetamine, cocaine and several others (Ishizaka et al., 2012; 

Okudaira et al., 2014). 

 

HOST FACTOR INVOLVEMENT DURING TRANSPOSITION 

 Transposon propagation requires an intimate relationship with the host functions. 

Several life cycle steps require host proteins, such as transcription of transposon encoded genes, 

translation, nuclear import/export, and DNA repair. Co-evolution of a host and its transposable 

elements creates species specific transposition life cycles (see above). Transposons from the 

same family that are found in different species undergo the same steps during transposition, 

however the mechanics can be different. For example, DNA repair after integration is typically 
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required, either at the site of integration for retrotransposons or at both the excision and integration 

site for DNA transposons. Depending on the host, these sites can be repaired via non-

homologous end joining (NHEJ), recombination, or templating from a homologous chromatid 

(Hickman and Dyda, 2016). Ty retrotransposition in the budding yeast Saccharomyces cerevisiae 

has been intensely studied using the many available resources of a model organism. The yeast 

knockout library has been systematically screened to identify mutants which both restrict and 

enhance retrotransposition (see Chapter 2) (Scholes et al., 2001; Griffith et al., 2003; Aye et al., 

2004; Irwin et al., 2005; Nyswaner et al., 2008; Dakshinamurthy et al., 2010; Risler et al., 2012).   

 

HERMES DNA TRANSPOSONS 

 The Hermes DNA transposon was originally found in the housefly Musca domestica 

and is a member of the hAT family along with others like hobo, Activator and Tam3 (Atkinson et 

al., 1993; Warren et al., 1994). Transposons from this family are found in several eukaryotic 

species. The Hermes genome is 2749 bp and includes a single copy of its Transposase gene 

flanked by Terminal Inverted Repeats (TIRs). Each TIR is a combination of 11-24 inverted repeat 

sequences. Hermes mobilizes using a cut and paste mechanism. Excision of the element by the 

octameric transposase complex creates double stranded DNA breaks (DSB) which forms hairpins 

on each flank (Hickman et al., 2014). The element is then carried to a new site in the genome for 

strand transfer and integration. Like most elements, uneven opening of the target site creates a 

target site duplication upon integration (Figure 1.1a). The during transposition, the Hermes 

transposase complex localizes to the target DNA and bends 8 nucleotide (nt) of target DNA into 

its active site for strand transfer with the TIRs. The active site DNA is unevenly cut on each strand, 

and after transposition the 8 nt sequence becomes duplicated at each end of the transposon 

(Atkinson et al., 2007). Hermes is active in several different insects, along with human cell lines 

and yeast. Hermes has become a useful genetic tool for mutagenesis; selectable markers or 
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genes can be placed between the TIRs and mobilized from plasmids into the genome with 

relatively high efficiency depending on the host.  

  

TY3 RETROTRANSPOSONS 

 In the budding yeast Saccharomyces cerevisiae, ~3% of the genome consists of five 

Ty (1-5) retrotransposon families and no DNA transposons (Kim et al., 1998; Bleykasten-

Grosshans and Neuveglise, 2011). Ty retrotransposons in S. cerevisiae are characterized as long 

terminal repeat (LTR) mobile elements of the copia (Ty1, Ty2, Ty4 and Ty5) or gypsy (Ty3) –like 

classes (Curcio et al., 2015; Sandmeyer et al., 2015). The Ty3 genome contains two overlapping 

reading frames, GAG3 [encodes capsid (CA) and nucleocapsid (NC)] and POL3 [encodes 

protease (PR), reverse transcriptase (RT) and integrase (IN)] (Figure 1.1b).  After translation, 

virus-like particles (VLP) package genomic RNA followed by cDNA synthesis and uncoating of 

the VLP near the nuclear pore where the integrase-cDNA preintegration complex (intasome) 

enters the nucleosome for integration of Ty3 cDNA (Figure 1.1c). Because the nuclear envelope 

of S. cerevisiae never dissociates during cell division, it is presumed entry of the intasome is 

mediated by the nuclear localization signal (NLS) of integrase (Lin et al., 2001; Beliakova-Bethell 

et al., 2009). The life cycle, genome organization and encoded proteins of Ty3 are all analogous 

to retroviruses like MLV or HIV-1. Functional studies have drawn interesting parallels between 

retroviruses and retrotransposons, demonstrating that one may often serve as a model for the 

other. For example, Ty3 nucleocapsid could be exchanged with an HIV-1 counterpart for in vitro 

priming of reverse transcription using a Ty3 RNA template (Gabus et al., 1998). Ty elements are 

distinguished by features like genome organization, amino acid sequence similarities, LTR 

sequences, and integration site selection.  
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Figure 1.1: Life cycle of the Hermes DNA transposon and the Ty3 retrotransposon. (a) Hermes DNA transposon ‘cut & paste’ 
mechanism. Hermes transposase (green) is encoded between the TIRs (red), when the octameric transposase complex excises the 
element from the host genome, hairpins are created at the sites of double stranded breaks (circles). The Hermes element is mobilized 
to a new locus of the same host genome and strand transfer reactions create an 8 bp target site duplication (TSD; grey). Often 
integrations occur in genes (purple) which can be disruptive.  (b) Structure of the Ty3 genome. Arrows indicate the amino acid position 
of each protease cleavage site. Products include Capsid (CA) Spacer (SP) Nucleocapsid (NC) Protease (PR) J domain (J) Reverse 
Transcriptase/ RNaseH (RT/RH) and Integrase (IN). (c) Ty3 life cycle is shown from transcription to integration of a cDNA copy. The 
Ty3 element resides in the genome and is only expressed during alpha-factor induction (yeast mating). The host transcription complex 
is recruited to the 5’LTR comprised of the U3 (yellow) R (brown) and U5 (blue). RNA polymerase II transcription initiation begins at 
the R region of the 5’-LTR. After transcription Ty3 mRNAs are export into the cytoplasm. Translation of GAG (CA-green, NC red) and 
GAG-POL (green, red, grey) leads to packaging of Ty3 mRNA into virus like particles (VLP). Particles go through a maturation process 
where protease cleaves the POL polyprotein and RT (grey triangle) makes cDNA. Unpackaging at the nuclear pore releases the 
integrase (grey rectangle) bound cDNA (black) into the nucleus. Ty3 is directed to RNAP3 transcribed genes for integration near the 
transcription start site. Ty elements 1 and 5 undergo similar life cycle steps, however integration site selection is mediated by other 
host factors. Ty1 targets nucleosome bound DNA up to 2 kb upstream of RNAP3 genes, while Ty5 targets heterochromatin through 
interactions with the Sir4 protein. Integration for Ty1, 3 and 5 are indicated. 
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Most interesting is the high level of specificity the Ty3 intasome has for RNA Polymerase III 

(RNAP3) transcribed genes (Chalker and Sandmeyer, 1992; Qi et al., 2012). Ty3’s high specificity 

makes it the most insertion site specific retroelement known to date. Ty1 for example targets 

nucleosomal DNA up to 2 kb upstream of RNAP3 genes (Baller et al., 2012; Mularoni et al., 2012; 

Bridier-Nahmias et al., 2015), and Ty5 integrates into heterochromatin via interactions with the 

Sir4 chromatin remodeler (Figure 1.1c) (Xie et al., 2001). 

 

OVERVIEW OF DISSERTATION RESEARCH  

 The following chapters will outline two projects that utilize transposons as genetic 

tools. First, Ty3 was used to investigate the relationship between Integrase and the host factors 

that direct insertion site selection. Ty3 insertion site selection was quantitatively profiled genome-

wide, demonstrating an unexplained bias within an already limited selection of RNAP3 transcribed 

gene targets. This bias is not defined by host chromatin environment present at target sites, 

although these factors are important for RNAP3 transcription. Similarly, RNAP3 transcription 

factors are an essential part of Ty3 targeting and integration. Yet investigation of RNAP3 factors 

found poor agreement with Ty3 targeting bias. Surprisingly, small regions of local target site 

sequence was found to regulate integration frequency, in a motif-independent manner. These 

short sequences could be moved between good and bad targets to alter their transposition 

phenotypes. Evidence suggests that DNA sequence curvature and possibly bendability may 

contribute to Ty3 transposition frequency. 

 Second, the Hermes DNA transposon was used to mutagenize a population of the 

non-conventional yeast, Yarrowia lipolytica, to characterize essential and non-essential genes by 

profiling transposon insertion site positions in surviving mutants. For classification of essential 

genes, insertion sites were computationally catalogued for each gene and statistically tested for 

under-representation of insertion events relative to an expected number derived for each gene. 

Essential genes were evaluated for overlap between S. cerevisiae and Schizosaccharomyces 
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pombe, two well characterized model yeast, to validate conserved essential genes; additionally 

Gene Ontology terms enriched for essential genes were identified. As a continuation of 

functionally characterizing genes, the mutant library was grown in log phase for 80 generations in 

rich media using either glucose or glycerol as the sole carbon source. Glycerol media was found 

to be a much more competitive environment during growth; several mutants that survived 80 

generations in glucose did not survive in glycerol and vice versa. Yarrowia is quickly emerging as 

valuable yeast with many biotechnology applications, identification of essential and non-essential 

genes provides important information required for genome engineering and creation of tailored 

yeast strains.   
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Chapter 2 
 
Ty3 Retrotransposition at RNAP3 
Transcribed Genes 
 
 
INTRODUCTION 

Retrovirus insertion site selection and Ty3 specificity 

 Decades of research have been devoted to understanding the mechanisms of 

Integrase (IN) and host interactions in eukaryotic species, revealing striking and diverse 

adaptations to target host DNA. For example, the murine leukemia virus (MLV) is targeted to the 

promoter region of genes through a bimodal interaction between integrase and the bromodomain 

and extra-terminal domain (BET) proteins (Sharma et al., 2013) while the human 

immunodeficiency virus (HIV) integrase tethers to host DNA via lens epithelium growth factor 

(LEDGF/p75) (Kvaratskhelia et al., 2014). In both cases viral IN is tethered to chromatin but the 

distribution of insertion events varies greatly across the host genome (Bushman, 2003; Bushman 

et al., 2005; Kvaratskhelia et al., 2014). Deep sequencing analysis of ~30,000 integration sites 

for retroviruses MLV and HIV-1 in hematopoietic progenitor cells (HPC) demonstrated 

dramatically different patterns of insertion site selection (Cattoglio et al., 2010). Several studies 

have demonstrated MLV integration is strongly biased to +/- 1 kb of the transcription start site 

(TSS) (Berry et al., 2006; Cattoglio et al., 2010; Sharma et al., 2013). Recently, over 1 million 
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HIV-1 insertion sites have been sequenced in Hek293T cells; unlike MLV, a strong insertion bias 

for active genes and introns was observed (Singh et al., 2015). Understanding viral insertion site 

patterns is significant because current gene therapy techniques utilize lenti- and gamma -retroviral 

vectors. Unsurprisingly given the insertion bias of MLV, some gene therapy cases involving MLV-

based vectors have resulted in insertion-activation of oncogenes (Bushman et al., 2005). The 

complex pattern of HIV and other retrovirus integration sites presents a challenging context for 

studying targeting and integration due to the vast number of potential sites and general 

unpredictability of integration. Additionally, several other host factors have been implicated in 

integrase targeting. For example, the HIV-1 integrase associates with the chromatin remodeling 

protein LEDGF/p75; however, studies have shown that when this interaction is impeded, 

integration is not eliminated but characteristic targeting towards transcription units is more 

variable (Ciuffi et al., 2005; Vandekerckhove et al., 2006; Shun et al., 2007; Schrijvers et al., 

2012). This suggests that factors besides LEDGF/p75 are involved in directing HIV-1 targeting. 

In fact, several proteins have been implicated in controlling the targeting bias of HIV-1; the 

Hepatoma-derived growth factor related protein 2 (HRP-2), nuclear pore proteins Nup153, 

Nup358 and Transportin-3 (TNPO3), and the polyadenylation and splicing factor 6 (CPSF6) have 

all been shown to contribute to HIV-1 integration bias by varying degrees (Ocwieja et al., 2011; 

Schrijvers et al., 2012; Koh et al., 2013; Matreyek and Engelman, 2013; Sowd et al., 2016).  

 Because Ty3 has so many functional similarities with retroviruses, its dramatic 

targeting bias mediated by integrase-host interactions has potential applications to understanding 

the relatively subtle targeting of retroviral integrases by host factors. Ty3 provides a simpler  model 

of integrase-host directed integration because it only inserts upstream of RNAP3-transcribed 

genes which limits the genomic region assayed for integration and allows for targeted testing of 

different models. Furthermore, the model yeast S. cerevisiae provides a cost effective and 

relatively fast working platform for investigating analogous features of retroelement integration. 

Lacking from this model is a complete characterized profile of Ty3 target sites, including 
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quantitation of insertion frequency at each site and the host features that contribute to Ty3 

integration site selection, beyond association with the RNAP3 machinery. In this chapter 

investigation into the history of using Ty3 as a model for retroviruses other retroelements will be 

reviewed followed by the principle questions of the Ty3 research presented in this dissertation.  

 

Overlapping host factors between Ty3 and HIV-1 

 The S. cerevisiae knockout library has been an invaluable tool for high-throughput 

mutant screening (Winzeler et al., 1999; Giaever et al., 2002). Using this library, Ty3 

retrotransposition phenotypes were cataloged in individual knockout mutants to profile genes and 

pathways involved in its life cycle (Aye et al., 2004; Irwin et al., 2005). A wide variety of host 

cellular processes were found to affect Ty3 mobility. Functions that enhanced or impeded Ty3 

mobility were analyzed by Gene Ontology (GO) enrichment. Mutants that had increased Ty3 

mobility had strikingly different categories of enrichment compared to those that decreased 

mobility (Figure 2.1) (Sandmeyer et al., 2015). For example, GO terms related to chromatin 

organization and modification were associated with increased retrotransposition. Interestingly, 

mutants with Ty3 phenotypes were found in major chromatin-regulating complexes, such as 

COMPASS/Set1C for histone methylation; Set3C histone deacetylase; RSC remodeler complex; 

and the SAGA histone acetyltransferase and deubiquitinase complex (Aye et al., 2004; Irwin et 

al., 2005).  

 Retroviruses rely on multiple host processes during their life cycle. Host factors 

linked to HIV-1 identified by high throughput siRNA knockdown screening included 5 % of the 

human transcriptome (Bushman et al., 2009). Surveys for homologous genes implicated in yeast 

Ty retrotransposition or human HIV-1 replication identified multiple genes in common (Appendix 

Table 1) (Irwin et al., 2005; Sandmeyer et al., 2015). For example, several DNA repair, nuclear 

pore complex and nuclear transport proteins are factors related to both retrotransposition and 

viral replication.  



13 
 

 

 
Figure 2.1: Gene Ontology (GO) analysis was performed using the GO SLIM Biological Process mapping tool available through 
Saccharomyces Genome Database (http://www.yeastgenome.org). Knockout mutants identified as having either increased ‘Up’ or 
decreased ‘Down’ Ty3 retrotransposition phenotypes were analyzed for GO: Biological Process terms. Enriched categories were 
determined using chi square. GO categories were considered enriched if two criteria were met: (i) the p-value was <0.05 and (i) the 
number of genes in the enriched category exceeded 10% of the total number of genes in the Up or Down list. Enriched categories 
were converted to a heat map with hierarchical clustering using R; values represent the [–Log(p-value)] scaled from 0 (no significance) 
to 1, blue intensity reflects significance. 
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HIV-1 infects non-dividing cells and thus requires active nuclear transport; similarly the nuclear 

pore of S. cerevisiae remains intact during cell division which obligates nuclear translocation prior 

to integration. Furthermore, broad changes in HIV integration site selection were documented 

after depletion of nuclear pore proteins Nup153 and Nup358 (Hilditch and Towers, 2014). 

 

RNAP3 transcription and the chromatin environment  

 RNAP3 transcription is a dynamic process which requires two major transcription 

factor complexes, TFIIIB and TFIIIC (Arimbasseri et al., 2013; Dieci et al., 2013). For transcription, 

TFIIIC binds two internal promoters, A box and B box (Figure 2.2); once bound, it loads TFIIIB 

just upstream of the TSS (Kassavetis et al., 1990). TFIIIB, which includes the TATA-binding 

protein (Tbp1), binds very stably and is alone sufficient for recruiting RNAP3 (Bartholomew et al., 

1993; Roberts et al., 2003; Moqtaderi and Struhl, 2004). RNAP3-transcribed genes in yeast 

include 275 tRNAs genes, 5S rRNA genes, U6 snRNA, 7SL, SNR6, SCR1, RPR1 and RNase P 

transcripts. RNAP3 TFs and polymerase have been shown to occupy genes at different times 

(Roberts et al., 2003; Moqtaderi and Struhl, 2004), adding to the complexity of the RNAP3 

complex which the Ty3 intasome must navigate during retrotransposition. TFIIIC has a role in 

genome organization apart from RNAP3 transcription. Extra TFIIIC (ETC) sites are positioned 

around the genome and contain only the B box promoter element.  These are not typically 

occupied by TFIIIB or RNAP3 (Roberts et al., 2003; Moqtaderi and Struhl, 2004; Hiraga et al., 

2012), which is surprising as it is not clear why TFIIIC does not load TFIIIB.  

 Sites of RNAP3 transcription are nucleosome depleted due to TF occupancy 

(Nagarajavel et al., 2013). Although not directly involved in transcription, several kinds of 

chromatin remodelers are required to maintain optimum transcription. For example, FACT and 

RSC protein complexes regulate SUP4 (tRNATyr) transcription through interactions with H2A.Z 

which occurs in nucleosomes flanking RNAP2 promoter regions and RNAP3 genes (Mahapatra 

et al., 2011).The htz1∆ mutant has increased transcription of SUP4. The anti-silencing function 



15 
 

(Asf1) protein, a highly conserved histone chaperone, is involved in many aspects of chromatin 

maintenance including DNA replication, histone dimer exchange and other interactions with 

chaperone complexes (Dewari and Bhargava, 2014). At RNAP2 and RNAP3 genes, occupancy 

of Asf1 is inversely correlated with nucleosome occupancy. At RNAP3 genes, Asf1 occupancy 

resembles that of RNAP3. The DNA replication fork stalls at actively transcribed RNAP3 genes 

which recruits the INO80 complex for recovery in order to avoid DSBs in the DNA (Deshpande 

and Newlon, 1996; Shimada et al., 2008).  
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Figure 2.2:  Diagram of tRNA gene loci. RNAP3 transcription factor TFIIIC binds to the A (green) and B (red) box promoter elements 
internal to the tRNA sequence (bold black). Once bound TFIIIC recruits TFIIIB which binds just upstream of the TSS (open DNA). 
Once TFIIIB is bound, the RNAP3 transcription complex is recruited. Nearly all tRNAs phase nucleosomes (gray octamers). 
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RNAP3 factors involved in Ty3 transposition  

 Ty3 has the most specific pattern of insertion site selection in S. cerevisiae as well 

as other gypsy-like retroelements and retroviruses (Sandmeyer et al., 2002), integrating 1-4 bp 

upstream of the RNAP3 TSS (Chalker and Sandmeyer, 1992; Kirchner et al., 1995). The roles of 

TFIIIB and TFIIIC in Ty3 integration have been investigated extensively. Using only TFIIIB 

subunits Brf1 and Tbp1, Ty3 cDNA integration in vitro occurs without TFIIIC or RNAP3 proteins 

(Yieh et al., 2000). Furthermore, when in vitro transposition assays included RNAP3-containing 

cell fractions the rate of transposition decreased, suggesting integrase and RNAP3 are in 

competition (Connolly and Sandmeyer, 1997). TFIIIC subunit Tfc1 interacts with the N-terminal 

domain of Ty3 integrase and when this interaction is disabled, in vivo  integration into target DNA 

becomes unidirectional (Aye et al., 2001). Several studies have pointed to Brf1 as the primary 

integrase recruitment factor. Different Brf1 truncation mutants found the N-terminal half of the 

protein was sufficient for transcription and integration, independent of TFIIIC (Yieh et al., 2002). 

Additionally, of TFIIIB factors, only Bdp1 is dispensable for in vitro transposition, suggesting that 

Brf1 must be complexed with Tbp1 on the target DNA to for Ty3 integration. In fact a triple fusion 

protein of N-term Brf1, Tbp1 and C-term Brf1 were fused for in vitro analysis of protein-DNA 

interactions and RNAP3 recruitment (Kassavetis et al., 2005); this fusion protein was used to 

create an in vitro Ty3 transposition assay where, together with recombinant integrase, a substrate 

DNA could be transposed into a target RNAP3 gene (Qi and Sandmeyer, 2012).  

 

Genome-wide Ty3 insertion site selection 

 Recent genome-wide sequencing revealed that Ty3 utilizes the entire RNAP3 

transcriptome as target DNA (Qi et al., 2012). Because of a wide range of reads at each Ty3 

position, it was hypothesized that Ty3 targeting was not random despite the notion that RNAP3 

genes are similarly expressed. Several aspects of this system made quantifying Ty3 targeting 

problematic. First, a HIS3-marked Ty3 was used for selection which may have had unintended 
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effects on the spectrum of selectable elements, targeting or integration. First, this element has 

been shown to have reduced cDNA synthesis and a lower transposition frequency. Second, the 

sequencing method used was based on an inverse PCR technique which may have biased 

resulting read counts at each target site. Third, Ty3 utilizes a small window of bases at each target 

site and independent insertions could not be distinguished.  

 

Biological questions for Ty3 targeting bias 

 Identifying host features most attractive to the Ty3 intasome informs our 

understanding of how Ty3 has become restricted to integration at RNAP3 target sites, and would 

further our understanding of the complex nature of the RNAP3 transcription environment. Ty3 

offers a unique opportunity to study integrase-mediated retrotransposition because of its highly 

specific selection of insertion sites, which is more ideal for studying host factors that mediate 

integrase-genomic DNA interactions. Following previous evidence that Ty3 targeting was non-

random (above), the aim of this study was to establish a model that first defines Ty3 targeting 

bias genome-wide and second explains how, and to what degree specific host features contribute 

to targeting bias. Finally, once this model is established, can these drivers of Ty3 targeting bias 

be manipulated to create predictable changes in Ty3 integration?  

 Addressing these questions will further demonstrate Ty3’s usefulness as a model for 

integrase-host interactions during retroelement integration because it will provide a catalogue of 

individual or groups of target sites that can be monitored for changes in integration phenotype in 

vivo. Ty3 is intrinsically connected to RNAP3 factors, by evaluating retrotransposition we can gain 

further insight into the role and function of RNAP3 transcribed genes which are notoriously difficult 

to study.  
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RESULTS 

Quantitative profiling of Ty3 insertion sites  

 To establish Ty3 targeting bias genome-wide, a sequencing protocol, referred to as 

Retro-seq, was developed that utilized a Ty3 not genetically marked and which quantified 

integration events without relying on the counting of unique sequence reads. A plasmid containing 

an unmarked, galactose (GAL) -inducible Ty3 was modified within the U5 region of the upstream 

LTR to contain an Illumina sequencing primer binding site (PBS) followed by a random 8 nt (8N) 

sequence (Figure 2.3). The tagged Ty3 library (pGal-Ty3-8N) contained ~5k unique 8N 

sequences; after transformation into S. cerevisiae, a pool of uniquely marked transformants was 

made where each colony contained a unique Ty3 element. Upon Ty3 GAL induction and 

retrotransposition into the genome, cells containing the URA3-marked plasmid were selected 

against by plating cells on 5FOA plates (Boeke et al., 1987).  Resistant colonies were pooled, 

DNA libraries were produced and insertion site junctions were sequenced. After sequencing, each 

Ty3-gDNA junction starts with the unique 8N tag just downstream of the Illumina primer.  By 

counting the number of unique tags found at each insertion site we can measure transposition 

without regard for repeated sequence reads (Hickey et al., 2015). 

 Three independent Retro-seq experiments using wild-type (wt) S. cerevisiae 

(BY4741) were performed, producing between 45 and 85 million paired-end reads each; ~57 to 

78% of those reads passed filters and were included in downstream analysis. The reproducibility 

of Ty3 transposition was evaluated by comparing targeting levels among the three biological 

replicates. Target sites were defined as clusters of insertions all within 50 bp of each other. The 

sum of events at each target site was evaluated by summing the number of unique tags per site 

and combining the sums for each unique insertion site (Figure 2.3). Because unique 8N tags can 

be falsely generated via PCR error during library prep or during sequencing, only insertion events 

with 50 identical 8N-tagged reads were included in the analysis. For the three samples 

sequenced, 8191, 11518, and 11859 unique insertion events remained after filtering. The sum of 
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reads or tags was normalized to the total number overall for each replicate and plotted in a 

trivariate scatter plot to assess reproducibility between replicates (Figure 2.4a). By comparison, 

counting random tags demonstrated more agreement among the three replicates, as shown by 

the tighter cluster of points in the center of the scatter plot in Figure 2.4a (right) than did counting 

sequences. Additionally, Pearson correlations measuring the agreement among 8N tag counts 

demonstrated r values between 0.94-0.96 compared to 0.83-0.91 for sequence read counts. This 

demonstrates a high level of reproducibility for 8N tag counting. The slightly less, but still 

consistent reproducibility of counting sequence reads among replicates was unexpected. 

Furthermore when read counts versus tag counts were compared by Pearson Correlation, r 

values were between 0.90 and 0.95 (Figure 2.4b). We attribute this unexpected accuracy of read 

counts to the important use of paired-end 100 bp sequencing reads to fully resolve the position of 

individual reads/insertion events which is complicated by the fact that tRNA regions are highly 

repetitive. Previous genome-wide profiling of Ty3 insertions sites only used single-end 36 nt reads 

(Qi et al., 2012). Longer read sequences create more site specific matches to the host genome. 

Using paired end as appose to single end is advantageous when mapping to repetitive areas 

because if one mate read is non-unique the other mate pair may be unique and provide the true 

position. Despite the consistency of counting sequence reads, further analysis was done using 

the 8N tag counting data. 
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Figure 2.3: Outline of the Retro-seq method for quantification of Ty3 insertions using Ty3 8N (purple) tags to distinguish independent 
insertion sites. Galactose-inducible Ty3-8N (red and blue) is encoded on a plasmid containing URA3 selectable marker (grey). After 
transposition into the genome, sequencing libraries are prepared using a two-step PCR priming scheme (Chapter 11); first priming is 
done from the RNAPOL3 region (blue) to the adapter (green) and the 2nd PCR reaction primes from the Illumina primer binding site 
(purple) contained on the U5 portion of the LTR (red). After mapping a read to a specific insertion site, each unique 8N tag is counted 
once for quantification. 
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 Consistent with previous work, Ty3 insertion events were found upstream of virtually 

all known RNAP3 genes and a low frequency of events were seen at non-RNAP3 sites (Figure 

2.4c). Upon evaluation of Ty3 transposition frequencies, a wide range of targeting events was 

observed (Figure 2.4c). For instance, the target site tE(UUC)P averaged 2.75 ± 0.079  normalized 

insertion events while tQ(CUG)M averaged 112.5 ± 8.69 events. All other non-RNAP3 targeted 

sites were found at very low frequencies and were rarely repeated in more than one of the three 

replicate samples sequenced. We conclude from these findings that Ty3 targets the RNAP3 

transcriptome, but favors a subset of sites while a separate group is targeted far less than 

average. In order to define the pattern of Ty3 targeting for relating transposition bias to host 

features, target sites are categorized as hot (most targeted), cold (least targeted), and average 

(intermediate). The cutoffs between hot and average or average and cold were defined using the 

mean insertion counts from each target normalized to fold change from the overall average. We 

arbitrarily set the threshold for over- or under–representation at 1.5 fold to classify 17 % of targets 

as hot, 52 % as average or 31 % as cold.  
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Figure 2.4: Ty3 targeting bias is reproducible between replicate samples. (a) Quantification of Ty3 integration frequencies at target 
sites by counting sequencing reads versus 8N tags. Each dot represents the normalized frequency of integration frequency for a 
specific target site, and the dot position is based on its value for all three replicate samples tested. Below each plot are the R2 values 
for each replicate comparison. (b) R2 values for reads versus 8N tags for each of the three samples. (c) Circos plot summarizing Ty3 
retrotransposition phenotypes genome-wide. Starting from the outside going inward, diagram displays chromosome number, ori 
positions (black lines within colored chromosomes), RNAP3 genes (black), native Ty3 LTRs (orange), and the central histogram 
represents Ty3 insertion events for hot (red), average (black), and cold (blue) target sites. 
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Summary 

 Due to its high specificity and reproducibility Ty3 offers a unique opportunity to 

investigate analogous features between retroelements. Decades of research have been devoted 

to understanding the mechanisms of integrase-host interactions in eukaryotic species, revealing 

striking and diverse adaptations to target host DNA. The high specificity of Ty3 targeting to RNAP3 

transcribed genes is not fully understood. In order to establish a model of host contributions to 

Ty3 targeting bias, a complete analysis of integration bias is required.  

 Using the Retro-seq technique, Ty3 transposition was quantified in triplicate, 

genome-wide, providing an accurate and reproducible analysis of Ty3 targeting bias. 

Approximately 17 % of tRNA genes were overrepresented and deemed hot, while ~31 % under 

represented. This bias in target site selection was surprising given the already high specificity of 

targeting to RNAP3 genes. Previous genome–wide profiling of Ty3 targeting demonstrated 

transposition events at all RNAP3 transcribed genes; although targeting bias was evident, it was 

not found to be reproducible when independently investigated (Qi et al., 2012). In this study, three 

independently transposed replicates demonstrated strong agreement in transposition frequency 

at all RNAP3 transcribed genes. Still the questions remains, what host features determine hot 

and cold Ty3 target? In the subsequent chapters, the basis of hot and cold target is extensively 

investigated. 
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Chapter 3 
 
Host Chromatin Environment and Ty3 
Targeting 
 
 
 

INTRODUCTION 

Investigating host –Ty3 interactions  

 The vast majority of Ty3 transposition events were upstream of tRNA genes, thus 

subsequent analysis of differential target site usage was focused on this region. The following 

sections describe experiments designed to probe the host contributions to Ty3 targeting bias. 

Using Retro-seq we developed a detailed profile of Ty3 integration bias. However, the properties 

of RNAP3 genes that contribute to this bias were still unclear. In the following section and 

chapters, features of RNAP3 genes were explored for contributions to Ty3 targeting bias. 

Although chromatin and chromatin remodeling has been extensively studied in yeast (Rando and 

Winston, 2012), RNAP3 regions are often excluded from genome-wide studies due to their 

repetitive nature. RNAP3 transcription accounts for ~15 % of cellular RNA, and related 

transcription factors are both essential and highly conserved. Chromatin remodeling has proven 

to be an important regulatory aspect of RNAP3 activity (Chapter 1). To investigate the chromatin 

environment of RNAP genes, ChIP-seq datasets of chromatin-related factors were investigated 
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to address two questions: (i) is the candidate protein concentrated? in the vicinity of RNAP3 

transcribed genes and (ii) is there a correlation between protein occupancy and Ty3 targeting 

bias? Navigating the chromatin environment during transposition must be an integral part of 

integration. After nuclear entry, the tetrameric integrase complex, which carries a 5.3 kb cDNA 

element, must translocate to tRNA genes which are between 70-120 bp and accomplish strand 

transfer at the TSS within a window of ~20 bp. Given there are only 275 tRNA genes in the S. 

cerevisiae genome and a target window of 20 nt or less, only ~0.04 % of genome can be targeted. 

In the following section a potential role for RNAP3 chromatin environment was investigated. 

 

RESULTS 

Metadata analysis  

 High-throughput screens of the yeast knock-out library (Chapter 2) identified 

numerous chromatin remodeling mutants with transposition phenotypes, suggesting they play an 

important role Ty3-host interactions and possibly integration. To develop a model for Ty3 targeting 

we defined a complex code of RNAP3 TF, chromatin factor occupancy, and likely transcriptional 

activity. We predicted that RNAP3 genes would exhibit a diverse collection of chromatin factors 

at or near the region of Ty3 integration; successful integration would require navigation of these 

factors and possibly differentiate hot and cold targets. Proteins of interest also included RNAP3 

TFs and chromatin-associated proteins indicated as being co-factors of Ty retrotransposition in 

genome-wide screens. Metadata analysis of protein occupancy was compiled from publically 

available ChIP sequencing data found at the Gene Expression Omnibus (GEO; 

www.ncbi.nlm.nih.gov/geo/) (Barrett et al., 2013) and Saccharomyces Genome Database (SGD; 

http://www.yeastgenome.org/) (Cherry et al., 2012) databases. The occupancy of each protein 

measured was compared between hot and cold targets by plotting enrichment over a 1-kb window 

surrounding each tRNA gene (Figure 3.1).  
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 To summarize the significance between occupancy at hot and cold sites, protein 

enrichment for a 100-bp window surrounding Ty3 insertion sites were averaged for each tRNA 

gene target. Using a Wilcoxon Rank Sum test, protein enrichment between hot vs. cold tRNA 

genes, hot vs. all other, cold vs. all other and lastly, all targets vs. three random genomic loci per 

tRNA gene were measured. Next, p-values were –log10 transformed and plotted in a heat map 

to summarize the findings (Figure 3.2). This strategy identifies host factors that interact genome-

wide versus being enriched at loci that include RNAP3 genes. For example, H2A.Z is a histone 

variant typically found in nucleosomes flanking promoters of RNAP2 genes (Rando and Winston, 

2012; Watanabe et al., 2013); Figure 3.2 (4th column) shows that compared to random positions 

in the genome, H2A.Z is also enriched near tRNAs genes, suggesting a role in stabilizing 

nucleosomes flanking RNAP3 sites. However, comparison of hot and cold targets revealed only 

weak differences. Thus, although it is likely that interaction of H2A.Z with RNAP3 sites is important 

to RNAP3 function it did not correlate with Ty3 targeting bias. This outcome was unexpected 

because H2A.Z has been implicated in RNAP3 transcription previously. In S. cerevisiae, H2A.Z 

was identified at nucleosomes flanking SUP4 (tRNATyr) and the htz1∆ mutant was shown to have 

a strong increase in transcription of SUP4 (Mahapatra et al., 2011). H2A.Z has also been reported 

to flank actively transcribed RNAP3 genes in humans (Barski et al., 2010). 
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Figure 3.1: Ty3 navigates an array of host factors present at RNAP3 transcribed genes. Each trace shows a ChIP-seq profile at tRNA 
gene loci within a 1-kb window centered on the mature tRNA 5’-processed site denoted position 0. Each Ty3 targeting group was 
averaged and plotted according to the axis label above. Profiles are grouped by their function: (a) RNAP3 transcription, (b) histones 
and histone modifications and (c) chromatin remodelers. The dotted vertical line represents the average Ty3 insertion site position 
~14 bp upstream of position 0. Y axis values represent Log2(IP-Input) and labels include author references. 
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Figure 3.2: Host factors associated with Ty3 targeting bias at RNAP3 transcribed genes. Heat map presents the significance for protein 
occupancy at Ty3 target sites. Protein occupancy is an averaged value from a 100 bp window surrounding the Ty3 insertion site. 
Significance was determined using a Wilcoxon Rank Sum test. Each column shows which comparison is being made: Hot versus Cold 
tRNA gene targets, Hot versus all other, Cold versus all other, and each target versus three randomly chosen positions in the genome. 
Heat map was assembled using R; values represent the –Log10(p-value) scaled from 0 (no significance) to 1 (most significant value 
in column. 
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  Despite not being thus far directly involved in RNAP3 transcription, several chromatin 

remodelers are active at or near RNAP3 genes. Nucleosome mapping demonstrated a clear 

nucleosome-depleted region (NDR) directly over the tRNA gene and upstream region and a 

prominent nucleosome position in the upstream flank (Figure 3.1b), consistent with previous 

reports (Kumar and Bhargava, 2013; Nagarajavel et al., 2013). Figure 3.2 describes the 

correlation of host factors to Ty3 targeting bias at RNAP3 genes and although most of the factors 

tested do not appear to drive Ty3 targeting bias, they suggest a dynamic chromatin environment 

is required to facilitate proper nucleosome phasing of tRNA genes. For example, Isw1 and Chd1 

chromatin remodelers bind to NDR where TFs bind and eventually move into gene bodies during 

RNAP2 elongation to maintain nucleosome organization (Zentner et al., 2013). Chd1 mapping 

demonstrated an association with RNAP3 genes, but was not uniquely enriched relative to the 

rest of the genome (Figures 3.1c and 3.2). Conversely, both Isw1 and Isw2 are enriched at 

RNAP3 genes compared to random genome-wide positons, however neither correlates with Ty3 

targeting bias. Collectively this further supports a model where nucleosome positioning around 

RNAP3 genes is a complex and dynamic process for facilitating transcription. 

 Interestingly, H3K9 acetylation showed a slight but significant increased occupancy 

at hot Ty3 targets (Figures 3.1b and 3.2). H3K9 acetylation at promoters is associated with the 

SAGA transcription complex and an indicator of active RNAP2 transcription (Bonnet et al., 2014); 

the function H3K9 acetylation serves at RNAP3 sites is unclear, but does suggest that active 

nucleosome turnover may be happening more at hot Ty3 target sites.  

 RNAP3 factors Tfc1, Brf1, Tbp, and Rpc128 ChIP-seq datasets were investigated 

for potential contributions to Ty3 targeting bias (Kumar and Bhargava, 2013; Nagarajavel et al., 

2013; Zentner and Henikoff, 2013a). From these proteins, only Brf1 and Rpc128 showed 

significant differences between hot and cold Ty3 targets (Figures 3.1a and 3.2). Tfc1 recruitment 

did not correlate with targeting, which is interesting because TFIIIC loads the TFIIIB (including 

Brf1) complex onto the DNA. Tbp1 protein was also not significantly different between hot and 
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cold sites, which is not consistent with Brf1 occupancy. These discrepancies could be biological 

or may be the result of technical differences between each ChIP-seq dataset or the specific strain 

of S. cerevisiae.  

 

Summary 

 Metadata from various ChIP-seq studies demonstrates a complex chromatin 

environment surrounding RNAP3 genes. In depth analysis of Ty3 transposition bias and its 

relationship to several host factors supports a model that requires multiple levels of interaction 

with host chromatin to sustain integration but not necessarily targeting bias. The first barrier to 

the intasome during navigation of a target site is the chromatin environment, evidence presented 

in this chapter suggests that most of the factors investigated do not strongly distinguishTy3 target 

sites as hot or cold. For example, while histone acetylation was marginally higher upstream of hot 

targets, histone H4 ChIP-seq (Cole et al., 2014) and nucleosome mapping (Nagarajavel et al., 

2013) at RNAP3 genes were not consistently different at hot/cold sites. Together this suggests 

that most RNAP3 genes are similarly structured with regard to chromatin and although a small 

degree of variation in occupancy of individual host factors is apparent, contributions to Ty3 

targeting bias was not significant.   
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Chapter 4 
 
ChIP-seq of RNAP3 Factors and Ty3 
Integrase  
 
 
INTRODUCTION 

Evaluating RNAP3 factors and ectopic integrase 

 The role of RNAP3 factors in Ty3 targeting bias is unclear. Mapping publically 

available ChIP-seq data (Chapter 3) suggested that Brf1 and RNAP3 associate with hot targets 

more often than cold targets. One complicating issue is that public data was obtained from 

different labs and cells were not grown under Ty3 transposition conditions. In order to establish 

the contributions of RNAP3 factors to Ty3 targeting bias, an independent investigation we needed. 

Furthermore, the contribution to Ty3 targeting bias that integrase alone contributes is unexplored. 

While in vitro assays clearly demonstrate that recombinant integrase, Brf1 and Tbp1 are sufficient 

for integration into a single target DNA, the features that attract integrase to hot target sites for 

integration in vivo when ample Brf1 and Tbp1 are present at all tRNA targets remains an enigma. 

To probe the interactions between integrase and RNAP3 factors, under Ty3 transposition 

conditions, ChIP-seq with N-terminal 3XFLAG-tagged Brf1 and the RNAP3 subunit Rpc34 were 

cloned into wt S. cerevisiae and expressed under their native promoters (Chapter 11). Mapping 

each of these proteins provides a snapshot of protein occupancy at RNAP3 genes.   
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 In addition to Brf1 and Rpc34, N-terminal 3X FLAG-integrase was also prepared for 

ChIP-seq. Because Ty3 targeting bias is quantitatively defined, the information integrase alone 

provides to Ty3 target site selection can be investigated along with Brf1 and Rpc34 using ChIP. 

Integrase has been shown to have a NLS sufficient for nuclear entry (Lin et al., 2001); however 

in cells in which Ty3 is over-expressed immunofluorescence does not detect nuclear integrase 

(unpublished data). Therefore it is thought that very few integrase proteins actually enter the 

nucleus presumably because the integrase NLS is not exposed in VLPs which need to dock with 

the nuclear pore or otherwise expose the intasome (integrase and cDNA) for translocation into 

the nucleus (Beliakova-Bethell et al., 2009). Because integrase is required for cDNA synthesis, 

and modification of integrase interferes with this activity, it is impossible to effectively ChIP 

integrase in cells expressing Ty3 (Kirchner and Sandmeyer, 1996; Nymark-McMahon and 

Sandmeyer, 1999; Nymark-McMahon et al., 2002). All of these issues are circumvented by 

ectopic integrase expression. An inducible Ty3 integrase vector was prepared using a recently 

developed β-estradiol induction system (Chapter 11). In this system, a synthetic promoter is 

cloned upstream of a gene and upon addition of β-estradiol, an artificial transcription factor, which 

is sequestered in the cytoplasm, undergoes a conformational change and enters the nucleus to 

activate the gene (McIsaac et al., 2013). 

 Integrase, Brf1 and Rpc34 ChIP offers an opportunity to determine how much 

targeting information integrase itself can account for; in other words, will integrase binding mimic 

that of Brf1, the primary recruitment factor? Or will integrase binding strictly mimic Ty3 

transposition patterns? If integrase mimics Brf1 occupancy, this will suggest that integrase only 

interacts with and persists at Brf1 binding sites, strongly implicating a secondary feature involved 

in driving Ty3 targeting bias. Conversely, if integrase reflects Ty3 targeting bias alone, this 

suggests it retains a direct favorable relationship with preferred targets. Finally, Rpc34 ChIP 

provides insight into transcriptional patterns of tRNA genes. Although protein occupancy is not a 
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direct measure for transcription rates, the lacking ability to do RNA-seq prevents an investigation 

more dedicated to transcription. 

 

RESULTS 

Brf1, Rpc34 and integrase genome-wide distributions  

 Brf1, Rpc34 and integrase were ChIPed under the same growth conditions Ty3 

genome-wide sequencing analysis, with the exception of plating on 5FOA containing medium and 

for integrase ChIP β-estradiol and the antibiotic G418 were included in the final growth media 

(Chapter 11). For each factor, two replicate immunoprecipitations (IPs) and Inputs were collected 

for DNA isolation and sequencing, plus one IP and Input from an untagged wt strain and a wt 

strain carrying an empty β-estradiol-inducible plasmid (control for integrase experiments). Illumina 

paired-end 100 cycle sequencing (Chapter 11) was used and ChIP-seq peak analysis was done 

using by MACS2 (Zhang et al., 2008). Strong agreement between replicates for all three proteins 

was observed, producing low irreproducible discovery rates (IDR) (Chapter 11) (Figure 4.1). Fold 

enrichment (FE) analysis was mapped over a 1 kb region for all tRNA genes to observe 

differences in protein occupancy at RNAP3 genes and differences between Ty3 target sites. Brf1 

and Rpc34 demonstrate strong FE centered directly upstream or over the gene (Figure 4.2a). 

Integrase also demonstrated a high specificity for the region directly upstream of tRNA genes, 

consistent with Brf1 binding. Although integrase occupancy was approximately one third the 

enrichment of Brf1 or Rpc34, all sites bound by RNAP3 factors were also bound by integrase 

(Figure 4.2a, b, c). This outcome could also be artefactual, meaning FLAG-tagged integrase may 

not bind to the anti-FLAG antibody as well as Brf1 or Rpc34. The averaged Brf1 peak was 

positioned immediately upstream of Rpc34, which is consistent with current models of RNAP3 

transcription, (Figure 4.2a, c). A wider peak of averaged integrase occupancy was observed 

(Figure 4.2c), demonstrating more variation with integrase targeting to the upstream regions of 

tRNA genes.  
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Figure 4.1: Analysis of ChIP-seq replicates for irreproducibility discovery rate (IDR). Peaks were identified using MACS2 (Chapter 11); 
replicate samples for each protein ChIPed, Brf1 (a), Rpc34 (b) or integrase (c) were compared by measuring the rate of peaks only 
identified in one or the other replicate.  
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 Only one RNAP3 gene was not bound by integrase or RNAP3 factors, tD(GUC)N. 

This gene has its 5’-end partially overlapping a native Ty1 retrotransposon (YNLWTY1-2). We 

questioned the function of this tRNA and found that there were only two Ty3 insertion events 

counted at tD(GUC)N. Interestingly, three other aspartic acid tRNA genes (tD) are found 

immediately downstream of arginine genes. In these instances the upstream tR shows a 

dominance of RNAP3 factor recruitment and Ty3 integration events. The lack of RNAP3 activity 

and infrequency of Ty3 integration events for the downstream members of dimeric tRNAs, 

supports previous evidence that these tRNAs are seldom capable of transcription and instead are 

expressed dimericly (Hottinger-Werlen et al., 1985).  To avoid bias in our data analysis, tD(GUC)N 

and all tD immediately downstream of tR were not included in statistical analyses.   

 

Correlation of integrase, Brf1 and Rpc34 with Ty3 targeting 

 Despite strong FE at most tRNA genes, there was a clear pattern of protein 

occupancy bias for all three factors tested (Figure 4.2b). Brf1 and Rpc34 FE at tRNA 

genes were near identical (Figure 4.2c, d); Pearson correlation of FE, averaged over a 

100 bp window surrounding the averaged peak position, produces an r of 0.86. Integrase 

FE at tRNA genes was less than Brf1 and Rpc34, and by comparison was less correlative, 

showing r values of 0.39 and 0.32 for Brf1 and Rpc34, respectively (Figure 4.2d). This suggests 

that integrase is drawn to targets sites by RNAP3 factors like Brf1, but perhaps other factors 

influence the stable interaction required for integrase to correlate better with Brf1 occupancy. 

Independent verification of ChIP-seq data was done using ChIP-qPCR; for all three factors, 

occupancy bias at a subset of hot and cold targets were reproducible ChIP-seq data (Figure 

4.2e). 
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Figure 4.2: ChIP-seq analysis of N-FLAG tagged Brf1, Rpc34 and Integrase. (a) Heatmaps showing normalized fold enrichment (FE) 
over RNAP3-transcribed genes; rows are organized according to Ty3 transposition phenotype which is indicated by the colored bar 
to the left of each map. Position 0 refers to the mature tRNA base position. (b) Histograms showing the FE of each protein ChIPed 
(methods). (c) Peak analysis averaged for all tRNA genes and traced over a 1 kb window surrounding the tRNA genes. Lightened 
haze around each line reflects the standard deviation. wt (grey) refers to the un-tagged parent strain of N-FLAG Brf1 and N-FLAG 
Rpc34 while WT + pKP3915 refers to the empty vector control used for N-FLAG Integrase (wt + pKP4010). Dotted vertical line 
represents the average Ty3 insertion site position. (d) Trivariate scatterplot of normalized FE where occupancy at each tRNA gene 
was converted to a proportion of the total sum. Clustering of dots demonstrates the consistency of FE for each protein at each tRNA 
gene. (e) ChIP-qPCR of several tRNA genes showing reproducibility of ChIP factors at specific sites (n=4).   
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 To investigate the relationship between Brf1 and Rpc34 binding and Ty3 targeting, 

Ty3 hot and cold target sites were compared for differences in protein occupancy. Brf1, Rpc34 

and integrase localization at hot targets was above average and significantly higher than cold 

targets; however the differences were small and standard deviations of each group clearly overlap 

(Figure 4.3a). In fact, when looking at protein occupancy we found that while hot targets show 

significantly higher FE for Brf1, Rpc34 and integrase when compared to all other tRNA genes (p-

values = 1.25x10-6, 2.56x10-5 and 4.43x10-4, respectively), cold targets show only a mild reduction 

in FE when compared to all other tRNA targets tested (p-values = 0.0061, 0.058 and 0.013, 

respectively).   

 Receiver Operator Characteristic (ROC) curves were used to assess how well a Ty3 

transposition phenotype could be predicted based on the FE of Brf1, Rpc34 or Integrase. ROC 

curves have been used in studies investigating insertion site features of retroviruses like HIV-1 

(Berry et al., 2006; Roth et al., 2011) and other retrotransposons like Ty1 (Baller et al., 2012). Ty3 

transposition phenotype (hot/cold) was used as a binary classifier and protein FE values as 

predictors to generate ROC curves. Area under the curve (AUC) with 99% confidence intervals 

(CI) was then calculated determine the predictive strength of each factor. AUC values range 

between 0.5 - 1.0, with 0.5 representing an even rate of correct and incorrect separation of values 

based on the classifier. ROC and AUC analysis demonstrated that FE values of Brf1, Rpc34 and 

integrase are strong predictors for which tRNA genes were classified as hot Ty3 targets (Figure 

4.3b). For example, when targets sites were classified as either hot vs. ‘all others’, AUC values 

of 0.77, 0.75, and 0.70 were obtained for Brf1, Rpc34 and integrase, respectively. Protein 

occupancy as a predictor further improved when only hot and cold phenotype classes were tested; 

here Brf1, Rpc34 and integrase produced AUC values of 0.87, 0.82, and 0.81, respectively. 

Interestingly, when ROC analysis of Ty3 phenotype classes cold versus ‘all others’ were 

compared, all three proteins demonstrated lower AUC values which were not significantly different 

than 0.5 (Figure 4.3b), indicating FE is a poor predictor of which tRNA gene targets are cold. 
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 Taken together the ROC analyses indicate that hot targets are predicted by Brf1, 

integrase or Rpc34 FE, but cold targets are not easily distinguished from other tRNA (Figure 

4.3b). This suggests a system where higher protein occupancy for Brf1 and possibly Rpc34 leads 

to higher recruitment of integrase and subsequent Ty3 transposition, but we do not always 

observe less than expected occupancy at cold targets, implying that despite adequate host factor 

recruitment, other features limit transposition. Finally, integrase ChIP revealed an interesting 

pattern of target DNA localization. Firstly, integrase was only found at sites occupied by Brf1 

and/or Rpc34, which was expected given the evidence supporting integrase/Brf1 interactions (see 

Chapter 1). Secondly, integrase occupancy at tRNA sites most closely resembled Brf1, but poorly 

reflected Ty3 targeting bias (Figures 4.2a, 4.3a).  
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Figure 3: Ty3 transposition phenotype analysis using ChIP-seq of FLAG-tagged Brf1, Rpc34 and Integrase. (a) Box plot showing the 
average FE for a 100-bp region flanking the peak position (averaged over all tRNA genes) for each protein. Additionally, protein 
occupancy was traced over a 1-kb region surrounding all tRNA genes oriented to the same direction. Hot (red), cold (blue) are shown 
with standard deviation represented as a lighter hue. For Brf1 and Rpc34 traces, WT (untagged ChIP-seq control sample) is traced in 
grey and for Integrase trace, the empty vector control (pKP3915) is shown in yellow. The dotted vertical line in each trace represents 
the average Ty3 insertion site position. (b) ROC analysis comparing hot versus all other tRNA, hot versus cold and cold versus all 
other tRNA targets is shown. Legends for each plot show the AUC with 99 % confidence intervals (CI). As a positive control for each 
plot, Ty3 transposition frequency (used to define hot and cold) is included to show perfect association between classifier and predictor.  
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Summary 

 Ty3 specificity allowed this first study estimating the relative contributions of host 

chromatin and transcription factors to integration bias at specific targets.  ChIP analysis of RNAP3 

factors and integrase showed that host recruitment factors known to be required for transposition 

are not sufficient to explain Ty3 targeting bias. Persistent association of a Brf1 or Rpc34 (or 

RNAP3 complex in general) could allow the intasome more opportunity to associate with a target. 

However other factors likely influence post-recruitment integration steps. This is suggested by the 

lack of linear correlation between integrase protein localization and Ty3 integration frequency. 

Structural analysis of the RNAP3 complex (Wu et al., 2012) suggests strong bends at the TSS 

where Ty3 integration occurs, which is potentially favorable to the intasome binding and strand 

transfer reactions (Chapter 5). Notably, TFIIIB binding to DNA leaves does not occlude the region 

most targeted by Ty3 when the RNAP3 complex is absent. Interestingly, previous in vitro studies 

with RNAP3 containing protein fractions suggested that RNAP3 transcription competes with Ty3 

integration (Connolly and Sandmeyer, 1997). ChIP-seq data demonstrate that Rpc34 and Brf1 

associate at tRNA genes with near perfect agreement (Figure 4.2c, d). Taken together Brf1 and 

Rpc34 protein occupancy at hot targets disagrees with notion that RNAP3 transcription competes 

with integration. Clearly however, integrase and Rpc34 (or entire RNAP3 complex) are targeting 

the same regions of DNA which could explain the less frequent association of integrase with all 

tRNA genes and the generally low rate of Ty3 integration events that occur overall. These 

observations convinced us to pursue the problem of how DNA structure might provide the missing 

target component that contributes to the bias we observed among tRNA genes.  
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Chapter 5 
 
Dissecting the Contributions of Local Ty3 
Retrotransposition Target Sequences 
 
 
INTRODUCTION 

Retroelement integration: structure and target site duplication 

 The Ty3 integrase is organized into three domains: (i) N-terminal domain (NTD) is 

defined by the conserved zinc-binding motif H93-X-H95-X5-H101-X29-C131-X2-C134 (ii) the 

catalytic core domain (CCD) defined by the conserved D164-X60-D225-X35-E261 which binds 

Mg2+ ions required for 3’-end processing and strand transfer (iii)  and lastly the C-terminal domain 

(CTD) which is the least conserved between Ty3 and retroviruses (Sandmeyer et al., 2015) 

(Engelman and Cherepanov, 2014). Interestingly, hybrid integrase proteins in various 

combinations of Ty3, HIV-1 and the prototypic foamy virus (PFV) are functionally capable of 

strand transfer in vitro (Qi et al., 2013). Crystal structures of retroviral integrase proteins are 

notoriously difficult to obtain. The PFV intasome and intasome plus strand transfer intermediate 

were recently resolved via X-ray diffraction (Hare et al., 2010; Maertens et al., 2010; Gupta et al., 

2012), establishing a structural model for analyzing the conserved features integrase mediated 

strand transfer. The PFV intasome consists of two pairs of integrase dimers, each bound to one 

of the LTR ends, creating a tetrameric intasome. During strand-transfer of the LTR ends and 
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target DNA are joined at a fixed distance apart, similar to how restriction enzymes produce sticky 

ends, the sequence between the staggered strand transfers is duplicated following repair. The 

duplication is referred to as the target site duplication (TSD). The length of the TSD is determined 

by the size of the intasome active site where strand transfer will commence; PFV, HIV-1 and Ty3 

for example produce TSDs of 4, 5, and 5 bps (Maertens et al., 2010; Engelman and Cherepanov, 

2014; Sandmeyer et al., 2015). The PFV intasome crystal structure provided many new insights 

into how the target DNA is positioned for integration; for example, in the active site the DNA is 

bent ~110° and the major groove is widened causing (among other deformations) the two central 

base positions to become unstacked (Maertens et al., 2010). The target site contortion 

experienced during integration suggests that DNA flexibility is important aspect of both target site 

selection and the frequency of successful integration events. Motif analysis of PFV insertion site 

selection shows little bias for a specific DNA motif, but rather favors DNA sequences with more 

flexible dinucleotide pyrimidine and purine (YR) steps. These nt combinations produce the best 

correlation between twist and roll which explains their high flexibility (Lankas et al., 2003). In fact, 

PFV has a strong bias for integration into superhelixed nucleosomal DNA (Benleulmi et al., 2015; 

Maskell et al., 2015). Other retroviruses like HIV-1 and MLV have shown a similar lack of bias for 

specific integration motifs, but strongly favor integration with sequences containing YR steps in 

the central TSD position (Serrao et al., 2015).  

 Several qualitative models for predicting DNA flexibility have been developed from 

features such as nearest di or tri-nucleotide geometries, nucleosomal DNA mapping and DNase1 

sensitivity profiling  (Munteanu et al., 1998). The sequence-dependent anisotropic-bendability 

model (SDAB) for example, is based on the premise that a specific sequence of DNA will have a 

preferred direction of bending depending on the thermal fluctuations each base provides (Sarma 

and Sarma, 1998). For some DNA sequences the model might predict high curvature in a specific 

direction (defined by roll, twist and tilt of the DNA bases) which will force a kink in the DNA, 

provided it is the lowest energy conformation. Conversely, straight DNA sequences have opposite 
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angular curves or consistent minimal energy throughout the sequence that cancel out a forced 

curve in the DNA. In the case of low curvature DNA sequences can be more bendable, while in 

the case of high curvature DNA is kinked in a specific orientation which is asymmetric to 

bendability and can limit association with DNA binding proteins (Munteanu et al., 1998).  

 

DNA sequence motif contributions to Ty3 targeting bias 

 The preference of Ty3 target site motifs has remained largely unexplored, apart from 

the fact that Ty3 integrates at the RNAP3 TSS, little is known about what type of sequence motifs 

or DNA features influence integration. As described in Chapter 4, ChIP-seq data strongly 

suggests that more than just recruitment of integrase by RNAP3 TFs contributes to the observed 

bias in Ty3 targeting. We hypothesized that two candidate regions could contain crucial 

information for Ty3 integration: (i) the A and B box promoter sequences, which are internal to 

RNAP3 genes and serve as the initiators of RNAP3 factor recruitment (Chapter 2) and/or (ii) the 

sequences directly upstream of RNAP3 genes where integration actually occurs. Because 

RNAP3 factors and integrase are interacting with the same region of DNA, it is likely that 

sequence compositions favorable to integration also have a direct role in transcription. A and B –

box sequences for example are critical for transcription because disruption prevents recruitment 

of TFIIIC, blocking subsequent steps. Alternatively, Ty3 and RNAP3 may share similar affinity for 

the TSS motif (below) which could link integration and transcription. Importantly, Ty3 Integration 

remains highly selective, which provides the opportunity to study how small changes to target site 

DNA might affect integration frequency. In the following sections motif analysis and other tools 

are used to establish the contributions of local target site DNA to RNAP3 transcription and Ty3 

integration. 

 

 

 



45 
 

RESULTS 

Internal promoter contributions to Ty3 targeting bias 

 First, we hypothesized that differences in promoter elements at hot and cold tRNA 

genes might lead to variations in TFIIIB/TFIIIC occupancy or RNAP3 recruitment, and thus 

influence Ty3 targeting. To evaluate A/B boxes, MEME Suite was used to identify the A and B 

box motifs at hot, cold and all tRNA targets. Promoter elements were nearly identical between hot 

and cold targets (Figure 5.1a). When individual tRNA families are considered, the possibility of 

promoter elements determining Ty3 targeting is highly unlikely due to the high similarity 

(sometimes identical) of tDNA sequences. The glutamine family for example, demonstrates a 

wide range of Ty3 transposition at each family member yet tDNA sequences (including A and B 

–boxes) are nearly identical (Figure 5.1b, c). The tyrosine tRNA family is another example of 

identical tDNA sequences but with a variety of targeting. Taken together, internal promoter 

sequence suggests that DNA sequence composition flanking RNAP3 genes or the surrounding 

genomic context of each target site may be a better predictor of Ty3 targeting. In support of this, 

previously published ChIP-seq data for Tfc1 (TFIIIC) found no significant difference between hot 

and cold targets (Figure 3.2). 
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Figure 5.1: Internal promoters A and B box separated by Ty3 transposition phenotypes. (a) A box and B box promoters were defined 
by MEME Suite for all tRNA genes grouped by hot and cold or all together. (b) The average frequency (normalized 8N tag counts) of 
Ty3 transposition for the glutamine and tyrosine tRNA families determined from sequencing experiments (Chapters 2 and 11). Bars 
represent the mean ± standard deviation. (c) The consensus sequence of all glutamine (top) or tyrosine (bottom) tRNA genes 
presented as a motif (MEME Suite), A/B box promoter elements are underlined.  
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Local upstream sequence contributions to Ty3 integration  

 Ty3 Retro-seq data suggested a reproducible pattern of Ty3 targeting bias. Analysis 

of A and B box promoter elements (Figure 5.1) demonstrated no pattern consistent with Ty3 

targeting bias.  We therefore considered the region immediately upstream of tRNA genes. These 

upstream sequences are more variable among isoacceptor families of tRNA genes and include 

the TSS, TFIIIB binding sites and also the region which integrase targets for transposition. Local 

sequence motifs or DNA composition are therefore potential contributors to Ty3 targeting.  

 The highly specific integration of Ty3 at the TSS of RNAP3 genes has been well 

documented (Sandmeyer et al., 2015). In this study, quantitative profiling of insertion sites 

underscored with enhanced data, integration specificity for the TSS, where virtually all insertions 

were within the first 40 bp upstream of RNAP3 genes (Figure 5.2a). Previous research from 

multiple authors has deduced the various motifs and motif positions of the TSS of tRNA genes in 

S. cerevisiae. Analysis of the transcription bubble and TSS position for a large group of tRNA 

genes revealed the motif, wWWCAana,  9-15 nts upstream from the mature tRNA-coding 

sequence (Fruscoloni et al., 1995). A separate study used all tRNA genes (excluding those with 

solo LTR elements directly upstream) and found multiple motifs starting within 11-17 bp upstream 

(Giuliodori et al., 2003). For example, at position -11 relative to the 5’-processed tRNA, the 

strongest motif was AACAAA but at position -17 it was TTTTCA. More recently, the TSS motif 

and transcription initiation-base positions were experimentally tested using 31 individual tRNAs 

(Yukawa et al., 2011). Interestingly, many of the tRNA genes analyzed initiated transcription from 

more than one base; authors highlighted the significance of a nCAann motif proximal to the TSS.  

 To independently verify Ty3 is targeting the presumed TSS of tRNA targets, or 

possibly the transcription bubble containing the TSS, motif analysis was performed on Ty3 

insertion sites and upstream sequences of tRNA targets (Figure 5.2b). To avoid logo bias, 36 out 

of 272 tRNA genes were omitted from analysis because they contain a pre-existing Ty3 LTR 

directly upstream (Chapter 11). The Ty3 5 bp TSD (above) represents the region of both intasome 
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docking and enzymatic strand transfer, for each tRNA target the most frequently used Ty3 

insertion site was chosen. For example, Figure 5.2c shows the insertion site, TSD sequence, and 

the sum total of stranded transposition (8N tag counts) for the glutamine (tQ) family; some tRNA 

genes have more than one Ty3 insertion site, such as tQ(UUG)C or tQ(UUG)D2 (Figure 5.2c), 

however one site is usually preferred. To determine the Ty3 5 bp TSD motif, sequences were 

weighted by the sum total of transposition that occurred in all three replicates sequenced (Chapter 

2) and analyzed with WebLogo (Crooks et al., 2004).  
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Figure 5.2: Ty3 insertion site analysis upstream of RNAP3 transcribed genes. (a) Ty3 insertions sites are plotted relative to the 5’-
processed tRNA gene (position 0). The X axis represents bp upstream while the Y axis reflects the average frequency of transposition 
observed at that site, as determined by Retro-seq. (b) Ty3 5 bp repeat motif (left) referred to as the target site duplication (TSD) was 
determined using WebLogo (Crooks et al., 2004). Bit scores reflect the frequency of each base occurring at that site. Motif analysis of 
the Ty3 TSD was done by weighting each site by the sum total of Ty3 insertions counted. Using MEME Suite (Bailey et al., 2009), the 
best motif found within the first 23 bps upstream of the 5’-processed tRNA gene position was determined. (c) Individual examples of 
the strongest Ty3 insertion site and targeted TSD sequence are shown for the glutamine family. Each bar (Y axis) represents the sum 
total of Ty3 insertions at that position in the sense (black, positive) or anti-sense (grey, negative) orientation. Coordinates on the X 
axis as in (a), tRNA is representative of where each tQ member begins (position 0). (d) Violin plots demonstrate the proximity between 
the predicted TSS of each tRNA gene (b) relative to the preferred TSD for hot (red), cold (blue) and average (black). Thickness of 
each ‘violin’ represents the density of values. The section separated by a dotted line represents the accuracy of MEME predicted TSS 
positions relative to their experimentally confirmed sites as determined for 29 tRNA genes by Yukawa et al., 2011.  
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When hot and cold targets are considered separately, the resulting Ty3 insertion site motifs are 

distinct (Figure 5.2b); cold targets have a much stronger T/A representation within the 5-base 

repeat while hot targets show little preference. Interestingly, all insertion sites appear to end with 

strong bias for CA, suggesting Ty3 is integration is directly upstream of the presumed TSS motif 

CAa (Yukawa et al., 2011). Although hot and cold targets can be distinguished, the observed 

motifs have relatively weak bit scores and are relatively degenerate compared to sequence driven 

transcription factor binding sites.  

 To independently identify a consensus TSS motif, MEME Suite (Bailey et al., 2009) 

was used to scan for a 6 base motif within a 23 base window directly upstream of the mature 5’-

processed tRNA sequence (Figure 5.2b). As observed before, the strongest motif was tttCAa, 

located at various positions within the first 23 bases upstream of the mature tRNA gene. The 

distance between each predicted TSS motif and Ty3 TSD site was analyzed by plotting the 

difference in base pairs from position one of the predicted TSS and position one of the TSD 

(Figure 5.2d). Consistent with prior knowledge of Ty3 targeting (Chapter 2) near RNAP3 TSS, 

the majority of insertion positions were less than 5 nts up- or downstream of the predicted TSS. 

Notably, several outliers were observed where the TSS or TSD were farther away than expected, 

we reasoned that MEME analysis identifies the optimum motif which does not directly 

demonstrate a role in transcription. To test agreement between predicted genome-wide values 

and empirical analysis, TSS sites empirically determined by Yukawa et al., (2011) were plotted 

relative to the MEME predicted genome-wide TSS (Figure 5.2d). The predicted and empirically 

defined TSS motifs overlap to a high degree. In fact, for 24 out of 29 of the empirically tested 

tRNA genes, MEME correctly predicted the TSS motif to within 3 nts. The data presented in 

Figure 5.2 collectively demonstrate the specificity Ty3 has for integration at the TSS. Although 

individual examples of Ty3 targeting to the TSS have been demonstrated (Chapter 2), this is the 

first RNAP3 transcriptome-wide demonstration that Ty3 consistently targets the TSS. However, 
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we note that this feature of transposition is observed at virtually all tRNA targets.  Therefore, while 

it may constitute a requisite for insertion, the TSS cannot readily explain targeting bias. 

 

Development of a versatile Ty3 targeting assay  

 We hypothesized that if local DNA sequences modulate Ty3 targeting bias, then 

manipulation of those sequences would produce changes in transposition phenotypes. All assays 

discussed so far used an unmarked Ty3 construct, making Ty3 transposition into the genome 

difficult to measure due to the low frequency of approximately 0.001 event per cell (Qi et al., 

2012). Additionally, the highly repetitive nature of tRNA loci makes cloning small genomic 

sequence manipulations technically challenging and labor intensive. To circumvent both of these 

issues, individual test tRNA targets were cloned into high-copy plasmids with ~120 bp of flanking 

genomic DNA, and Ty3 transposition from the donor plasmid (pGal-Ty3-8N) was quantified via 

qPCR (Chapter 11). High-copy number of a single target site increases sensitivity of the assay 

while plasmid localization simplifies manipulating DNA sequence. In our experimental design, 

novel targets were generated with custom combinations of sequences using only two overlapping 

PCR products and the Gibson assembly method which facilitates assembly of plasmid backbones 

and PCR product inserts without use of restriction enzymes (Gibson et al., 2009; Gibson et al., 

2010).  

 Two tRNAs from the glutamine family were used to demonstrate the versatility of 

plasmid-borne transposition targets, the hot tQ(CUG)M (ptQM) and cold tQ(UUG)B (ptQB). These 

two tRNA genes have virtually identical coding and promoter sequences but differ in the pre-tRNA 

coding sequence and the upstream flanking sequence.  First the wt plasmid targets were assayed 

after 24 hrs of Ty3 induction in galactose-containing medium (Chapter 11). Ty3 plasmid 

integrations were monitored in the sense and anti-sense orientation (Figure 5.3a). QPCR analysis 

demonstrated a clear bias for the hot ptQM, which was transposed 10X more than the cold ptQB 

target, consistent with what was observed in genome-wide profiling (Chapter 2). This observation 
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was in fact somewhat remarkable as it appears to exclude for at least one pair of hot and cold 

tRNA genes, long-range, cis-acting chromosomal features such as proximity to origins of 

replication and telomeres, as well as complete LTRs which have been previously implicated in 

Ty1 integration biases (Curcio et al., 2015). We therefore tested whether target bias from another 

tDNA family could be localized to a high-copy plasmid.  In this case we subcloned similar 

fragments from a hot (tV(UAC)D) and cold (tV(AAC)M3) tRNA pair. Ty3 transposition again 

favored the hot target, tV(UAC)D, over the cold target, tV(AAC)M3 (Figure 5.3a). Having 

established that at least a significant portion of the target bias could be restricted, in these cases 

at least, to the region subcloned into these targets, we set out to determine the role of local 

upstream sequences in Ty3 target bias. Using the more consistent pair of glutamine plasmid 

targets, upstream sequence of ptQM and ptQB was systematically varied to test the effect on Ty3 

transposition bias. 
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Figure 4: Ty3 transposition into high-copy target plasmids. (a) Diagram of Ty3 plasmid transposition assay (left) and qPCR results of 
four wt tRNA plasmid targets (n=8). (b) Targeting assay for ptQM swapped with 25 or 75 bp of upstream sequence from the cold ptQB 
and vice versa (blue). Plots represent two combined experiments with a total of eight replicates. Each set of targets are normalized to 
their respective wt target plasmid, ptQM (left, red) or ptQB (right, blue).  (c) All glutamine plasmid targets were modified at the 3’-end 
to contain a unique primer binding site (PBS) for qPCR analysis of transcribed RNA from each plasmid target (diagram). Boxplots 
show transcription into ptQM and ptQB (left), or ptQMt target plasmids with 25 or 75 bases of upstream sequence from ptQBt (middle) 
and vice versa (right). White boxes represent transcription from the genomic copy of SUP61, an intron containing tRNA where nascent 
pre-tRNA can be measured as a proxy for transcription.   
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Target site swapping with glutamine targets 

 During Ty3 integration, if upstream DNA sequences are driving transposition, then 

exchanging the upstream sequence between hot and cold target sites would result in 

corresponding changes in phenotype. For plasmid targets ptQM and ptQB, 25 and 75 bases of 

upstream sequence (positions -1 to -26 or -76 relative to the mature tRNA start position 0) were 

exchanged and tested for transposition. For ptQM, transposition was significantly reduced when 

25 (ptQM25B) or 75 (ptQM75B) bp of upstream sequence from ptQM was replaced by 

corresponding sequence from ptQB (Figure 5.3b). However, when 25 bp of upstream sequence 

from ptQB was replaced with 25 bp of upstream ptQM (ptQB25M) sequence only a modest 

increase in transposition was observed. Nonetheless, when 75 (ptQB75M) bases was replaced, 

a dramatic increase in transposition occurred (Figure 5.3b). Together, these results strongly 

implicate local upstream DNA sequence in directing Ty3 targeting bias. Curiously, ptQM (hot 

target) transposition was nearly eliminated by exchanging just 25 bases, but for ptQB exchanging 

25 bases only slightly increased transposition. This suggests that the degree and mechanism of 

sequence contributions to targeting may vary including the length of sequence that confers the 

effect or the ability of a short restrictive sequence to completely disrupt targeting based on a 

longer region. Given the specificity for Ty3 bias to track to such relatively short regions of target 

DNA, the structure of this region may have other biologically significant consequences as well. 

For example, most tRNA genes do not have a canonical TATA box and yet during recruitment by 

TFIIIC, the Tbp1 subunit is thought to mediate the DNA contacts of TFIIIB, the initiation factor 

implicated in open DNA complex formation. This consideration prompted us to ask what impact 

this upstream flank has on tRNA transcription. 

 

Measuring transcription with modified plasmid targets  

 Measuring transcription from an individual tRNA is problematic due to redundant 

tRNA sequences within families. In order to circumvent this problem, we tagged the tRNA genes 
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of interest at the 3’ end with unique sequence taken from the URA3 gene which is not present in 

BY4741. Each plasmid tRNA target was extended by 28 bp at the 3’-end just upstream of the 

presumed transcription terminator sequence TTTT (Figure 5.3c). The modified sequence allowed 

for a unique primer binding site which was used to measure plasmid-specific nascent tRNA 

transcription via qPCR. Nascent tRNA is the RNA form immediately after transcription and not the 

functional form of the mature tRNA; implying that any difference in processing rate, which is 

typically very fast for tRNAs, cannot be accounted for in this assay. Currently it is unknown if the 

resulting fully processed tRNA includes this sequence. Cellular mechanisms quickly identify and 

degrade misfolded or improperly processed tRNA sequences (Hopper, 2013), which is another 

possible fate of modified tRNA transcripts. However, the near identical sequences of ptQM and 

ptQB derived tRNA genes suggests the cell will respond similarly to each without creating a bias 

in transcription quantification.  

 Transposition assays performed as above confirmed that modifying the 3’-end of the 

tRNA had no effect on the Ty3 targeting trends discussed previously (Figure 5.3c). Transcription 

was measured on modified ptQM and ptQB (denoted ptQMt and ptQBt, respectively); ptQBt 

expression was ~30-40 % lower than that of ptQM (Figure 5.3c). When nascent tRNA 

transcription was tested on sequence swapping plasmids, ptQMt, ptQM25Bt and ptQM75Bt 

showed no significant change in transcription (Figure 5.3c). Surprisingly, ptQBt transcription 

increased ~2.5X when 25 (ptQB25Mt) bp of upstream sequence was swapped and ~3X when 75 

(ptQB75Mt) upstream bases were exchanged. Transcription of ptQMt appears to be completely 

disconnected from Ty3 transposition frequency, while ptQBt transcription increased consistently 

with exchanged sequences, ptQMt swaps were not affected despite a severe reduction in Ty3 

integration (Figures 5.3b, c). The mechanism behind upstream sequence effects on transcription 

remain unclear, however it does advocate for a model where transposition and transcription are 

unrelated. Alternatively, tRNA transcription and Ty3 transposition may be influenced by multiple 

different features uniquely at each gene. For example, ptQBt and ptQB75M target plasmids, the 
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3X increase in transcription is not proportionally to the nearly 15X increase in transposition 

(Figure 5.3b, c), suggesting that there are overlapping favorable features for each process but 

they are not totally connected. Additional properties of target site sequences were further 

investigated to try and explain the observed disconnect between Ty3 transposition and RNAP3 

transcription.  

 

DNA curvature analysis 

 Current models of RNAP3 transcription complexes highlight the need for flexibility at 

the initiation site to facilitate the opening of the DNA helix at the transcription bubble (Wu et al., 

2012; Hoffmann et al., 2016). Similarly, retroviral integrase models depict sharp induced bends in 

the target DNA during integration (Hare et al., 2010; Maertens et al., 2010)  and the requirement 

for central unstacked YR nts at the center of the TSD. Based on the later result we reasoned that 

DNA flexibility upstream of tRNA genes may facilitate integrase mediated strand transfer. Using 

a combination of DNA bendability parameters derived from algorithms, nucleosome mapping and 

DNaseI digestion (above) (Munteanu et al., 1998; Vlahovicek et al., 2003), DNA curvature and 

bendability were measured for all tRNA genes from 30 bases inside of the tRNA (relative to 

position 0 of the mature tRNA sequence) to 130 bases upstream using the bend.it tool 

(www.icgeb.trieste.it/dna/) (Vlahovicek et al., 2003). DNA curvature within the first 25 bases 

upstream, averaged 2.22° / 10.5 bp turn less (p = 6.8x10-7) at hot targets compared to cold (Figure 

5.4a), indicating cold targets may be more restricted by high DNA curvature in the region of 

transcription initiation and Ty3 integration. Consistent with the above, bendability over the first 25 

bases upstream 0.171 (arbitrary units) more than cold targets (p = 0.040). The limited range of 

bendability measurements for tRNA genes (from 3.743 to 5.267) makes bendability 

measurements less reliable for defining Ty3 targeting bias. Typically, DNA bendability is low when 

DNA curvature is high, however the measurement of one does not predict the other (Munteanu 

et al., 1998; Vlahovicek et al., 2003). This caveat can be seen for Ty3 target DNA where 
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bendability fluctuates within a narrow range, while curvature is showing a more variation between 

hot and cold targets (Figure 5.4a, b). 

 DNA curvature is known to be phasic depending on base composition and 

organization (Trifonov and Sussman, 1980; Munteanu et al., 1998); a feature that has been 

implicated in transcriptional regulation from sequences upstream of promoter regions (Nov 

Klaiman et al., 2009; Bansal et al., 2014). One possible explanation for Ty3 target DNA curvature 

may be that DNA at cold targets is phased such that peaks occur near the TSS while hot targets 

experience peak summits; in fact, when hot and cold target DNA is averaged and traced over the 

upstream tRNA a near opposite phasic pattern can be seen supporting the hypothesis that cold 

targets experience higher DNA curvature and less bendability over the integration target site 

region while hot targets are positioned within the summit between peaks of higher curvature 

(Figure 5.4a). Although not absolute and variable within hot and cold groups, a clear pattern of 

higher than average curvature is present at cold Ty3 targets while a lower than average curvature 

is present at hot targets. Despite the above significant differences in DNA curvature and 

bendability for hot and cold targets, only a modest linear relationship with targeting was observed. 

Scatter-plots and Pearson correlation demonstrated a significant negative trend when DNA 

curvature and Ty3 transposition were compared (r = -0.30, p = 3.0e-6): however, DNA bendability 

was not found to be significantly correlated with transposition (Figure 5.4b), which conflicts with 

the observation that hot targets had significantly higher DNA bendability than cold targets (above). 

Together this indicates that unlike DNA curvature, which is anti-correlated with Ty3 transposition, 

bendability measurements are not reliable when evaluating Ty3 targeting bias. 

 

Figure 5: DNA curvature and bendability of Ty3 target DNA upstream of RNAP3 genes. DNA curvature and bendability were 
determined using the bend.it server. (a) DNA curvature (left) or bendability (right) was averaged for all hot (red) and cold (blue) targets 
and traced relative to tRNA, excluding those with native Ty3 LTRs directly upstream. Standard deviation is shown as hues for each 
line which represents the mean at each base position. (b) Scatterplots comparing the relationship between curvature (left) or 
bendability (right) and Ty3 insertion frequency. (c) DNA curvature is traced for ptQM and sequence swapped plasmid targets (top) or 
ptQB and sequenced swaps (bottom) relative to tRNA genes. (d) DNA bendability measurements traced as described for (c). 
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Summary 

 Target site DNA sequence was investigated for potential contributions to Ty3 

integration. In retrovirus models, targeted DNA sequences lack strong DNA sequence motifs, but 

evidence suggests a biased towards flexible DNA sequences. Interestingly, Ty3 plasmid targets, 

with swapped hot/cold upstream sequences, dramatically changed the Ty3 transposition 

frequency (Figure 5.3). When DNA curvature was analyzed for tQM-based plasmids a drastic 

change in curvature is seen between ptQM and ptQM25B/75B, supporting the hypothesis that 

high curvature near the Ty3 integration site perturbs integration (Figure 5.4c). Consistently, when 

ptQB targets were analyzed, the opposite pattern in curvatures was observed, where ptQB shows 

high curvature over the Ty3 integration site, but for ptQB25M/75M the curvature is shifted farther 

upstream. Despite sharp changes in DNA curvature, bendability was less affected by swapping 

upstream sequences between plasmid tRNA targets (Figure 5.4d), which is consistent with a lack 

of correlation between bendability and Ty3 transposition genome-wide (Figure 5.4b). 

 Targeting Ty3 to plasmids provides a versatile platform for probing specific questions 

related to target site selection and integration. As demonstrated above, local upstream sequences 

have a significant role in integration frequency. Furthermore, Ty3 integration frequency shows a 

strong preference for DNA with low curvature, and additional evidence suggests that the phasic 

nature of DNA curvature upstream of tRNA genes can significantly influence Ty3 as well. For 

example, for ptQM a peak in DNA curvature is found approximately -25 to -40 bp upstream 

(Figure 5.4 c, red); however, ptQM25B (blue) and ptQM75B (violet) both show a shift in DNA 

curvature, moving the peak directly over the 0 to -25 bp region, which is consistent with decreased 

Ty3 integration (Figure 5.3b). This information suggests that Ty3 is localized to target sites by 

RNAP3 factors, but, as discussed in chapter 4, recruitment and subsequent integration are 

mediated by separate factors such as target DNA composition. Because of Ty3’s highly selective 

nature, this assay provides a useful tool for probing DNA sequence contributions to integration 

bias.   
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Chapter 6 
 
Model for Ty3 Insertion Site Selection and 
Future Directions 
 
 
Summary of Ty3 target site selection and integration 

 The data presented in chapters 1-5 demonstrate that Ty3 has a selective pattern of 

target site selection. Using a random tagging technique, Ty3 transposition was quantified, in 

triplicate, genome-wide (Figure 2.3, 2.4). This provided an accurate and reproducible analysis of 

Ty3 targeting bias. Several tRNA genes were found to be over (hot) and under (cold) –represented 

in terms of integration events; this was a surprising observation given the already high specificity 

of target site selection. Hot targets were transposed up to 100X more frequently than cold targets, 

and several host features were investigated to identify contributing factors to this bias in Ty3 

integration. First the chromatin environment at and flanking RNAP3 genes were investigated 

using publically available ChIP-seq data of several RNAP3 factors, chromatin remodelers, and 

histones to determine how each level of the RNAP3 chromatin environment might contribute to 

Ty3 integration. Despite significant activity at or near most tRNA genes for several host factors, 

no clear relationship could be observed between hot and cold targets with the exception that hot 

targets have significantly more histone acetylation and Brf1 occupancy upstream of tRNA genes 

(Figures 3.1 and 3.2). Second, an independent ChIP-seq experiment was conducted using N-
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terminally FLAG tagged proteins Brf1, Rpc34 and ectopically expressed Ty3 Integrase. Protein 

occupancy of these factors demonstrated a clear pattern where RNAP3 factors are strongly 

abundant at target genes, however show limited correlation with Ty3 transposition bias. Although 

Brf1 and Rpc34 averaged significantly more protein occupancy at hot targets than cold targets, 

Brf1 proved to be the best predictor of which RNAP3 genes were hot relative to cold (Figure 4.3). 

Integrase on the other hand was also found to localize to RNAP3 genes in a pattern most 

consistent with Brf1 (Figures 4.2 and 4.3). Interestingly, like Brf1 and Rpc34, integrase showed 

significantly more occupancy at hot targets than cold. Collectively, ChIP experiments provided 

some insight into Ty3 transposition bias, specifically that increased occupancy of Brf1, Rpc34 or 

integrase suggests that hot targets are given more opportunity to transpose; however, this alone 

does not explain targeting bias. 

 Next, the local DNA of tRNA targets and their upstream sequences were 

investigated. The internal promoter elements A and B –box initiate recruitment of RNAP3 factors 

for transcription, however analysis of promoter motifs suggest they are not likely involved in Ty3 

targeting bias, because when tRNA families often have highly repetitive gene sequences such as 

the glutamine and tyrosine families shown in Figure 5.1. This makes it unlikely that differences in 

the promoter sequences themselves dictate Ty3 recruitment. DNA sequences upstream of tRNA 

genes were then investigated for its role in differentiating hot and cold genes by evaluating the 

TSS motif relative to the Ty3 TSD or actual site of strand transfer (Figure 5.2). Motif analysis 

demonstrated that the Ty3 5-bp repeat (TSD site) is always proximal to the TSS site, consistent 

with previous literature (Chapter 2). Although a strong motif was not observed for hot and cold 

TSD sites, it is clear that cold target sites tend to be more A/T rich in this region. In order to 

experimentally evaluate how local sequences may be influencing Ty3 targeting bias, a plasmid 

targeting assay was developed where local tRNA sequences upstream of specific tRNAs could 

be altered, and subsequent changes to transposition easily measured via qPCR (Figure 5.3). In 

doing so, small upstream sequences of DNA were moved between hot and cold glutamine 
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plasmid targets which dramatically changed Ty3 transposition levels. When hot/cold glutamine 

tRNA targets, ptQM, and ptQB, were assayed for transposition, 25 or 75 bases of sequence 

swapping was found to confer the Ty3 transposition phenotypes (Figure 5.3b). Transcription 

however, was consistently increased for only ptQBt when 25 and 75 bases of upstream sequence 

was exchanged with ptQM, but no change was observed for ptQMt sequence exchanges (Figure 

5.3c). This evidence along with ChIP-seq data seems to suggest that while some DNA features 

are beneficial to both transcription and transposition, the two are not reflections of the same 

property. For example, transposition into ptQM is nearly eliminated when only 25 bases of 

upstream sequence from ptQB is exchanged, however transcription was unchanged (Figure 

5.3b).  

 Lastly, DNA curvature and bendability were analyzed to determine how local 

upstream sequences might be influencing Ty3 transposition bias. DNA curvature was found to be 

negatively correlated with Ty3 targeting (Figure 5.4). Interestingly, a phasic pattern of DNA 

curvature can be observed upstream of tRNA genes, and hot and cold target groups appear to 

be out of phase. Directly over the TSS region and site of Ty3 integration, cold targets were found 

to have significantly more curvature than hot targets (Figure 5.4). Furthermore, a clear change in 

DNA curvature was observed when 25 and 75 bp of sequence were exchanged between ptQM 

and ptQB (Figure 5.4c). For plasmid targets that experienced reduced Ty3 transposition 

(ptQM25B and ptQM75B) DNA curvature was increased relative to ptQM; consistently, when the 

cold target ptQB was modified with hot ptQM upstream sequences to increase transposition, DNA 

curvature was reduced over the targeted area.  

 

Model of Ty3 targeting bias in S. cerevisiae 

 In depth analysis of Ty3 transposition bias and the investigated host features 

described in previous chapters suggests a model which requires multiple levels of interaction 

between the host and retrotransposon. Considering the curious dynamic of retrotransposons and 
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host interactions evolving over millions of years, several fascinating insights can be considered 

(chapters 1 & 2). For Ty3, adaptation to the host S. cerevisiae has resulted in it becoming the 

most insertion site specific mobile element found to date. With this in mind the scale to which Ty3 

must identify insertion sites is bewildering. For instance, the S. cerevisiae genome contains 274 

tRNA genes and 15 other RNAP3 transcribed genes; because integration only occurs within a 

small (~30 bp) upstream window, Ty3 is targeted to only ~0.07% of the entire genome. When the 

intasome is translocated into the nucleus after the VLP particle unpacks (Figure 1.1a), the 

combined integrase tetramer (254.4 kDa) and a 5.3 kb (3460 kDa) dsDNA transposon must 

translocate to a target site.  

 The first barrier to the intasome during navigation of a target site is the chromatin 

environment. DNA replication, repair, RNAP3 transcription and chromatin remodeling are all 

intermittently occurring at Ty3 target sites. The data presented in chapters 2-4 establish that host 

factors unrelated to RNAP3 transcription are in fact actively associating with DNA in this region. 

The chromatin environment of an RNAP3 gene is maintained very similar to that of a RNAP2 

transcribed gene; where the promoter region, which is internal to tRNAs, is nucleosome depleted 

(NDR), flanked by nucleosomes that contain H2A.Z and frequently bound by transcription factors. 

Disruption of these features can result in unfavorable conditions for Ty3 targeting in general but 

not specifically Ty3 targeting bias. Instead, Brf1 is the primary recruitment factor during Ty3 

targeting. ChIP-seq analysis of Brf1 and integrase demonstrated increased occupancy at hot 

target compared to cold targets; however, these factors alone do not account for targeting bias 

genome-wide. Instead, our model explains that Brf1 is required for transposition at all target sites, 

and though increased occupancy does potentiate increased transposition frequency, localization 

and actual integration are separately regulated events. Once brought to a target site, the Ty3 

intasome must bind and sharply bend the host DNA to begin within the active site for strand 

transfer. In doing so, integrase must navigate the RNAP3 factors already bound to the DNA. 

RNAP3 and TF structural analysis predicts that DNA is bent by TFIIIB complex which positions 
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the transcription bubble downstream. Adjacent to the site of transcription initiation is where Ty3 

is able to occupy enough DNA for integration. Motif analysis identified a clear TSS motif (tttCAa) 

and analysis of Ty3 TSD sequence suggests that integration is at or adjacent to the same region. 

Although the Ty3 integration site is near the TSS, no clear motif differentiates Ty3 hot and cold 

targets. Instead, evidence suggests that targeting bias is largely based on the composition of DNA 

sequence present within the TSS region. This is an interesting concept because it does not rely 

on a specific targeting motif, but rather the composition of bases that dictate the curvature of the 

DNA. Hot and cold targeting phenotypes have a clear relationship to DNA curvature, where high 

curvature over the TSS and integration region will restrict transposition. In essence, RNAP3 

factors are required to bring the Ty3 intasome to the target site, but local sequence restrictions 

like curvature or the phasic pattern of curvature restrict the subsequent step of integration. 

Interestingly, features that support Ty3 transposition are not clearly associated with RNAP3 

transcription. When transposition was reduced for ptQM25B and ptQM75B, transcription was 

unchanged. It is possible that RNAP3 factors are less susceptible to the flexibility of the DNA; 

however, the features of RNAP3 genes that are favorable to both transcription and transposition 

versus those that are unique to each will require further investigation.  

 

Future directions of Ty3 research 

 Ty3 provides a unique tool for probing specific questions about host interactions and 

targeting bias during retroelement integration. For retroviruses and retrotransposons alike, these 

are difficult topics to study due to unpredictability of integration site selection. By using Ty3 and 

the assays developed in this work several new lines of investigation are possible. For example, 

using the plasmid assay, random insertion site sequences could be probed for optimal integration 

using Ty3 to identify the most favorable sequence compositions by first transposing and then 

using high-throughput sequencing asses targeting frequency. This assay combined with the 8N 

tagged Ty3 system would provide a highly accurate quantification strategy. Evolution of the host 
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relative to RNAP3 could also be probed using Ty3 assays. For instance, using the tRNA plasmids 

modified for measuring transcription, the impact of a tRNA being transposed could be evaluated 

by cloning a LTR or full Ty element upstream of the plasmid tRNA and measuring changes in 

transcription or host factor recruitment. These kinds of assays would help establish the 

relationship between Ty3 and the host, including the potential cost/benefit of evolving with such 

a site specific retrotransposon.  

 As discussed previously Ty3 research is informative to both the field of transposon 

and retrovirology research. Structural studies of retrovirus integrases provide novel information 

about integrase function, virus-host interaction and potentially druggable target sites. Ty3 

however, provides a platform that analyzes the characteristics of insertion site specificity. Genome 

editing is a quickly emerging field in personalized medicine and viral vectors are commonly used 

to deliver novel or corrected gene sequences without control of where they will be integrated. The 

mechanisms that drive Ty3 specificity could one day be adapted to these delivery vectors to limit 

help target novel sequences to safe regions of the genome.   
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Chapter 7 
 
DNA Transposons and the Oleaginous 
Yeast Yarrowia lipolytica 
 
 
INTRODUCTION 

DNA transposons as genetic tools 

 DNA transposons have been utilized as molecular tools for genome investigation for 

many years. They represent an elegant yet simple mode of DNA mobility where the only protein 

required is a transposase which exists in a genome flanked by inverted terminal repeats (TIRs) 

used as docking sites during transposition. Once expressed, a homogeneous complex of 

transposase proteins excises the element and upon relocation will re-insert the element into the 

host genome. Early research recognized the potential of DNA transposons for genomic 

modification when DNA elements conferring drug resistance were used to modify prokaryotic 

genomes (Kleckner et al., 1977). Since this time, DNA transposon mutagenesis has become an 

increasingly sophisticated tool for biologists.  

 When combined with advanced molecular techniques like high-throughput 

sequencing, transposons provide a tool for probing important questions on a genome-wide scale. 

Widely used eukaryotic transposon families include hAT, piggybac and mariner superfamilies. 

Aligned by transposase sequence similarities, these enzymes all contain the DD(E/D) nuclease 
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domain required for strand transfer (Hickman and Dyda, 2016). The DNA transposon Sleeping 

Beauty (SB) for example, was recently used to identify genes important for tumor progression in 

colorectal cancer (Takeda et al., 2015). Using mouse models sensitive to colorectal cancer, 

activation of SB randomly mutates different genes, eventually producing mutants that accelerate 

tumor progression. Sequencing of transposed tumor cells reveals disrupted genes potentially 

contributing to tumorigenesis. In another application of DNA transposons, the common causal 

agent of food poisoning and gas gangrene, Clostridium perfringens, was mutagenized with the 

Mariner DNA transposon to identify mutants incapable of a gliding motilityThese mutants are 

affected in filaments that allow individual cells to move away from the main colony to absorb 

nutrients (Liu et al., 2013a). In this case, 24 genes were found to be required for motility. Human 

gene therapy is slowly becoming a reality of modern medicine; however retrovirus-based delivery 

vectors have proven problematic, in some cases viral integration has resulted in activation of an 

oncogene (Hackett et al., 2013). For example, ten patients with X-linked severe autoimmune 

deficiency (SCID-X1) were treated with MLV-transfected CD34+ hematopoietic cells, in 9/10 

cases the patients experienced a successful treatment. Afterwards, four of the nine treated 

patients developed T-cell leukemia within 68 months due to insertions near multiple proto-

oncogenes (Hacein-Bey-Abina et al., 2008). DNA transposons have been considered as possible 

alternatives for gene delivery because of their often unbiased integration site selection.  Recently, 

the SB transposon has been used to create chimeric antigen receptor T-cells capable of targeting 

specific cancer cells for treatment (Singh et al., 2014; Huang et al., 2015; Dai et al., 2016). DNA 

transposons offer several advantages over viral vectors; genes can be delivered from inexpensive 

DNA plasmids through a variety of non-viral techniques (electroporation or gene guns, etc.). 

Because the transposase protein can be expressed in trans, stable integration of the element 

ensures transgene expression without concern for re-mobilization in human cells (Izsvak and 

Ivics, 2004; VandenDriessche et al., 2009). Additionally, the simplistic design of a transposon 

DNA merely requires short ~20-400 bp of flanking TIRs for up to 10 kb of internal DNA. The 
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piggyback DNA transposon has recently been combined with other genome editing techniques, 

like synthetic targeted zinc finger nucleases (ZFNs), and used to correct α-1 antitrypsin deficiency 

in patient derived induced pluripotent stem cells (iPSCs) (Yusa et al., 2011).  

 Another common use for DNA transposons is random mutagenesis for the purpose 

of defining genome structure and function. Transposase-accessible chromatin using sequencing, 

or ATAC-seq, is a recently developed assay for footprinting transcription factors, nucleosome 

positions and other accessible chromatin (Buenrostro et al., 2013). ATAC-seq uses a hyperactive 

Tn5 DNA transposase loaded in vitro with sequencing adapters; isolated and unfixed nuclei are 

treated with the transposase and adapters are integrated into open chromatin DNA for 

sequencing. The Hermes DNA transposon has also been used to map nucleosome occupancy in 

S. cerevisiae, in this case yeast cells carrying a transposase plasmid and a separate element 

donor plasmid allowed for transposition to occur in dividing cells (Gangadharan et al., 2010). Apart 

from genome structure, DNA transposons have been essential tools for establishing gene 

essentiality (discussed in detail below), epitope tagging of proteins and phenotype screening in 

many prokaryotes and some eukaryotes (Kumar, 2016).  

 

Determining gene essentiality using transposon mutagenesis 

 Transposon libraries have been used to determine gene essentiality in a number of 

bacterial species. Several adaptations have been derived from a central theme, that when random 

transposon mutagenesis (or viral insertional mutagenesis) of a population of cells is made, 

continued survival of any individual cell requires a non-lethal insertion event (Singh et al., 1997; 

Akerley et al., 1998). Cells which harbor insertions within genes performing essential functions 

will not continue to divide, and after sequencing insertion site positions within surviving cells, these 

genes or regions of DNA are revealed as gaps of sequence where no insertions were found. Once 

proved in principle, genome-wide application of this technique was done for Mycoplasma 

genitalium, the smallest independently replicating cell; all non-essential genes were identified via 
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Tn5 transposon mutagenesis (Hutchison et al., 1999). By evaluating genomic sites absent of 

transposon insertion events, 265 to 350 of the 480 protein coding genes were determined 

essential. As sequencing technologies improved along with more powerful computational 

resources, transposon mutagenesis could be applied more broadly using the same basic 

principles. For example, gene essentiality has been determined by transposon mutagenesis for 

several bacterial human pathogens including Haemophilus influenza, Streptococcus pneumoniae 

(Akerley et al., 1998), Escherichia coli (Singh et al., 1997; Gerdes et al., 2003), Helicobacter pylori 

(Salama et al., 2004), Mycobacterium tuberculosis (Griffin et al., 2011), Porphyromonas gingivalis 

(Klein et al., 2012), Salmonella enterica (Barquist et al., 2013) and several other bacterial species. 

Importantly, larger genomes often require more sophisticated techniques for analyzing insertion 

patterns within genes and operons. One issue that can arise from insertion profiling is that 

transposition into essential genes can produce viable cells. For example, insertions into the 3’-

end of genes allows production of incomplete but functional protein products (Gerdes et al., 2003). 

Additionally, drug resistance studies with bacteria have found that fitness perturbations are often 

overcome by the development of compensatory mutations where a disrupted essential function 

has been overcome by a separate mutation (Levin et al., 2000). This implies that essential genes 

or regions of DNA will not always be completely absent of transposon insertions. As a result 

statistical techniques have been adapted to determine when a region of DNA is underrepresented 

in transposition events based on genome-wide observations (see Chapter 8), making transposon 

mapping of essential genes more broadly applicable. 

  

Application of the Hermes transposon in yeast 

 Recently, the Hermes transposon has been adapted for use in 

Schizosaccharomyces pombe (Evertts et al., 2007; Park et al., 2009), where it was used to identify 

essential genes (Guo et al., 2013). Transposing cells were grown from 80 generations resulting 

in over 360k insertions being mapped to the 12.6 Mb genome, with 33 % of those hits being in 
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ORFs. Confirmation of classified essential genes was done by cross-referencing the S. pombe 

deletion mutant consortium (Spirek et al., 2010); interestingly, several genes deemed non-

essential by the deletion consortium were found to be essential via Hermes mutagenesis (Guo et 

al., 2013). Knockout libraries for S. pombe and S. cerevisiae has proven to be susceptible to 

suppressor mutations, chromosomal rearrangements or aneuploidy (Hughes et al., 2000; Guo et 

al., 2013). During transposon mutagenesis, several disruption mutants can occur with the same 

gene, providing multiple examples of the same loss of function within a population. In the case of 

S. pombe, Hermes mutagenesis provided an independent assessment of gene essentiality. 

Hermes profiling identified ~300 more non-essential genes considered essential by the deletion 

consortium. Additional information on a genes contribution to fitness can be assessed from the 

final representation of a mutant after several generations of growth. Notably, a gene mutation may 

not be immediately or entirely fatal, allowing several more generations to continue being 

passaged until it is outcompeted; thus even for non-essential genes insertion profiling can provide 

functional information (Guo et al., 2013).  

 Hermes transposition profiling has also been successfully used in S. cerevisiae as 

an in vivo tool for nucleosome profiling (Gangadharan et al., 2010). Despite originating from the 

house fly M. domestica, Hermes maintains the same pattern of targeting to the broadly distributed 

motif nTnnnnAn, both in vivo and in vitro (Guimond et al., 2003; Evertts et al., 2007; Gangadharan 

et al., 2010; Guo et al., 2013). This motif is readily available genome wide, yet Hermes shows a 

clear pattern of targeting bias to promoter regions immediately upstream of genes, producing a 

periodic pattern of integration frequency which is anti-correlated with nucleosome occupancy.  

 Collectively, Hermes transposition in yeast has demonstrated its usefulness as a 

molecular tool for probing yeast cells for both genome structure and functional classification of 

genes. Given the labor-intensive process of developing a yeast knockout library for phenotype 

screening (Winzeler et al., 1999; Giaever et al., 2002; Spirek et al., 2010), Hermes mutagenesis 
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provides a fast and cost-effective alternative method for production of mutant libraries that can be 

produced and grown in any condition chosen to evaluate gene essentiality. 

 

Yarrowia lipolytica, an oleaginous biological factory 

 Industrial production of bio-renewables such as fuels, pharmaceuticals, and 

industrial chemicals and even elimination of waste streams can be accomplished through 

metabolic engineering of microorganisms. Yarrowia lipolytica is an oleaginous yeast that has been 

appropriated for several industrial applications due to its robust growth on hydrophobic substrates 

(alkanes, fatty acids and oils), efficient protein secretion, and ability to accumulate (Barth and 

Gaillardin, 1996; Nicaud, 2012; Gaillardin et al., 2013). Y. lipolytica is a non-conventional yeast 

that was originally isolated from the sewers of Paris (strain CLIB89) and is commonly found in 

dairy products and salads containing meat or shrimp. One reason it is considered non-pathogenic 

in humans is because most species cannot grow above temperatures of 32°C. Unlike other model 

yeast organisms like S. saccharomyces and S. pombe, which are respire-fermentative, Y. 

lipolytica is an obligate aerobe, making it a suitable yeast model for studying mitochondrial 

structure and function (Barth and Gaillardin, 1996; Ahlers et al., 2000; Nicaud, 2012). The Y. 

lipolytica genome consists of 6 chromosomes (A through F) and is ~21 Mb in size making it 

approximately twice the size of the other model yeasts. Sequencing and de novo assembly of the 

CLIB89 strain has identified 7864 coding sequences (CDS), 518 tRNAs, 111 5S RNA, 9 SNR, 3 

SCR, 2 RNase P genes, 72 transposon insertions, 13 RUF70, and 118 pseudogenes (Magnan et 

al., in revision). Although the Y. lipolytica genome is rather large, no evidence suggests a genome 

duplication ever occurred like in of S. cerevisiae (Gaillardin et al., 2013).  

 Since its discovery, Y. lipolytica has been increasingly utilized and engineered for 

industrial applications. Heterologous gene expression for example is ideal in Y. lipolytica because 

it naturally secretes several proteins like proteases, lipases, esterases and RNase in media, 

simplifying the production of a mass produced protein of interest (Nicaud et al., 2002; Nicaud, 
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2012). By optimizing and engineering the metabolism of Y. lipolytica, native or heterologous 

biochemical pathways can be harnessed for large scale production of industrial biodiesel from 

lipids (Tai and Stephanopoulos, 2013; Blazeck et al., 2014), fatty acids for personal care products 

like ricinoleic acid (Beopoulos et al., 2014), flavorings such as carotenoids (Bailey et al., 2012; 

Sharpe et al., 2014), and nutritional supplements like omega-3 eicosapentaenoic acid (Xue et al., 

2013), and several others (Zhu and Jackson, 2015).  

 

Summary 

 DNA transposons such as Hermes are versatile molecular tools for genome 

research. Using transposon profiling in bacteria, researchers have demonstrated how essential 

and non-essential genetic regions can be identified in a single experiment by sequencing a 

population of transposon-mutagenized population. In yeast, Hermes transposition has 

demonstrated that functional profiling is also effective despite significantly larger genomes than 

bacteria. In recent years Y. lipolytica has been increasingly useful for industrial applications, 

however important genetic information and more informed genome engineering approaches are 

still lacking. The following chapters will describe a cost effective and robust approach to 

determining gene essentiality using Hermes DNA transposon footprinting of the Y. lipolytica 

genome.  
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Chapter 8 
 
Classification of Essential Genes in 
Yarrowia lipolytica 
 
 
INTRODUCTION 

Defining the essential genome of Y. lipolytica   

 Microbial genome engineering requires fundamental information about a species in 

order to develop basic tools for mutagenesis. For example, integrating heterologous genes into 

the genome requires markers for selection, knowledge of recombination efficiency in the host, 

base-pair resolution of the genomic sequence and robust transformation and selection assays. 

Given the recent advances in targeted disruption or gene editing using CRISPR-Cas9 or targeted 

zinc-finger nucleases (ZFNs) and TAL effector nucleases (TALENs), complete and reliable 

genomic sequence is a fundamental requirement (Esvelt and Wang, 2013). Beyond a reliable 

genome sequence, another critical tool genome engineering is a functional understanding of host 

genes. A prior knowledge of which genes cannot be eliminated hugely facilitates rapid engineering 

for designer phenotypes. For model yeast like S. cerevisiae and S. pombe, complete knockout 

libraries have been developed (above); however, for Y. lipolytica no such library exists, seriously 

limiting genome engineering efforts. Moreover, the enormous cost and effort required to produce 

a knockout library to deduce gene essentiality is a serious limitation. We used transposon 
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mutagenesis as a cost and time conservative alternative to manual and systematic gene 

disruption in Y. lipolytica. Several examples of determining gene essentiality in bacteria and S. 

pombe have demonstrated the principle of transposon footprinting (above). Application of this 

technique in Y. lipolytica however, would constitute functional gene classification of the largest 

genome attempted thus far in one experiment and without a physical knockout library. 

 

RESULTS 

Engineering the Hermes DNA transposon for Y. lipolytica   

 The Hermes transposon system was adapted to Y. lipolytica to enable high-

throughput mutagenesis, screening and identification of essential genes under investigative 

conditions. A URA3-marked CEN/ARS18 Hermes donor plasmid (pMT3919) was constructed that 

expresses the Y. lipolytica-optimized Hermes transposase-coding sequence (Larsen et al., 2008) 

tagged with HIS(6X) under the TEF1  promoter (Muller et al., 1998; Tai and Stephanopoulos, 

2013) and an artificial transposable element where the LEU2 gene is flanked by the Hermes TIRs. 

Two negative control plasmids were constructed based on the same vector, one lacking 

transposase, pPS3911, and one lacking TIRs flanking LEU2, pMT3928.  Y. lipolytica strains 

yJY1953 (ura3Δ-0 leu2Δ-1) and yJY2006 (ura3Δ leu2Δ) were transformed with donor plasmid 

pMT3919 or negative control plasmids and transformants were selected on SD –Leu.  Cells that 

had undergone transposition were collected by replica plating  transformants onto SD -Leu 

supplemented with 5-fluorouracil (5FOA) (Boeke et al., 1987) which selected for cells that had 

undergone transposition of the LEU2-tagged Hermes element into the genome, and lost the 

URA3-marked donor plasmid.  A high percentage, 54.7% ± 6.67 %, of the original pMT3919 

transformants yielded colonies upon replica plating while less than 1 % of pPS3911 or pMT3928 

transformants survived after replica plating onto 5FOA-containing medium (Figure 8.1a). Analysis 

of transposon copy number using qPCR indicated that out of 28 individually isolated mutants, 

there was only one mutant with more than a single LEU2 copy (Figure 8.1b).  Although these 
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observations did not exclude rare events in which a single transposon relocated after the original 

transposition event, they demonstrated efficient mobilization of the Hermes LEU2 marker coupled 

with instability of the flanking donor marker, as expected for cells undergoing transposition. Thus, 

this system has the properties desired for high throughput mutagenesis of Y. lipolytica and linking 

of insertions to phenotypes and gene function. 
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Figure 8.1: Quantification of Hermes transposition frequency and copy number. (a) Plating assay testing pMT3919-transformed 
colonies for Hermes transposition into the host genome after replica plating on media containing 5FOA. Five biological replicates were 
tested and reported above. (b) Hermes transposon copy number was determined in 17 individual transposed mutants. PCR primers 
were used to amplify the Hermes donor element containing LEU2 and this sequence was normalized to genomic ACT1. Ratio of ~1 
for each mutant indicates a single transposon exists in each mutant. 
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Mutagenizing a population of Y. lipolytica cells 

 The optimized Hermes DNA transposon system provides a robust tool for random 

mutagenesis of the Y. lipolytica genome to identify essential genes (Figure 8.2). Two completely 

independent experiments, Trials 1 and 2, were performed. Initially, 370k transformants were 

collected from SD-Leu and transferred to SD-Leu/5-FOA.  A total of ~900k 5-FOA-resistant 

colonies were collected for sequence analysis. Unexpectedly, Trial 1 resulted in ~195k unique 

insertion events which suggested that transposition occurs quickly after transformation, meaning 

each colony represents a single mutant rather than a mixture. This prompted Trial 2, a scaled up 

transformation and pooling of over 2 million transformants from SD-Leu followed by replating and 

final pooling of 1.8 million 5-FOA-resistant colonies for sequence analysis. This resulted in an 

additional ~340k unique insertion events.  Integrations were further characterized as a 

combination of Trials 1 and 2 totaling ~535k unique sites and designated as “Gen0” (Table 8.1). 

Details of sequence mapping and analysis are reported in Methods. Unique insertion events were 

counted if they differed in genome position or orientation or were derived from an independent 

experiment; redundant insertions within the same experiment could not be distinguished between 

PCR copies produced during sequencing library prep and thus were only counted once (Table 

8.1).  
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Figure 8.2: Hermes mutagenesis of the Y. lipolytica genome experimental overview. Wt cells transformed with the Hermes donor 
plasmid pMT3919 were pooled and re-plated on synthetic media containing 5FOA and lacking leucine to select for transposed cells. 
Transposed colonies were again pooled for sequencing library preparation and transposon profiling (Chapter 8) or were used to 
inoculate liquid cultures of rich YP media supplemented with 2 % glucose or glycerol as the sole carbon source (Chapter 9). After cells 
reached log phase, passaging of cultures was done every 12 hours to maintain log phase growth for up to 80 generations. Samples 
were collected at 23 and 80 generations for sequencing library preparation and transposon profiling as above.  
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Table 8.1: Summary of Hermes mutagenesis and insertion site profiling in the Y. lipolytica genome. 

Trial Transformants 
5-FOA 
Colonies 
(Gen0) 

Replicates 
Sequenced 

Total 
Unique 
Insertions 

Inter-genic 
Insertions 

Replicate 
Overlap (%) 

1 370,000 900,000 3 194,744 38,440 32.77 

2 2,200,000 1,800,000 3 339,845 70,357 38.85 

Combined 2,570,000 2,700,000 6 534,589 109,065 18.18 
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Hermes targets the canonical insertion site motif 

 Hermes transposition creates an 8-bp repeat resulting from transposase nicking 

separate sites on the two DNA strands (Hickman et al., 2014).  As indicated above this repeat 

includes a bias for the palindromic sequence: nTnnnnAn (Guimond et al., 2003; Evertts et al., 

2007; Gangadharan et al., 2010; Guo et al., 2013; Li et al., 2013). WebLogo analysis (Crooks et 

al., 2004) of the 8 bp immediately flanking integration sites produced the characteristic Hermes 

target motif in 53% of the 535k total recovered sites (Figure 8.3a), supporting the interpretation 

that insertions arose from bona fide transposition events. One striking aspect of mapped Hermes 

insertion targets was that 36 % (97,212) of the 535k occurred at the same position and orientation 

between Trials 1 and 2. Motif analysis of the subset of coincident target sites between Trials 1 

and 2 found a much greater fraction (72 %) of the canonical nTnnnnAn motif represented (Figure 

8.3b). Duplicate Hermes target sites were broadly distributed throughout the genome and did not 

show bias towards any identifiable subset of genes. Insertion site analysis of non nTnnnnAn sites 

revealed a much weaker but still predominantly typical T/A motif; manual inspection found that 

most of the sites were missing either the T or A residue at positions two and seven, respectively 

(Figure 8.3c). Out of the 535k independent insertion events recovered from Gen0, ~109k (20.4 

%) were within the 8,710 annotated genes (Table 8.1). Collectively, insertions into genes were 

underrepresented, especially considering genes account for 50% of the genome (Figure 8.3d). 

This preference for insertion into intergenic regions is consistent with known bias of the Hermes 

element.  Integration patterns in S. cerevisiae (Gangadharan et al., 2010) and S. pombe (Guo et 

al., 2013) were also underrepresented in ORFs, showing 41 % and 33 %, respectively. This is 

relative to the 73.5 % and 60.2 % of the genome which contains protein-coding sequence for S. 

cerevisiae and S. pombe, respectively (Wood et al., 2002; Alexander et al., 2010). In order to 

understand this bias for intergenic regions, we first explored the possibility that the reported target 

nTnnnnAn was over-represented in those regions. We found 2.5 million potential nTnnnnAn 

insertion sites in inter-genic (59 %) and intra-genic (41 %) regions (Figure 8.3e). Although this 
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bias likely contributed to the intergenic bias we observed, it was generally consistent with 

recombinant Hermes transposase integration of DNA duplexes into nucleosome free regions 

(NFR) S. pombe and S. cerevisiae genomic DNA, which occurs at roughly comparable 

frequencies in coding and noncoding sequences (Gangadharan et al., 2010; Guo et al., 2013). In 

addition, Hermes has a known preference for NFR associated with transcriptional activity.  In the 

case of ORFs where they are relatively defined, nucleosomes contribute to a periodic pattern 

starting upstream of the promoter region and extending upstream in a phasic pattern (Lee et al., 

2007; Kaplan et al., 2009).  We observed a periodic pattern of insertion peaks upstream of genes 

consistent with this interpretation (Figure 8.3d).   
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Figure 8.3: Hermes transposase targets the canonical 5’-nTnnnnAn-3’ insertion site motif. (a) Motif analysis of all Hermes target sites 
identified in Trials 1 & 2 compiled together. (b) Motif analysis of a subset of target sites which were redundant between Trials 1 & 2. 
(c) Motif analysis of the subset of insertion events that did not match the typical nTnnnnAn motif. (d) Histogram analysis of transposition 
over all genes (gene length was normalized to 0-100%) with 1 kb of upstream and downstream flanking DNA (measured in bp). 
Intragenic bins each equal 1 % of gene length while Intergenic bins each represent 10 bp. (e) Theoretical Hermes target sites identified 
by locating all nTnnnnAn motifs in the Y. lipolytica genome and plotted as a histogram identical to 17d.  
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Gene classification strategy to identify essential genes  

 In order to estimate essentiality of genes, we developed a Poisson-based 

classification strategy (GCS) to reflect the likelihood that a gene was under-represented among 

Hermes saturation mutagenesis insertion sites (“hits”) (Gerdes et al., 2003). In this protocol, the 

probability that a gene is underrepresented in hits is used to divide genes into three categories: 

(i) essential (ii) non-essential and (iii) poor essential, meaning it only plausible the gene is 

essential. A complete summary of the GCS workflow is described in Chapter 12.   

 The CLIB89 reference genome of Y. lipolytica contains 8,710 annotated genes 

(Chapter 7) and our GCS determined that 20.8 % of those are essential, and 71.1 % are non-

essential (Figure 8.4a). Because the Poisson probability threshold is 0.05, approximately 5 % of 

classifications could be falsely assigned. Given the genome-wide gene hit density, we estimated 

based on the number of hits in the library overall, that 347 genes were small enough that the 

probability of 0 hits would be greater than the cutoff of 0.05; in actuality 700 (8.1 %) genes 

classified as poor essential include such examples of 0-1 hits and a probability > 0.05. Overall, 

the percentage of annotated features ranked as essential was comparable to that defined by KO 

collections in both S. cerevisiae (Giaever et al., 2002) and S. pombe (Kim et al., 2010) where 20 

% and 26 % of genes were essential, respectively. Several examples of essential and non-

essential genes, with Hermes hit positions are shown in Figure 8.4b. As discussed above, 

essential genes have little to no hits and yet flanking regions were densely hit. Conversely, non-

essential genes generally were abundantly targeted in both the gene and flanking region. Two 

small poor essential genes flank KU70 (Figure 8.4b) and illustrate the potential difficulty of 

classifying very short genes ranked as poor essential. YALI1_C11902g (downstream of KU70) 

has no known homology or function whereas MRPL33 (YALI1_C11930g) upstream of KU70 

encodes a component of the large ribosomal subunit. In S. cerevisiae, deletion of MRPL33 

prevents respiratory growth (Dimmer et al., 2002; Steinmetz et al., 2002; Merz and Westermann, 
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2009) which suggests the gene is likely essential in Y. lipolytica despite being classified as poor 

essential. 
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Figure 8.4: Essential and non-essential genes classified by Hermes DNA transposon profiling. (a) Circos diagram showing positions 
of all non-essential (green), essential (red) and under-represented (pink) genes. Chromosome size and name are indicated; gene 
strandedness is indicated by positive (outward) and negative (inward) lines. Central pie chart shows the distribution of classes. (b) 
Representative loci of essential and non-essential genes. Genes are shown with 1 kb of up- and downstream flanking sequence. 
Hermes insertion site positions are indicated as grey dots, with regional hit density reflected in the darkness of overlapping dots. Gene 
names are represented as common names or YALI1 (CLIB89) gene codes positioned above each gene. Arrows indicate 
strandedness. Essential, genes (red)  with few or no insertions; poor essential, genes (pink) with relatively few or no insertions but 
which did not pass the threshold of significance because of size or regional deficit of insertions; non-essential, genes (green) which 
met the threshold of expected numbers of insertions. 

 

 Predicted insertion events at non-essential and essential genes  

 When intragenic hit density (hits/kb/million) was plotted, a semi-bimodal distribution 

was observed (Figure 8.5a, left). Separation of essential and non-essential genes further 

highlights the bimodality, and presents the separation in hit densities between each group. 

Importantly, when flanking intergenic insertion density was plotted for both essential and non-

essential genes a near identical distribution was observed (Figure 8.5a, right), demonstrating the 

underrepresentation of hits in essential genes is inconsistent with the hit density of flanking 

regions. Bimodal distribution of hit density for essential and non-essential genes, validated for the 

majority of essential genes by comparison to the S. pombe KO collection, was also observed in 

Hermes transposition of the S. pombe genome (Guo et al., 2013).  

 Accurate classification of genes largely depends on predicting the expected number 

of Hermes hits within a gene; thus for a non-essential gene, predicted hits should be roughly equal 

to observed hits. When plotted, non-essential genes demonstrated a clear relationship between 

expected and observed gene hits (Figure 8.5b, left), which was not the case for essential genes 

(Figure 8.5b, right). Additionally, essential genes were sporadically mutated by Hermes, as can 

be seen on the observed hits axis of Figure 8.5b, right; in fact, of the 1805 genes classified as 

essential, only 601 had 0 insertion events, highlighting the need for a statistical classification of 

essential and non-essential genes. Separation of genes into each group based strictly based on 

probability is not by itself definitive; thus, additional biological evidence was used to further 

validate gene classifications. 
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Figure 8.5: Poisson classification of essential and non-essential genes. (a) Intergenic (left) and intragenic (right) Hermes hit density 
for all (grey), essential (red) and non-essential (green) genes. (b) Expected versus observed intergenic hits in non-essential (left) and 
essential (right) genes. Each point represents the number of independent insertion events or calculated expected events for each 
gene. The density of points is reflected in the darkness of the plot region. Inset chart is the non-essential plot zoomed in to view data 
at 50 x 50 resolution.  
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Vital cellular functions enriched among Y. lipolytica essential genes   

 Essential genes were categorized by Gene Ontology (GO) terms to identify cellular 

functions that might be enriched. We associated GO terms to a subset of 1568 Y. lipolytica 

essential genes and enrichment analysis identified several overrepresented terms (Figure 8.6a). 

Enriched categories included important biological processes such as DNA replication, RNA 

splicing, rRNA processing and cellular respiration. For comparison, essential genes from S. 

cerevisiae and S. pombe were also analyzed for GO term enrichment (Figure 8.2b; Table 8.2). 

Several enriched GO terms between the three yeast were found to overlap; however more overlap 

between S. cerevisiae was observed than with S. pombe. Cellular respiration for example, was 

only enriched in Y. lipolytica which is consistent with it being an obligate aerobe while S. cerevisiae 

and S. pombe respiro-fermentative. Gene Ontology analysis offers supporting evidence that our 

protocol is correctly identifying essential genes, but also highlights potential functional differences 

between Yarrowia and other model yeast.  
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Table 8.2: Enriched GO terms shared between essential gene homologues from Y. lipolytica, S. cerevisiae and S. pombe. 

Enriched GO SLIM Terms Ylipo Scer Spom 
biological process    
biosynthetic process    
catabolic process    

cell cycle    

cellular amino acid metabolic process    
cellular component biogenesis    

cellular component organization    

cellular component organization or biogenesis    

cellular process    

cellular respiration    
cellular response to DNA damage stimulus    

chromatin organization    
chromosome segregation    

cofactor metabolic process    
cytokinesis    

cytoskeleton organization    

DNA metabolic process    

DNA repair    

DNA replication    

DNA-templated transcription, initiation    

DNA-templated transcription, termination    

exocytosis    

generation of precursor metabolites and energy    
Golgi vesicle transport    

histone modification    
intracellular protein transport    

ion transport    

lipid metabolic process    
localization    

metabolic process    

mitochondrial translation    

mitochondrial transport    

mitochondrion organization    

mitosis    

mitotic cell cycle    

monocarboxylic acid metabolic process    
mRNA 3'-end processing    

mRNA polyadenylation    

mRNA processing    

mRNA splicing, via spliceosome    

nitrogen compound metabolic process    
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Enriched GO SLIM Terms Ylipo Scer Spom 
nuclear transport    

nucleobase-containing compound metabolic process    

nucleobase-containing compound transport    
nucleobase-containing small molecule metabolic 
process    
organelle assembly    

organelle fission    

organelle organization    

phosphate-containing compound metabolic process    

phospholipid metabolic process    

primary metabolic process    

protein acylation    
protein complex assembly    

protein complex biogenesis    

protein lipidation    

protein localization    

protein metabolic process    

protein targeting    

protein transport    

regulation of cell cycle    

regulation of organelle organization    

ribosomal large subunit biogenesis    

ribosomal small subunit biogenesis    

ribosomal subunit export from nucleus    

ribosome assembly    

RNA catabolic process    

RNA metabolic process    

RNA splicing    

RNA splicing, via transesterification reactions    

rRNA metabolic process    

rRNA processing    

snoRNA processing    

transcription from RNA polymerase I promoter    

transcription from RNA polymerase II promoter    

transcription from RNA polymerase III promoter    

transcription initiation from RNA polymerase II promoter    

transcription, DNA-dependent    

translation    

translational initiation    

transport    

tRNA aminoacylation for protein translation    

tRNA metabolic process    

tRNA processing    

vesicle-mediated transport    
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Figure 8.6: Gene ontology (GO) analysis reveals functional conservation between Y. lipolytica and two model yeast, S. cerevisiae and 
S. pombe. (a) Blast2GO analysis of Y. lipolytica essential genes identified several enriched GO SLIM terms. Bar graph shows the 
percentage of essential genes belonging to the indicated GO term. Bar color reflects the significance of overrepresentation, as 
determined by a Fisher’s Exact test and FDR correction. Color scale represents the -log10(p-value) for each GO term category (b) 
GO SLIM terms overlapping between S. cerevisiae (Scer), S. pombe (Spom) and Y. lipolytica (Ylipo). Shading reflects the number of 
genes between overlapping rings. (c) Essential genes from S. cerevisiae (top) and S. pombe (bottom) cross-referenced with 
homologues in Y. lipolytica. Pie charts reflect the percentage of Y. lipolytica genes classified as essential (red), non-essential (green) 
and poor essential (pink) from the total number of homologous essential genes in S. cerevisiae (972 homologues) or S. pombe (1257 
homologues).  (d) The conserved leucine biosynthesis pathway. Transposed cells are dependent on leucine biosynthesis, thus any 
gene in this pathway will be essential unless a paralogue exists. Each circle represents a Y. lipolytica gene and is colored according 
to essentiality.  Y. lipolytica genes identified in the study included homologs of ILV2, 5, 3 which are common steps among isoleucine, 
valine and leucine biosynthesis, as well as LEU4, 1 which are unique to leucine biosynthesis.  Surprisingly BAT1 and BAT2 
aminotransferases were not essential.  BAT1 is thought to be mitochondrial, but this result suggests that in Y. lipolytica BAT1 may be 
sufficiently cytoplasmic to compensate for loss of BAT2, which has been suggested to be uniquely required for cytoplasmic completion 
of leucine biosynthesis. Abbreviations: AL, acetolactate; DHIV, α, β-dihydroxyisovalerate; KIV, α-ketoisovalerate; α-IPM, α-
isopropylmalate; β-IPM, β-isopropylmalate; KIC, α-ketoisocaproate. 
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Y. lipolytica conserved essential genes are consistent with model yeast 

 Transposition mutagenesis of S. pombe was validated by extensive consistency with 

the KO collection (Kim et al., 2010; Guo et al., 2013). However, no systematic KO collection exists 

for any oleaginous yeast. Therefore we sought to validate results of our study using ab initio 

reasoning based on the existing S. cerevisiae and S. pombe deletion libraries. Using the CLIB89 

annotation we identified 4,096 (51 %) and 3,773 (47 %) Y. lipolytica ORFs were homologous to 

S. cerevisiae or S. pombe, respectively (Chapter 12). We next compared overlapping gene 

essentiality between homologues from each yeast. One complicating consideration for such a 

comparison is that S. cerevisiae is among the yeasts an ancestor of which underwent whole 

genome duplication. From a list of 1045 S. cerevisiae genes experimentally determined to be 

inviable when deleted (Giaever et al., 2002; Kastenmayer et al., 2006; Dowell et al., 2010), 972 

have a Y. lipolytica homologue; of these, 70.2 % were classified as essential and 9.1 % as poor 

essential (Figure 8.6c). Similarly, 1451 genes are essential in S. pombe (Kim et al., 2010) and 

1241 of those are homologous to Y. lipolytica and classified as 65.4 % essential and 8.4 % poor 

essential. Taken together, the strong agreement between conserved essential genes in other 

model yeast supports the correct classification of essential genes in Y. lipolytica.  

 

 Conserved branched chain amino acid synthesis is essential in LEU2-marked cells 

 In the current study, the mobilized LEU2 element made mutant populations 

dependent on Leucine biosynthesis, as it was not supplied in the media. We predicted that unless 

a paralogue or redundant intermediary-metabolite source existed, leucine biosynthesis genes 

would all be classified as essential. In yeast, branched chain amino acid biosynthesis for leucine, 

valine and isoleucine are synthesized from overlapping gene pathways (Kohlhaw, 2003), (Figure 

8.6d). As predicted, nearly all genes were classified as essential. For example, isoleucine genes 

ILV2,3,5 (YALI1_C00293g, YALI1_C32276g, YALI1_D03952g) and leucine genes LEU4 and 1 

(YALI1_B02345g, YALI1_B02345g) were classified as essential, while ILV1 and BAT1-2 were 
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non-essential. Interestingly, the final conversion of 2-oxoisocaproate (KIC) to L-leucine is 

potentially catalyzed enzymes encoded by two non-essential paralogues YALI1_D01431g (BAT1) 

and YALI1_F26574g (BAT2) which suggests each gene by itself can substitute for function of the 

other (Colon et al., 2011). It was thought that BAT1 operates in the mitochondria while BAT2 is 

cytoplasmic (Figure 8.6d). However, our data are more consistent with some exchange of these 

enzymes between compartments (Kohlhaw, 2003; Colon et al., 2011). 

 

Conserved RNAP3 genes are essential in Y. lipolytica 

 RNAP3 transcription of tRNAs is a highly-conserved process among eukaryotic cells 

(Kim et al., 2010; Phizicky and Hopper, 2010), including proteins involved in RNAP3 recruitment 

and transcription (Arimbasseri et al., 2013). In S. cerevisiae genes encoding RNAP3 subunits and 

subunits of the TFIIIB and TFIIIC transcription factor complexes are all essential (Table 8.3). 

Similarly, in S. pombe RNAP3 genes are essential with the exception of TFC4. Gene classification 

in Y. lipolytica revealed that of the six subunits belonging to TFIIIC, only TFC8 was non-essential. 

For the TFIIIB complex, BRF1, TBP1 (also required for Pol II transcription) and BDP1 were all 

classified as essential. Finally, of the ten RNAP3 subunits, RPC11 was classified as poor 

essential, RPC17 and 34 were classified as non-essential and the remaining seven were 

essential. Manual inspection of RPC17 (YALI1_D26142g), RPC34 (YALI1_F12946g) and TFC8 

(YALI1_E04229g) confirmed that no paralogues exist for these genes. 
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Table 8.3: Overlapping essential phenotypes for RNA polymerase III factors between   

Gene Yali1 Name Ylipo 
Classification Scer Name Scer 

Phenotype Spom Name Spom 
Phenotype 

BRF1 YALI1_E28599g Essential YGR246C Essential SPBC13E7.10c Essential 

TBP1 YALI1_B29977g Essential YER148W Essential SPAC29E6.08 Essential 

BDP1 YALI1_E23223g Essential YNL039W Essential SPCC1919.14c Essential 

TFC1 YALI1_E17613g Essential YBR123C Essential SPAC6F12.11c Essential 

TFC3 YALI1_C30614g Essential YAL001C Essential  SPBC336.07 Essential 

TFC4 YALI1_B00525g Essential YGR047C Essential SPCC16C4.14c Non-Essential 

TFC6 YALI1_C25288g Essential YDR362C Essential SPBC21H7.05 Essential 

TFC7 YALI1_F29652g Essential YOR110W Essential SPAC1250.07 Essential 

TFC8 YALI1_E04229g Non-Essential YPL007C Essential ? ? 

RPC11 YALI1_D28213g Poor Essential YDR045C Essential SPAC22A12.05 Essential 

RPC17 YALI1_D26142g Non-Essential YJL011C Essential SPAPB1E7.10 Essential 

RPC25 YALI1_D14276g Essential YKL144C Essential SPBC2G5.07c Essential 

RPC31 YALI1_D10033g Essential YNL151C Essential SPBC839.12 Essential 

RPC34 YALI1_F12946g Non-Essential YNR003C Essential SPCC290.02 Essential 

RPC37 YALI1_D24687g Essential YKR025W Essential SPCC330.13 Essential 

RPC53 YALI1_F04594g Essential YDL150W Essential SPCC18.07 Essential 

RPC82 YALI1_F12033g Essential YPR190C Essential SPAPB1E7.03 Essential 

RPC128 YALI1_B21208g Essential YOR207C Essential ? ? 

RPC160 YALI1_C30964g Essential YOR116C Essential ? ? 

       
? Indicates genes which do not have an identified homologue, and essentiality is unknown.  
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A subset of gene classifications verified by targeted gene disruption 

 Essential or non-essential phenotypes were independently verified for ten genes 

using targeted gene disruption via homologous recombination or CRISPR.  With the exception of 

one mutant, essential and non-essential gene predictions matched viability of deletion-mutants 

(Table 8.4). The exception from Table 8.4 is the rpd3∆ (YALI1_E27104g) mutant which was 

classified as essential but targeted disruption produced a viable mutant albeit with poor growth, 

implying that this gene should be classified as contributing to fitness rather than essential. Manual 

inspection of insertion data showed that RPD3 had 4 insertions starting at Gen0 which was 

significantly under-represented (P = 6.6e-4) and was thus classified as essential. There are two 

likely explanations for such false positives: (i) targeted disruption is accompanied by suppressors 

forced by a slow growth phenotype (ii) classification is likely quite sensitive to growth conditions. 

In support of these hypotheses we have identified two examples where essential genes ADE2 

and GPD1 can be disrupted under specific conditions. First, ade2∆ (YALI1_B30090g) can be 

produced only when transformation cassettes are used in non-selective media for several days 

before screening for knockouts, suggesting gene deletion is possible in rich media that allows 

suppressor mutations to form (data not shown). Second, GPD1 (YALI1_B04433g) which converts 

glycerone phosphate (DHAP) to glycerol-3 phosphate (G3P), is essential under glucose growth 

conditions, however gpd1∆ was viable if mutagenesis occurs in glycerol media in which case 

glycerol is converted to G3P by GUT1 (YALI1_F00654g). These examples underscore the utility 

of the transposon system which can be readily repeated under different growth conditions. 

Collectively, knockout mutants and essential gene predictions comparatively highlight essentiality 

as a dynamic term, where viability is relative to the experiment and essentiality exists as a 

spectrum of fitness contribution as opposed to an absolute property.  
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Table 8.4: Y. lipolytica gene classifications compared to null mutant phenotypes. 

Gene Yali1 Name Classification Null Phenotype Deletion Method 

RPD3 YALI1_E27104g Essential Sick Homologous Recombination 

GPD1 YALI1_B04433g Essential Essential* CRISPR 

ADE2 YALI1_B30090g Essential Essential^ CRISPR 

PEX10 YALI1_C01416g Non-Essential Non-Essential CRISPR 

UTR1 YALI1_E32908g Non-Essential Non-Essential Homologous Recombination 

GUT2 YALI1_B18499g Non-Essential Sick & Glycerol Sensitive Homologous Recombination 

MAE1 YALI1_E22303g Non-Essential Non-Essential Homologous Recombination 

HIS3 YALI1_E40305g Essential Essentialδ CRISPR 

SNF1 YALI1_D02362g Essential Essentialδ CRISPR 

KU70 YALI1_C11925g Non-Essential Non-Essential Homologous Recombination 

ZWF1 YALI1_E26811g Essential EssentialƐ CRISPR 

*GPD1 can be deleted when transformants are grown on glycerol media. ^ADE2 can be deleted if transformants are grown in liquid 
media after transformation of CRISPR plasmid for several days before platting and selection; we attribute this to the development of 
suppressor mutations. δ Refers to mutants confirmed using the plasmid shuffle experiment outlined in Figure 8.7a. Ɛ CRISPR mediated 
deletion was attempted but no mutants were identified from resulting transformants, no additional efforts to confirm the phenotype 
was made. 
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CRISPR-Cas9 verification of HIS3 and SNF1 gene classifications 

 Additional mutants classified as essential in our study were unexpected as they had 

been reported non-essential in previous studies. These included a histidine biosynthesis gene 

HIS3 (YALI1_E40305g) which converts imidazoleglycerol-3 phosphate to imidazole-acetol 

phosphate (Bender, 2012), and SNF1 a master regulator of lipid biosynthesis (Kretzschmar et al., 

2013; Seip et al., 2013). Surprisingly, transposon mutagenesis indicated that genes HIS2-7 of the 

histidine biosynthesis pathway are all essential despite the amino acid being supplied in growth 

media. To specifically test the essential classifications of SNF1 and HIS3, we designed a CRISPR 

–plasmid shuffle strategy to disrupt the genomic copy of each gene in the presence of a URA3-

marked plasmid bearing a complementing copy of the gene (HIS3 or SNF1) modified at the PAM 

recognition site to protect against CRISPR-mediated disruption (Figure 8.7a).  Genomic copies 

were assayed for CRISPR disruption by targeted PCR amplification and Sanger sequencing. As 

anticipated, when the CRISPR and HIS3 rescue plasmid were transformed together, in contrast 

to results with the CRISPR plasmid alone, numerous mutated colonies were recovered (Figure 

8.7b, c). After colony purification and sequence confirmation, knockouts were replica plated onto 

5FOA-containing medium to select for cells which had lost the rescue plasmid.  For HIS3, only a 

single mutant (his3-3.3) and the WT HIS3+ survived on 5FOA (Figure 8.7b, c). Sanger 

sequencing revealed his3-3.3 had a silent mutation that disabled the chromosomal HIS3 PAM 

sequence, but left the protein intact. Similar to what was described for HIS3, CRISPR targeted 

SNF1 mutations were recovered in the presence of the rescue plasmid with a disrupted PAM site. 

However, replica plating of colony-purified isolates failed to show growth on 5FOA-containing 

medium consistent with loss of an essential function (Figure 8.8). Thus, in these two cases, 

transposon mutagenesis correctly identified genes that were essential in this genetic background.  
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Figure 8.7: Plasmid shuffle using CRISPR-Cas9 disruption of essential genes in combination with a functional gene copy carried on 
a separate plasmid. (a) Experimental outline of CRISPR-Cas9 mutagenesis of the genomic HIS3 locus while expressing a Cas9-
resistent HIS3 from a second URA3 marked plasmid. After genomic HIS3 disruption, the rescue plasmid is selected against by plating 
mutants on 5FOA containing media. (b) Several his3∆ mutants verified by sequencing the site of mutagenesis to confirm gene 
disruption. The PAM site targeted by Cas9 and guide RNA is outlined. Note that mutant his3-3.3 retained a functional copy of the 
HIS3 gene. (c) All mutants except his3-3.3, could no longer grow on 5FOA containing media (right) confirming the essentiality of HIS3. 
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Figure 8.8: Plasmid shuffle and CRISPR-Cas9 disruption of the genomic SNF1 ORF confirms the gene is essential. Experiment was 
done identically as described in Figure 8.7. ClustalW alignment of mutated genomic sequences are shown along with growth without 
the rescue plasmid carrying Cas9-resistant SNF1*. 
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Summary 

 The Hermes transposase was codon optimized for Yarrowia to transpose a LEU2 

marked element for selection. Hermes profiling found that in Y. lipolytica, transposase favored but 

was not limited to the canonical nTnnnnAn target site motif observed in multiple other species 

(Figure 8.3a-c). Also consistent with Hermes transposition patterns in other yeast, an integration 

bias for intragenic regions was observed (Figure 8.3d; Table 8.1). Hermes insertion events were 

most abundant in the upstream promoter region of genes, demonstrating a phasic insertion 

pattern consistent with nucleosome spacing. This suggests the element favors integration into 

exposed chromatin DNA, as was shown in S. cerevisiae (Gangadharan et al., 2010).  

 Populations of transposed cells were collected from two independent experiments, 

Trials 1 and 2, which were combined for classification of essential and non-essential genes using 

a Poisson-based technique that identified genes underrepresented for insertion events. By 

sequencing insertion sites from viable mutants, novel functional information was derived for the 

entire genome. Because Y. lipolytica does not have a knockout library or published map of gene 

essentiality for comparison, several analyses were made to verify or support essential gene 

classifications.  

 Poisson-based classification of the Y. lipolytica genome categorized genes as 20.8 

% essential, 71.1 % non-essential and 8.1 % poor essential (Figure 8.4a). When essential Y. 

lipolytica genes were categorized by GO terms, enrichment of several conserved and important 

functions were identified as being overrepresented (Figure 8.6a). When homologues between Y. 

lipolytica and either S. cerevisiae or S. pombe were evaluated for conserved overlapping essential 

genes, up to 80 % agreement was found (Figure 8.6b). Furthermore, many of Yarrowia’s enriched 

GO categories were found to overlap with S. cerevisiae and S. pombe (Table 8.2; Figure 8.6c). 

The RNAP3 transcription is a highly conserved and essential cellular process. Most factors were 

identified as essential in Y. lipolytica, which is in agreement with S. cerevisiae and S. pombe. 

Currently it is unclear why TFC8, RPC17 & 34 are non-essential in Y. lipolytica under these 
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conditions; however it is worth noting that RNAP3 factor essentiality is not always consistent 

between other characterized yeast. S. pombe appears to lack homologues to TFC8, RPC28 & 

160; additionally, TFC4 (SFC4) is non-essential. Together this suggests that RNAP3 transcription 

factors can differ in functional significance between different species.  

 Independent deletion mutants verified several gene classifications (Table 8.4) with 

all except RPD3. Despite being classified as essential, we found the mutant is viable albeit with 

a severe fitness defect. Insertion mutants for RPD3 were recovered, however the gene was 

significantly underrepresented. The representation of viable mutants disrupted in essential genes 

was not limited to RPD3; importantly, essentiality is a spectrum of cellular fitness largely 

dependent on the conditions being tested. Genes classified as essential may suffer growth 

defects when deleted but are still viable under the right conditions. In Chapter 9 functional analysis 

of mutant libraries grown under different carbon sources for multiple generations was used to 

further define gene essentiality specific to each condition tested.   
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Chapter 9 
 
Functional Genomics of Non-Essential 
Genes using the Hermes Mutant Library 
 
 
INTRODUCTION 

Functional characterization of genes during extended growth  

 In Chapter 8 essential and non-essential genes were defined after non-competitive 

growth as colonies on synthetic complete media lacking leucine, as the Hermes element 

transposes the LEU2 gene into the genome. In other model systems, functional characterization 

of genes has been done under various growth conditions and for an extended amount of time to 

determine how much fitness is conferred by genes  (Giaever et al., 2002; Gerdes et al., 2003; 

Griffin et al., 2011; Guo et al., 2013). Using the S. cerevisiae knockout library, systematic analysis 

of deletion mutants across a variety growth conditions has identified genes which confer fitness 

under multiple conditions (Dudley et al., 2005).For example, 216 deletion mutants were identified 

as highly pleiotropic because they displayed growth defects in 3-14 different conditions. A 

separate analysis of several published knockout screens suggested that the more pleiotropic a 

gene is, the larger contribution to fitness it provides (Cooper et al., 2007). Antagonistic pleiotropy 

was demonstrated was also described in S. cerevisiae using mutant screens, in which case, 

mutants with restored fitness phenotypes tailored to a specific starting growth environment lost 
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that phenotype when switched to a new environment (Qian et al., 2012). Extended competitive 

growth of mutant libraries can have interesting and unpredictable effects on the cellular genome. 

In yeast, gene loss promotes the development of compensatory “suppressor” mutations, which 

arise to restore cellular fitness (Szamecz et al., 2014). Additionally, genetic mutations arise quickly 

during competitive growth for several generations, and population size has been shown to 

influence the development of mutations and the likelihood that a single mutation will “fix” in a 

population (Lang et al., 2013).  

 To further characterize non-essential genes in Y. lipolytica, mutant libraries (Gen0) 

were competitively grown to log phase and maintained for up to 80 generations in rich media 

supplemented with glucose (YPD) or glycerol (YPG) as the sole source of carbon. We reasoned 

that extended competitive growth would reveal which mutants were unfit under each condition 

tested. In doing so, additional functional information could be obtained for each gene. Importantly, 

several genes in the Y. lipolytica genome have no known function or homologue. The Gen0 

mutant population is an ideal tool for testing various media or environmental conditions by 

screening surviving cells after prolonged growth. In doing so, important and potentially novel 

phenotype data can be attributed to specific gene disruptions in Yarrowia.  

 

RESULTS 

Extended log phase growth of mutant library in YPD and YPG  

 For extended growth, both Trial 1 and 2 Gen0 populations were inoculated in 

triplicate, in YP liquid media supplemented with either 2 % glucose or 2 % glycerol and maintained 

in log phase growth at 23°C by passaging cultures every 12 hrs for a total of 168 hours or ~80 

generations (Figure 8.2). Samples were harvested for sequencing at Gen20 and Gen80 and were 

again analyzed using the GCS described in Chapters 8 and 12. Like Gen0, sequencing data from 

Trial 1 and 2 were combined for analysis. Comparisons were made between starting and final 

generations under each growth condition to infer functional information about each gene. The 
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Poisson-based GCS strategy described above was slightly modified to identify genes that 

contribute to fitness in either glycerol, glucose or both. Additional classifications were added to 

the Gen0 label of essential and non-essential to describe the observed phenotype for each gene 

under competitive growth. For example, when non-essential deletion mutants were lost in both 

YPD and YPG media, the gene was labeled sick. Similarly when a non-essential gene was found 

to be essential in YPD or YPG only, then it was given the label of conditional. Essential genes 

were also labeled sick if hits found in the ORF were lost after 80 generations of growth. Although 

under-represented and thus classified as essential, many of these genes had low numbers of 

insertion events. As discussed in Chapter 7, it is difficult to distinguish if viable essential gene 

mutants are the result of suppressors or if gene disruption causes a severe loss in fitness, limiting 

their detection. Suppressor mutations typically arise to restore fitness to a mutant cell, in that case 

it feasible that mutants with essential gene disruptions occasionally survive as a result of 

suppressor mutations and are capable of maintaining consistent growth and thus survive for 80 

generations (pages 89-90). Conversely, genes classified as essential in Gen0 but have a low 

number of hits that do not survive extended growth, may represent viable mutants with reduced 

fitness. The argument being that if those mutants were the result of suppressors, fitness would 

have remained and they would be detected at Gen80. Using the hit density of each gene before 

and after growth, genes classified as essential meet the first case which suggests they are 

essential, while genes classified as sick/essential represent sick mutants which suffer severe 

reduced fitness. RPD3 for example, only had three ORF insertions detected and was classified 

as essential in Gen0; however, independent verification found the mutant was viable with impaired 

growth (Table 8.4). Consistently, classification of RPD3 after competitive growth identified a 

reduction in ORF hit density between Gen0 and Gen80 in both YPD and YPG, thus suggesting 

the phenotype of sick instead of just essential. The breakdown of gene classifications after Gen80 

is described in Figure 9.1a. 
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 Outgrowth of cultures in YPD or YPG had different effects on respective mutant 

population diversity (Figure 9.1b); in YPD, the mutant population decreased from the initial 

inoculum in complexity from 535k at Gen0 to 524k (2% decline) at Gen20 and 450k (16% decline) 

for Gen80, respectively. Within YPG cultures, diversity declined more rapidly to 447k independent 

mutants (16% decline) for Gen20 and 315K mutants (41% decline) for Gen80. Thus, glycerol was 

the more stringent carbon source regarding relative fitness of the mutants. Despite a significant 

reduction in population diversity for YPD and YPG cultures, inter- and intra- genic insertions were 

lost from cultures at an approximately equal rate. Meaning 19.2 % of hits were intergenic in the 

Gen0 population, and after 80 generations 17.9 % and 17.5 % of remaining hits were intergenic 

for YPD and YPG, respectively. This suggests that hits in both inter and intra -genic regions could 

reduce competitive fitness presumably by disrupting gene function.  

 The loss in population diversity for YPG grown mutants was surprising, considering 

Y. lipolytica maintains robust growth in a number of carbon sources including glycerol (Table 9.1) 

(Barth and Gaillardin, 1996; Nicaud, 2012). Gen80 populations were compared to the starting 

Gen0 population to determine what regions in the genome were losing hits. When the upstream 

1 kb region of genes are considered, essential genes experience more diversity loss over 80 

generations than non-essential (Figure 9.2a). The loss of mutants upstream of essential genes 

was exacerbated in YPG cultures, showing up to ~30X more mutant loss than YPD grown mutants 

(Figure 9.2a, b). Consistent with the idea that insertions into promoters can disrupt gene function, 

the largest loss of mutants was observed within the first 100 bp upstream for several essential 

genes. Interestingly, hits upstream of essential genes were lost in a similar, but less dramatic, 

pattern during glucose growth. For example, the first 100 bases upstream of the mitochondrial 

peptidase OCT1 (YALI1_A09856g) gene lost 20 individual mutants in YPG growth but only 11 

from YPD cultures. The consistency of mutant loss between YPD and YPG was highest between 

essential genes (r = 0.84), compared to non-essential genes (r = 0.69) (Figure 9.2c, d). 

Collectively, these data support the interpretation that growth with glycerol as the sole carbon 
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source creates a much more competitive environment for mutant libraries where inter- and intra-

genic insertion mutants can create less competitive phenotypes. 
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Figure 9.1: Functional analysis of genes after 80 generations of log growth in either YPD or YPG media. (a) Adjusted classification of 
genes based on growth phenotype in YPD and YPG media. Sick phenotype include both essential and non-essential genes classified 
in Chapter 7 (Figure 18a). (b) Loss of unique Hermes insertion mutants after 20 and 80 generations of log phase growth in YPD (black) 
or YPG (grey).  
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Table 9.1: Summary of Hermes insertion site profiling after 80 generations of competitive growth in YPD or YPG. 

Trial Generation 
Collected 

Carbon 
Source 

Replicates 
Sequenced 

Total 
Unique 
Insertions 

Inter-genic 
Insertions 

Replicate 
Overlap (%) 

1 0 Glucose 3 194,744 38,440 32.77 

 21.8 Glucose 2 192,982 36,910 57.05 

 21.2 Glycerol 2 135,182 24,621 41.96 

 83.7 Glucose 3 155,852 28,788 29.78 

 81.9 Glycerol 2 117,730 21,137 40.94 
2 0 Glucose 3 339,845 70,357 38.85 
 23.2 Glucose 3 331,296 67,071 40.27 

 22.4 Glycerol 3 311,965 61,865 32.78 

 81.5 Glucose 3 294,623 57,367 36.50 

 79.1 Glycerol 3 196,806 36,935 21.24 

Combined 0 Glucose 6 534,589 109,065 18.18 

 20 Glucose 5 524,278 104,249  

 20 Glycerol 5 450,475 86,709  

 80 Glucose 6 447,147 86,376  

 80 Glycerol 5 314,536 58,215  
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Figure 9.2: Hermes insertion mutants flanking essential and non-essential genes suffered more losses in YPG versus YPD after 80 
generations. (a) Boxplot showing the loss of hits (not normalized) from Gen0 to Gen80 for essential (red) and non-essential(green) 
genes in either YP + glucose or glycerol. (b) Heat maps showing mutant lost (a) over a 1 kb region directly upstream of all genes 
classified as essential in Gen0 populations. Rows are organized from greatest loss of mutants to the least over the first 100 bp 
upstream in YPG media (left panel). The glucose panel (right) was ordered to match the glycerol row order. (c and d) Scatter plots 
show the consistency of mutant loss within the first 100 bp upstream region for essential (red, top) or non-essential (green, bottom) 
genes.  
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 The observation that population diversity is significantly reduced in YPG versus YPD 

was further investigated by quantifying the contribution to fitness of each gene (Giaever et al., 

2002). Sequenced log read counts were averaged for each insertion event and converted to z-

scores using the population (all samples combined) mean and standard deviation (Chapter 12). 

Next, fitness scores for each insertion per gene were averaged, thus giving a fitness score for 

that gene within each generation and media tested (Figure 9.3). When comparing the fitness 

scores of each gene, a clear difference in representation between YPD and YPG can be 

observed. Consistent with the loss of mutant diversity in YPG, fitness scores are higher for many 

genes. In other words, fewer unique mutants allows for expansion of surviving cells within the 

population. Because high mutant diversity is maintained in the YPD Gen80 population, many 

fitness scores remain near 0 (average). When gene classifications from Gen0 or Gen80 are 

considered (Figure 9.3), genes labeled as conditional are evident from changing patterns of 

fitness scores where fitness is increasing in one media but decreasing or unchanged in the other. 

The GUT1 gene for example, scored as essential for growth on glycerol but not glucose media 

(see below). In YPD its fitness score increased from -0.12 at Gen0 to -0.08 by Gen80 but 

decreased to -0.57 in YPG. The reduced fitness for GUT1 mutants is consistent with scoring it as 

glycerol-conditional at Gen80, in YPD 23 of the original 35 ORF insertions were still detected, 

however in YPG at Gen80 only 2 were identified. Taken together with Figure 9.2 showing the 

importance of upstream regions in essential genes, these results also demonstrated that YPG 

media is a more competitive environment for mutants. Fitness scores corroborate this observation 

but provide a more nuanced view of how reduced population diversity is accompanied by clonal 

expansion competent subpopulations.   
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Figure 9.3: Fitness scores highlight gene contributions to growth in YPD or YPG media. Each column represents the fitness score of 
each gene on a scale of -3 to 3, representing lowest to highest representation within each sample. Scores were calculated by 
converting the number of reads per each individual hit into z-scores using the log10 transformed population mean and standard 
deviation (Chapter 12). Color bars on the left and right of heatmap represent the classification of each gene at Gen0 or Gen80. Genes 
were classified as either essential (red), non-essential (green), or poor essential (pink), sick (light green), glycerol-conditional (dark 
blue) or glucose-conditional (brown).   
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Functional insights into Y. lipolytica metabolism 

 In growth on glycerol, functions required for gluconeogenesis would be expected to 

be essential. Transposon mutagenesis in Yarrowia revealed genes required for metabolizing 

malate to glucose during gluconeogenesis are nearly all essential unless a paralogue exists. 

Notably, oxaloacetic acid is produced from either malate, pyruvate or citrate (Figure 9.4). The 

conversion of malate to oxaloacetic acid in Yarrowia is catalyzed by cytosolic malate 

dehydrogenase (MDH1 and 2) genes (YALI1_D20676 and YALI1_E17214), two potential 

paralogues with 54 % amino acid identity classified as non-essential at Gen0. Interestingly, MDH2 

disruption did not affect growth in YPD or YPG while MDH1 mutants were nearly eliminated by 

Gen20, suggesting a reduction in fitness. Although these genes are structurally similar only one 

was capable of sustaining adequate growth. MDH2 is truncated at the N-terminus relative to 

MDH1 indicating it does not contain the complete mitochondrial localization domain. Conversely, 

the conversion of pyruvate to oxaloacetic acid (OAA) is catalyzed by pyruvate carboxylase (PYC1) 

(YALI1_C33152g) which was also non-essential at Gen0, but suffered fitness defects in both YPD 

and YPG media, consistent with previously published results (Flores and Gancedo, 2005). Finally, 

ACL1-2 (YALI1_E41315g, YALI1_D32268g) conversion of citrate to OAA produces acetyl-

Coenzyme A (acetyl-CoA) which is required for several important cellular functions such as 

histone acetylation and lipid biosynthesis (Dulermo and Nicaud, 2011). Both ACL1 and 2 were 

initially classified as non-essential at Gen0, but considered sick after competitive growth in YPD 

and YPG. Interestingly, ACL1 was slightly sicker in YPD than in YPG.  
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Figure 9.4: Functional analysis of metabolic gene in glycolysis and glycerol metabolism. Each circle represents a 
gene color coded by its classification after 80 generations of log phase growth. Genes were classified as essential 
(red), non-essential (green), poor essential (pink), sick (light green), glycerol-conditional (dark blue) or glucose-
conditional (brown). Abbreviations are as follows: G3p, glycerol-3-phosphate; DHA, glycerone; DHAP, 
dihydroxyacetone phosphate; PEP, phosphoenolpyruvic acid.  
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 Taken together, the fact that loss of function from MDH1 or PYC1 reduces 

competitive growth suggests that contributions to OAA synthesis from both the cytoplasm (PYC1) 

and mitochondria (MDH1), is important for adequate cellular growth. In this case, insertional 

mutagenesis highlighted a potential bottleneck step at OAA production where contributions from 

multiple pathways are required for sustained competitive growth. Importantly, only competitive 

outgrowth in liquid cultures identified the loss of fitness, at Gen0 both MDH1, PYC1 and ACL1-2 

were classified as non-essential, highlighting the benefit of collecting insertional mutants on plates 

which removes the competitive element of liquid growth and demonstrates the spectrum of fitness 

that can be conferred by essential and non-essential genes.  

 

A dominant pathway for glycerol metabolism in Y. lipolytica  

 Under glycerol growth we also expect glycerol catabolism to be essential but not 

necessarily required for glucose growth. Initial conversion of glycerol to glycerol-3-phosphate by 

GUT1 (YALI1_F00654g) and then to DHAP by GUT2 (YALI1_B18499g) is required for glycolysis 

and gluconeogenesis (Figure 9.4). GUT1 and GUT2 were both classified as non-essential in 

Gen0; however, GUT1 was found to be essential for growth in YPG only, while GUT2 was 

essential for growth in both YPD and YPG. The sick phenotype of GUT2 is consistent with 

independently verified gene disruption in this work (Table 8.4), and elsewhere (Beopoulos et al., 

2008). As above, both Gen0 and competitive growth experiments were needed to establish the 

nature of Gut1/2 essentiality; indicating that both genes are dispensable depending on the growth 

environment.  

 Alternatively to the Gut1/2 pathway, Y. lipolytica contains four paralogues of the 

glycerol dehydrogenase gene (GCY), all with over 95% amino acid identity. There are also four 

other potential paralogues with ~35 - 57% amino acid identity. In this pathway, glycerol is 

converted to glycerone (DHA) by GCY and then DHAP by dihydroxyacetone kinase (DAK); three 

potential DAK proteins were identified through homology searches (Magnan et al., 2016), 
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however only YALI1_F02508g was classified as essential while all GCY genes were categorized 

as non-essential in YPD and YPG. DHA build-up was found to be toxic in S. cerevisiae (Molin et 

al., 2003) suggesting it may also be toxic in Yarrowia which could underlie the essentiality of DAK. 

Despite several paralogues for GCY and DAK, this alternative pathway for glycerol metabolism 

did not compensate for the loss of GUT1 during competitive YPG growth. This suggests that 

conversion to DHA does not significantly contribute to glycerol catabolism; or alternatively, the 

GCY pathway is limited to avoid buildup of toxic levels of DHA. One notable aspect of GCY 

conversion of glycerol to DHA is that the enzyme also converts NADP+ to NADPH at the cost of 

one ATP (Norbeck and Blomberg, 1997; Godon et al., 1998; Costenoble et al., 2000). The primary 

pathway for NADPH production is the pentose phosphate pathway via ZWF1 (YALI1_E26811g) 

which was classified as essential at Gen0 and confirmed by attempting to disrupt the gene using 

CRISPR (Figure 8.4b; Table 8.4). The essentiality of ZWF1 demonstrates that GCY genes also 

do not compensate for NADPH production and again suggests that GCY activity may be minimal. 

 

Competitive growth reveals condition specific essential genes  

 After competitive growth experiments in YPD and YPG, 746 genes were identified 

as being sick in both conditions based on classification of Gen80 populations. This includes many 

genes that were initially classified as essential but retained some number of intragenic hits which 

ultimately disappeared after competitive growth, in addition to non-essential genes which became 

essential in both media. GO analysis of found that of the 746 genes deemed sick in both YPD 

and YPG, 651 had associated GO terms, six of which were found to be enriched (Table 9.2). 

Compared to enriched GO terms from Figure 8.6a, only protein phosphorylation was uniquely 

identified among sick mutants.  
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Table 9.2: Enriched GO terms from genes with reduced fitness after 80 generations of growth in both YPD and YPG  

GOID GO term P value 

GO:0006325 chromatin organization 0.008991 

GO:0006366 transcription from RNA polymerase II promoter 0.034331 

GO:0006468 protein phosphorylation 0.001181 

GO:0016570 histone modification 0.001181 

GO:0051169 nuclear transport 0.00218 

GO:0051726 regulation of cell cycle 0.015519 
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 In total, 73 Y. lipolytica genes were identified as being glycerol-conditional while 35 

genes were glucose-conditional. In each of these cases the gene was non-essential in one media 

but classified as essential in the other; classifications also had to meet strict standards to ensure 

that mutants were in fact lost as oppose to altered statistical parameters. Conditional genes in Y. 

lipolytica were compared to libraries screens of S. cerevisiae grown in YPG (Qian et al., 2012); 

this identified ten overlapping glycerol sensitive gene homologues with consistent phenotypes 

(Table 9.3). Collectively, GO analysis was unable to find any enriched terms associated with 

glycerol-conditional or glucose conditional genes. In fact conditional genes show a wide variety 

of metabolic and regulatory functions. Several genes with little to no homology to other proteins 

were also classified as conditional which provides some insight into their functional roles within 

the cell.  
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Table 9.3: Glycerol and glucose –conditional genes identified after 80 generations of growth in YPD or YPG. 

Name Scer Homologue Carbon 
Sensitivity 

Scer Glycerol 
Conditional 

YALI1_A03210g TDA10 Glycerol  

YALI1_A07668g RTT106 Glycerol Yes 

YALI1_B07786g ARD1 Glycerol Yes 

YALI1_B09708g RAD54 Glycerol Yes 

YALI1_B22088g RAS2 Glycerol  

YALI1_B27662g RPP1B Glycerol  

YALI1_C05386g PEX11 Glycerol  

YALI1_C11954g  Glycerol  

YALI1_C17609g SLP1 Glycerol  

YALI1_C22857g NOP1 Glycerol  

YALI1_C26873g PBP2 Glycerol  

YALI1_C28593g YDL086W Glycerol  

YALI1_D06788g  Glycerol  

YALI1_D18190g YTH1 Glycerol  

YALI1_F11787g EGD1 Glycerol Yes 

YALI1_F14805g SIF2 Glycerol  

YALI1_F24826g DMA1 Glycerol  

YALI1_F32675g CWC15 Glycerol Yes 

YALI1_B20108g YDL124W Glycerol  

YALI1_C01106g  Glycerol  

YALI1_C01720g  Glycerol  

YALI1_C06973g LSB5 Glycerol  

YALI1_C31759g GYP6 Glycerol  

YALI1_D01890g PHD1 Glycerol  

YALI1_D30781g ZAP1 Glycerol Yes 

YALI1_E07099g LPX1 Glycerol  

YALI1_E23348g PAT1 Glycerol Yes 

YALI1_E35831g  Glycerol  

YALI1_E39193g  Glycerol  

YALI1_F27529g STE5 Glycerol  

YALI1_F39261g  Glycerol  

YALI1_F00654g GUT1 Glycerol Yes 

YALI1_A03300g YEL023C Glycerol  

YALI1_A05366g  Glycerol  

YALI1_A11439g STE6 Glycerol  

YALI1_A11954g  Glycerol  

YALI1_B04831g DIC1 Glycerol  

YALI1_B15482g  Glycerol  

YALI1_B15509g NIF3 Glycerol  

YALI1_B25553g GAP1 Glycerol  
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YALI1_B26322g YPS3 Glycerol  

YALI1_C08548g DLD2 Glycerol  

YALI1_C21353g CLN3 Glycerol  

YALI1_D03047g ILV1 Glycerol  

YALI1_D12403g  Glycerol  

YALI1_D20061g ABZ2 Glycerol  

YALI1_D31482g  Glycerol  

YALI1_D34106g  Glycerol  

YALI1_E02377g AIP1 Glycerol  

YALI1_E03553g GRH1 Glycerol  

YALI1_E04672g YJR124C Glycerol  

YALI1_E07153g  Glycerol  

YALI1_E12454g BUB2 Glycerol Yes 

YALI1_E12668g RDS2 Glycerol  

YALI1_E25132g PCL5 Glycerol  

YALI1_E29827g YMD8 Glycerol  

YALI1_E37484g TAF5 Glycerol  

YALI1_E38744g  Glycerol  

YALI1_E39796g SUN4 Glycerol  

YALI1_F12176g GLG2 Glycerol  

YALI1_F13526g OMA1 Glycerol  

YALI1_F24635g  Glycerol  

YALI1_F32232g TRP5 Glycerol  

YALI1_F36966g AAT2 Glycerol  

YALI1_B20919g LDH1 Glycerol  

YALI1_C24200g  Glycerol  

YALI1_D00173g  Glycerol  

YALI1_E23790g  Glycerol  

YALI1_E26551g  Glycerol  

YALI1_F09211g YAL034W Glycerol  

YALI1_F12810g YPS3 Glycerol  

YALI1_F17369g  Glycerol  

YALI1_F34870g THP3 Glycerol  

YALI1_A02615g RGD1 Glucose  

YALI1_A02653g MEP2 Glucose  

YALI1_B14308g  Glucose  

YALI1_B24471g  Glucose  

YALI1_B25997g DIA2 Glucose Yes 

YALI1_C01433g YOR296W Glucose  

YALI1_C01993g YLR283W Glucose  

YALI1_C20097g PNT1 Glucose Yes 

YALI1_C20597g CIR2 Glucose  

YALI1_C30205g  Glucose  
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YALI1_D05414g  Glucose  

YALI1_D10535g  Glucose  

YALI1_D24770g  Glucose  

YALI1_E13899g  Glucose  

YALI1_E18539g GLK1 Glucose  

YALI1_E24797g GET1 Glucose Yes 

YALI1_E25640g  Glucose  

YALI1_E33675g BRR6 Glucose  

YALI1_E35639g YGL138C Glucose  

YALI1_E36472g YMR262W Glucose  

YALI1_E39128g JEN1 Glucose Yes 

YALI1_E41315g  Glucose  

YALI1_F01849g MED4 Glucose  

YALI1_F02983g UBP13 Glucose Yes 

YALI1_F07630g  Glucose  

YALI1_F10671g HGH1 Glucose  

YALI1_F17103g TRM10 Glucose Yes 

YALI1_F20330g SUV3 Glucose Yes 

YALI1_F21261g TFG2 Glucose  

YALI1_F33381g  Glucose  

YALI1_F37658g AVT1 Glucose  

YALI1_C00826g SEO1 Glucose  

YALI1_E21962g SET2 Glucose  

YALI1_F04763g  Glucose  

YALI1_F25671g STP22 Glucose Yes 
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Summary 

 Functional gene profiling is a powerful tool for high-throughput genome wide 

analysis. The mutant libraries produced in Chapter 8 (Gen0) were grown in log phase for 80 

generations with either glucose or glycerol as the sole carbon source. In doing so, we identified 

several genes required for fitness under competitive growth in one or both conditions. Together 

with gene classifications from Gen0, competitive growth information provides additional functional 

information about the cells ability to survive without specific genes. Interestingly, we found that 

glycerol growth was significantly more competitive of an environment than glucose. One 

possibility is that because mutants were adapted for survival on glucose media and switching to 

glycerol created a pleiotropic effect (Qian et al., 2012). Alternatively, changes to gene regulatory 

networks may be required for prolonged growth on glycerol media, and Hermes insertions into 

flanking regions as well as ORFs impeded the cells ability to regulate gene expression. This is 

supported by the dramatic loss of mutants from glycerol media that mapped to regions upstream 

of both essential and non-essential genes.  

 Under respiratory growth conditions mitochondrial function is essential for cell 

survival. Several genes related to OAA metabolism in the cytoplasm and in the mitochondria were 

analyzed. Interestingly, in the cytoplasm OAA can be produced from malate via MDH2 or citrate 

via ACL1-2. However transposon profiling revealed that when ACL genes or PYC1 were 

disrupted, cells became sick in both YPD and YPG, but no phenotype was observed when MDH2 

was disrupted. ACL genes are an important source of acetyl-CoA which may explain their 

phenotype (Liu et al., 2013b). Also of interest is that under glycerol growth, the complete 

gluconeogenesis pathway did not appear to be essential. Specifically, OAA conversion to 

phosphoenolpyruvate (PEP) by PCK1 is the first step in this process and was found to be non-

essential. This suggests that glycerol is directed towards glucose production via DHAP (from 

Gut1/2 pathway) conversion to fructose-1,6-bisphosphate via the essential FBA1 gene 

(YALI_E30886g); or G3P (from Gut1/2 pathway) is directed towards pyruvate to fuel the TCA 
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cycle via TDH1 (YALI1_C08262g). Two separate pathways of glycerol metabolism exist in Y. 

lipolytica; the Gut1/2 and the GCY/DAK pathways. Surprisingly, despite four (possibly more) 

paralogues of GCY, this alternate pathway was unable to compensate for loss of GUT1. Currently 

it is unknown why the GCY pathway was not a suitable alternative; perhaps GCY gene activation 

requires alternate conditions than what was used or the toxicity of glycerone limits processing of 

glycerol to a degree that impedes cell metabolism when GUT1 is disabled. Ultimately, several 

new insights into Y. lipolytica metabolism were identified from competitive growth analysis in YPD 

or YPG. The pipeline of library analysis presented in Chapters 7-8 provide a fast and cost effective 

protocol for screening additional conditions. 
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Chapter 10 
 
Summary of Functional Genomics in 
Yarrowia lipolytica 
 
 
Functional profiling of the y. Lipolytica genome 

 DNA transposons have frequently been used to identify essential genes or regulatory 

regions in numerous bacteria (Chapter 7). In yeast however, only S. pombe has been evaluated 

for essential genes using the Hermes DNA transposon (Guo et al., 2013), which relied on 

comparisons to existing gene deletion libraries to determine accuracy of essential gene 

identification (Kim et al., 2010). Transposon profiling in S. pombe identified several essential and 

non-essential genes which conflicted with reported viabilities produced from the deletion library. 

This result highlighted the value of transposon profiling in yeast for accurate verification of 

essential and non-essential genes from mutant populations grown in a specific media. In Y. 

lipolytica no such deletion library exists, and thus identifying essential and non-essential genes 

were unknown. The recent adaptation of CRISPR technology to Yarrowia (Schwartz et al., 2016) 

has proved to be a valuable tool for efficient gene disruption. However, still lacking is knowledge 

of what genes can be deleted; additionally, under what conditions do non-essential genes become 

essential for cellular fitness? In Chapters 8-9, the Hermes DNA transposon system was adapted 

for use in Y. lipolytica and used to mutagenize a population of cells under non-competitive growth 
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on plates, followed by competitive growth in either glucose or glycerol media. Initially, the Gen0 

population was classified using a Poisson-based strategy to identify ORFs with an under-

representation of hits. We found that ~20% of the 8710 genes in Y. lipolytica were essential on 

complex synthetic media lacking Leucine. Several comparisons between Y. lipolytica and other 

model yeast found a large overlap between gene homologues with essential phenotypes and 

enrichment of GO terms associated with essential gene functions (Figure 8.6). Several 

independent knockouts verified gene classifications, including a plasmid shuffle experiment which 

empirically demonstrated the essentiality of both HIS3 and SNF1, two proteins whose essentiality 

was confounding because previous reports suggested deletion mutants were viable. 

 Next, mutant populations were grown for 80 generations in either YPD or YPG to 

identify genes required for prolonged competitive growth in log phase for 80 generations. 

Strikingly, glycerol cultures lost ~41 % of their population diversity after 80 generations while 

glucose only suffered a ~16 % loss. Analysis of flanking regions upstream of essential and non-

essential genes found that in glycerol cultures, mutant loss could be up to ~30X more severe. 

This strongly implicates the requirement for gene regulatory regions at essential genes in addition 

to an intact ORF.  

 Using functional gene information, we found that OAA production in both the 

mitochondria and cytoplasm are required for competitive growth under respiratory conditions 

(Figure 9.4). Unexplained is how the mitochondria operates with the loss of MDH1, as it was 

classified as non-essential at Gen0. Additionally, OAA production in the cytoplasm appears to be 

important for growth in YPD and YPG, yet for what purpose we do not yet understand. Under 

glycerol growth, the Gut1/2 pathway was identified as the dominant pathway for metabolizing 

glycerol, despite the fact that several homologues of GCY and DAK proteins exist (Figure 9.4). 

 Because mutations into essential genes were identified at Gen0 after growth on 

glucose plates, the identification of conditionally essential genes specific to only one carbon 

source were limited. Conditional genes varied in function from DNA repair, translation, or glucose 
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metabolism. Ten of the glycerol-conditional genes have also been found to be required for 

competitive growth in glycerol media for S. cerevisiae, suggesting their roles may be conserved 

between both yeast. Several genes with no know function were identified in both groups (Table 

9.3); transposon profiling has provided the first functional data for each of these genes, however 

additional experimentation will be required to determine their specific function.  

 The advantages of Hermes transposon profiling go beyond identifying essential 

genes. For example, when looking upstream of genes, the distribution of hits is reminiscent of 

nucleosome occupancy maps, which is consistent with the fact that Hermes is known to target 

nucleosome depleted regions (Gangadharan et al., 2010). The transposition density upstream of 

genes provides additional functional information which includes nucleosomes positions, promoter 

boundaries or transcription factor binding sites; something akin to in vivo ATAC-seq.  

 

Future directions 

 The Hermes mutant libraries produced above provide a valuable tool for Y. lipolytica 

research. For example, the combined mutant populations can be individualized and stocked for 

insertion site identification using high-throughput sequencing; this would provide an individualized 

knock out library for future research on specific mutant strains. Alternatively the Gen0 library could 

continue to be screened under various conditions to identify genes with potential industrially 

relevant applications. Phenotype screening is an invaluable use of knockout libraries. For 

example, the Hermes mutant library could be transformed with heterologous genes that produce 

industrial compounds; mutants could then be screened for enhanced production. Similarly, 

mutants with enhanced lipid biosynthesis are highly sought after for biofuel production. Using our 

Hermes library we have attempted several assays to identify mutants high in fatty acid production. 

Recently, FACs sorting was used with Nile Red stained cells to separate cell populations based 

on lipid content. In doing so, several potentially interesting mutants have been collected and are 

currently being validated. In summary, Hermes transposon mutagenesis has provided an 
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opportunity to add meaningful functional and phenotypical genetic data to Yarrowia biology in a 

fast paced pipeline approach that is versatile and cost effective. 
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Chapter 11 
 
Materials and Methods to Ty3 Research 
Chapters 2 - 6 
 
 
Strains and plasmids 

 The wild type parent strain BY4741 was used to produce all mutants described in 

Supplemental Table 3. The URA3 marked pGal-Ty3-8N plasmid library was constructed by PCR 

using the base Ty3 plasmid pKN3096. For sequencing out of the Ty3 LTR, a 19 bp Illumina primer 

binding sequence immediately followed by 8 bases of random sequence was cloned into the U5 

portion site 28 bases from the end of the LTR (Figure 2.3; Table 11.1). To prepare a diverse 

plasmid library of uniquely tagged transposons, ~5,000 colonies of pGAL-Ty3-8N -transformed 

E.coli were pooled. Next 1mL (~1/10 of cells collected) of transformed E. coli was inoculated into 

100 mL of LB + Ampicillin, grown to early log phase and plasmid DNA was midi-prepped (QIAgen). 

We expected the plasmid library to contain ~5000 different random tags based on the number of 

transformants pooled. For ectopic integrase experiments, β-estradiol –inducible integrase was 

made by cloning the entire β-estradiol induction system into a single plasmid. The Z4-ERV 

promoter and Kan-MX cassette were taken from pMN10-Z4ERV (McIsaac et al., 2013) and cloned 

together with the artificial transcription factor (ATF) cassette into the backbone of pKN3096. For 

plasmid targeting of Ty3 to individual tRNA genes, tRNA sequence plus ~120 bases of upstream 
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and downstream flanking sequence were amplified by PCR and ligated into 2µ high-copy LEU2 

marked plasmids (Table 11.1). Brf1 and Rpc34 were both N-terminally tagged with 3X FLAG 

peptide in their native genomic context. This was done by integrating a loxp-LEU2-Tef1p-loxp-

3XFLAG cassette directly into the 5’-end of the gene at the ATG site. While the cassette was 

present transcription of the essential genes was constitutively expressed by the Tef1 promoter. 

Subsequent transformation of a Cre recombinase expressing plasmid removed the LEU2-Tef1p 

cassette restoring the native promoter of each gene, but leaving the loxp-ATG-3XFLAG-gene 

sequence. 
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Table 11.1: Yeast strains, plasmids and primers used for experiments described in Chapters 2-6. 

Strains     

     
Strain Genotype Reference   
BY4741 MATα his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 (Brachmann et al., 1998)   
yKP1976 BY4741,3XFLAG-8XGly-loxP-BRF1 This study   
yKP1983 BY4741,3XFLAG-8XGly-loxP-RPC34 This Study   
yMN3/DBY12395 ura3∆ leu2∆0::ACT1pr-Z4EV-NatMX, Matα (McIsaac et al., 2013)   

 

Plasmids     

     

Plasmid 
Name Description E. coli 

Marker 
S. cerevisiae 
Marker Reference 

pKN3096 Gal inducible Ty3 with extra PPT Ampicillin URA3  

pGal-Ty3-8N Gal Inducible Ty3 with 8N random tag and Illumina PBS 
cloned into pKN3096 Ampicillin URA3 This study 

pMN10 KanMX-Z4EVpr Ampicillin   (McIsaac et 
al., 2013) 

pKP3915 
β-estradiol induced expression vector. The empty Z4 
promoter-CYC1 terminator cassette and artificial transcription 
factor (ATF) under ACT1 promoter 

Ampicillin URA3; KAN-
MX this study 

pKP4010 N-terminally 3X FLAG tagged Ty3 Integrase cloned into 
pKP3915  Ampicillin URA3; KAN-

MX this study 

pXP422 High copy 2µ expression plasmid Ampicillin LEU2 (Fang et al., 
2011) 

pKP4036  The tQ(CUG)M tRNA with flanking  genomic sequence 
(KP5331/KP5332) cloned into the NdeI/BamHi site of pXP422 Ampicillin LEU2 This study 

pKP4037  Chimeric pKP4036 with 25 bp of upstream tQ(UUG)B 
sequence Primers KP5331/KP4997 and KP4998/KP5332 Ampicillin LEU2 This study 

pKP4038  Chimeric pKP4036 with 75 bp of upstream tQ(UUG)B 
sequence KP5331/KP5101 and KP5102/KP5332 Ampicillin LEU2 This study 

pKP4039  The tQ(UUG)B tRNA with flanking  genomic sequence 
(KP5333/KP5334) cloned into the NdeI/BamHi site of pXP422 Ampicillin LEU2 This study 

pKP4040  Chimeric pKP4039 with 25 bp of upstream tQ(CUG)M 
sequence Primers KP5333/KP5000 and KP5001/KP5334 Ampicillin LEU2 This study 

pKP4041  Chimeric pKP4039 with 75 bp of upstream tQ(CUG)M 
sequence KP5333/KP5103 and KP5104/KP5334 Ampicillin LEU2 This study 

pKP4042 The tV(UAC)D tRNA with flanking  genomic sequence 
(KP5335/KP5336) cloned into the NdeI/BamHi site of pXP422      

pKP4044 The tV(AAC)D tRNA with flanking  genomic sequence 
(KP5337/KP5338) cloned into the NdeI/BamHi site of pXP422      

pKP4054  
pKP4036 but with tQ(CUG)M extended at the 3' end for 
measuring transcription. Primers: KP4996/KP5389 and 
KP5406/KP4999 

Ampicillin LEU2 This study 

pKP4057  
pKP4037 but with tQ(CUG)M extended at the 3' end for 
measuring transcription. Primers: KP4996/KP5389 and 
KP5406/KP4999 

Ampicillin LEU2 This study 

pKP4058  
pKP4038 but with tQ(CUG)M extended at the 3' end for 
measuring transcription. Primers: KP4996/KP5389 and 
KP5406/KP4999 

Ampicillin LEU2 This study 
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Plasmids     

     

Plasmid 
Name Description E. coli 

Marker 
S. cerevisiae 
Marker Reference 

pKP4059  
pKP4039 but with tQ(UUG)B extended at the 3' end for 
measuring transcription. Primers: KP4996/KP5403 and 
KP5404/KP4999 

Ampicillin LEU2 This study 

pKP4060  
pKP4040 but with tQ(UUG)B extended at the 3' end for 
measuring transcription. Primers: KP4996/KP5403 and 
KP5404/KP4999 

Ampicillin LEU2 This study 

pKP4061  
pKP4041 but with tQ(UUG)B extended at the 3' end for 
measuring transcription. Primers: KP4996/KP5403 and 
KP5404/KP4999 

Ampicillin LEU2 This study 

pFS4096 pCR®2.1®  + qPCR amplicon KP4660/VB2275 from Ty3 
transposed pKP4036 Kanamycin   This study 

pFS4097 pCR®2.1®  + qPCR amplicon KP4660/VB2275 from Ty3 
transposed pKP4039 Kanamycin   This study 

pFS4098 pCR®2.1®  + qPCR amplicon KP4660/VB2275 from Ty3 
transposed pKP4042 Kanamycin   This study 

pFS4099 pCR®2.1®  + qPCR amplicon KP4660/VB2275 from Ty3 
transposed pKP4044 Kanamycin   This study 

pFS4100 pCR®2.1®  + qPCR amplicon KP4660/KP4996 from Ty3 
transposed pKP4036 Kanamycin   This study 

pFS4101 pCR®2.1®  + qPCR amplicon KP4660/KP4996 from Ty3 
transposed pKP4039 Kanamycin   This study 

pFS4102 pCR®2.1®  + qPCR amplicon KP4660/KP4996 from Ty3 
transposed pKP4042 Kanamycin   This study 

pFS4103 pCR®2.1®  + qPCR amplicon KP4660/KP4996 from Ty3 
transposed pKP4044 Kanamycin   This study 

 

Primers   

   

Primer 
Name Sequence 5' - 3' Description 

KP5331 taatcatatgCGGTTTTCCGTACCAGTACAA Above 

KP5332 tatcggatccGAGCGATTGTATCTGTATAGAGGTTG Above 

KP5333 taatcatatgTGAAAAACGATGTACTTCCAACA Above 

KP5334 tatcggatccCAGCATCGAGGTGGCTTATT Above 

KP5335 gttcCATATGTAGGCGAACAGGCCTTAAAA Above 

KP5336 acatGGATCCCAGCAATGTTTACCGGCTTA Above 

KP5337 gttcCATATGTCTGGCCAGCTAAAAAGACG Above 

KP5338 acatGGATCCCCGTCTAGTATCCGGTAGTCACC Above 

KP4997 ACACTATAGGACCCCTTTTATTGATGGTATTTCTGACATAAAA
CTTCCGGTTTTATGGAA Above 

KP4998 GGAAGTTTTATGTCAGAAATACCATCAATAAAAGGGGTCCTAT
AGTGTAGTGGTTATCAC Above 

KP4999 GCTGTCGCCGAAGAAGTTAA Above 
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Primers   

   

Primer 
Name Sequence 5' - 3' Description 

KP5000 CACTATAAAACTTTTTCTTCTGTTGTTAGTGTACACATTTTTTA
AATTGAGTGGTTTGAA Above 

KP5001 AAAAAATGTGTACACTAACAACAGAAGAAAAAGTTTTATAGTG
TAGTGGTTATCACTTTC Above 

KP5101 ATTTTTTAAATTGAGTGGTTTGAAAAATAATTGATCAATAGGAA
TTACCAAACAATATCGCAAGCAATGGATCT Above 

KP5102 TTTCAAACCACTCAATTTAAAAAATTGTCAGAAATACCATCAAT
AAAAGGGGTCCTATAGTGTAGTGGTTATCAC Above 

KP5103 TAAAACTTCCGGTTTTATGGAACCTTTTTAAGAAAGATGGTCC
CTATTTTTTGAGAAATAGATGAATTTTGGAATAATTG Above 

KP5104 AGGTTCCATAAAACCGGAAGTTTTAGTGTACACTAACAACAGA
AGAAAAAGTTTTATAGTGTAGTGGTTATCACTTTC Above 

KP4660 CTCCACGACGCTCTTCCGATC Ty3 LTR Forward primer for sense/anti-sense 
plasmid transposition qPCR assay 

VB2275 CCTATCGCCACTATCTTGTCTGCT Ty3 plasmid sense transposition qPCR assay, 
Forward 

KP4996 TAACTATGCGGCATCAGAGC Ty3 plasmid sense transposition qPCR assay, 
Reverse 

BH4274 ACCAAATGCGGTGTTCTTGT Ty3 plasmid transposition qPCR assay, LEU2 
Forward 

BH4275 GCCGTTTTGTTAGGTGCTGT Ty3 plasmid transposition qPCR assay, LEU2 
Reverse 

XQ3689 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACAC
GACGCTCTTCCGATCT Illumina universal forward primer 

KP5112 CAAGCAGAAGACGGCATACG Reverse to 3869 

KP4007 GATTGTCAAGACACTCCACGA PCR round 1 Retro-seq Forward 

XQ3678 GTGACTGGAGTTCAGACGTGT PCR round 1 Retro-seq Reverse 

KP4060 P-GATCGGAAGAGC-N Adapter for Retro-seq Libraries 

XQ3677 GTGACTGGAGTTCAGACGTGTGCTCTTCCGATC-T Adapter for Retro-seq Libraries 

XQ3695 CAAGCAGAAGACGGCATACGAGATCGTGATGTGACTGGAGTT
CAGACGTGT Multiplex Primer for Retro-seq Library #1 

XQ3696 CAAGCAGAAGACGGCATACGAGATACATCGGTGACTGGAGTT
CAGACGTGT Multiplex Primer for Retro-seq Library #2 

KP4149 CAAGCAGAAGACGGCATACGAGATGCCTAAGTGACTGGAGTT
CAGACGTGT Multiplex Primer for Retro-seq Library #3 

KP5188 
P-
GATCGGAAGAGCGTCGTGTAGGGAAAGAGTGTAGATCTCGG
TGGTCGCCGTATCATT 

Adapter oligo for ChIP-seq Libraries 

KP4838 CAAGCAGAAGACGGCATACGAGATCGTGATGTGACTGGAGTT
CAGACGTGTGCTCTTCCGATCT 

Multiplex Adapter with 5188; Brf1/Integrase 
ChIP Input #1 

KP4845 CAAGCAGAAGACGGCATACGAGATACATCGGTGACTGGAGTT
CAGACGTGTGCTCTTCCGATCT 

Multiplex Adapter with 5188; Brf1/Integrase 
ChIP Input #2 

KP4846 CAAGCAGAAGACGGCATACGAGATGCCTAAGTGACTGGAGTT
CAGACGTGTGCTCTTCCGATCT 

Multiplex Adapter with 5188; WT BY4741 
ChIP Input; Integrase ChIP IP #1  

KP4966 CAAGCAGAAGACGGCATACGAGATTGGTCAGTGACTGGAGTT
CAGACGTGTGCTCTTCCGATCT 

Multiplex Adapter with 5188; WT BY4741 
ChIP Input; Integrase ChIP IP #2 
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Primers   

   

Primer 
Name Sequence 5' - 3' Description 

KP4967 CAAGCAGAAGACGGCATACGAGATCACTGTGTGACTGGAGTT
CAGACGTGTGCTCTTCCGATCT 

Multiplex Adapter with 5188; Brf1 ChIP IP #2; 
WT BY4741+pKP3915 ChIP Input 

KP4968 CAAGCAGAAGACGGCATACGAGATATTGGCGTGACTGGAGTT
CAGACGTGTGCTCTTCCGATCT 

Multiplex Adapter with 5188; WT BY4741 
ChIP IP; ; WT BY4741+pKP3915 ChIP Input 

KP4969 CAAGCAGAAGACGGCATACGAGATGATCTGGTGACTGGAGTT
CAGACGTGTGCTCTTCCGATCT 

Multiplex Adapter with 5188; Rpc34 ChIP 
Input #3 

KP4970 CAAGCAGAAGACGGCATACGAGATTCAAGTGTGACTGGAGTT
CAGACGTGTGCTCTTCCGATCT 

Multiplex Adapter with 5188; Rpc34 ChIP 
Input #4 

KP4971 CAAGCAGAAGACGGCATACGAGATCTGATCGTGACTGGAGTT
CAGACGTGTGCTCTTCCGATCT 

Multiplex Adapter with 5188; Rpc34 ChIP IP 
#3 

KP4972 CAAGCAGAAGACGGCATACGAGATAAGCTAGTGACTGGAGTT
CAGACGTGTGCTCTTCCGATCT 

Multiplex Adapter with 5188; Rpc34 ChIP IP 
#4 

KP5392 CAGCAACGGACTAGGATGAGT Reverse primer for tRNA transcription qPCR 
assay; binds extended tRNA 3' end 

KP5393 CCTATAGTGTAGTGGTTATCACTTTCG Forward primer for tQ(CUG)M tRNA 
transcription quantification by RT-qPCR 

KP5407 TTTTATAGTGTAGTGGTTATCACTTTCG Forward primer for tQ(UUG)B tRNA 
transcription quantification by RT-qPCR 

KP5485 GTCCAATGGTCCAGTGGTTC Forward primer for tV(UAC)D tRNA 
transcription quantification by RT-qPCR 

KP5505 TCGTGGTCTAGTCGGTTATGG Forward primer for tV(AAC)M3 tRNA 
transcription quantification by RT-qPCR 

KP5107 CCAAACATGTTGCTGGTGAT Plasmid transcription qPCR assay, LEU2 
Forward 

KP5108 CCACCATTGCCTATTTGGTC Plasmid transcription qPCR assay, LEU2 
Reverse 

KP5459 GCGAGAGACTCGAAtgga Plasmid transcription qPCR assay, SUP61 
Forward 

KP5460 AAACGACACCAGCAGGATTT Plasmid transcription qPCR assay, SUP61 
Reverse 

KP4691 CGGTTTTCCGTACCAGTACAA ChIP-qPCR tQ(CUG)M genomic DNA 
Forward 

KP5182 TCGTAAAATACGAAAAATGAAGG ChIP-qPCR tQ(CUG)M genomic DNA 
Reverse 

KP4906 TCAATTATTTTTCAAACCACTCAA ChIP-qPCR tQ(UUG)B genomic DNA Forward 

KP4907 CATATCTGCGAGATCTCCATTC ChIP-qPCR tQ(UUG)B genomic DNA Reverse 

KP4950 TCGTCGACACTGTAAAATAAATCTG ChIP-qPCR tV(UAC)D genomic DNA Forward 

KP4951 GGAAACCCATTGGAAATGACT ChIP-qPCR tV(UAC)D genomic DNA Reverse 

KP4952 TGCGCAATAGCGTTCTTGTA ChIP-qPCR tV(AAC)M3 genomic DNA 
Forward 

KP4953 GTTGGAGAATTCTGTATAAAGAGTATG ChIP-qPCR tV(AAC)M3 genomic DNA 
Reverse 

KP4908 GACGGACTCATAATTGAATGGTT ChIP-qPCR tY(GUA)M2 genomic DNA 
Forward 

KP4909 CCTTAAAGCAATCCCTAATACATGA ChIP-qPCR tY(GUA)M2 genomic DNA 
Reverse 
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Primers   

   

Primer 
Name Sequence 5' - 3' Description 

KP4910 TCTGCGTCTCATTGGAAGAA ChIP-qPCR tY(GUA)F1 genomic DNA 
Forward 

KP4911 TTGAAAGCTGCAAGATTTAAAAA ChIP-qPCR tY(GUA)F1 genomic DNA 
Reverse 

KP4921 CAATGGATTCTGGTATGTTCTAGC ChIP-qPCR Actin genomic DNA Forward 

KP4922 TTCCAAATTTCAAGCCCCTA ChIP-qPCR Actin genomic DNA Reverse 
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Retro-seq 

 The pGAL-Ty3-8N library was transformed into S. cerevisiae strain BY4741 in 

triplicate. Approximately 15-17,000 transformants were pooled together and mixed vigorously for 

each replicate. Transformant mixtures were resuspended in 50mL cultures of raffinose synthetic 

media lacking uracil at an OD600 of 0.20 and grown for 24 hours for derepression. Cells were then 

pelleted, washed and resuspended in galactose synthetic media lacking uracil for a Ty3 induction 

period of 24 hours. Following induction, 1mL of induced cultures was inoculated into YPD media 

and grown overnight. Next, dilutions were plated on 5-floroorotic acid (5-FOA) media to select for 

cells which had lost the pGAL-Ty3-8N plasmid. Note that the Ty3-8N element transposed into 

yeast does not itself contain a selectable marker; thus cells being assayed may or may not actually 

contain a Ty3 insertion. After growth on 5-FOA media, colonies (~15-17,000 per replicate) were 

again scraped and pooled for gDNA isolation and sequencing library preparation (below). After 

sequencing, reads were mapped to the sacCer3 S. cerevisiae genome using Bowtie (Langmead 

et al., 2009). Custom scripts were developed for cataloging unique Ty3 integration events. 

 

Metadata analysis 

 Previously published ChIP-seq datasets in bigwig, or bed format were obtained from 

the Gene Expression Omnibus (GEO) http://www.ncbi.nlm.nih.gov/geo/. Software obtained from 

UCSC (http://hgdownload.cse.ucsc.edu/admin/exe/) and other custom scripts were used to 

quantify fold enrichment at RNAP3 transcribed genes. Protein occupancy was measured in 4-

base increments for each tRNA target with 500 bases up and downstream of the tRNA. For 

Wilcoxon Rank Sum tests, a 100 bp window surrounding the typical Ty3 insertion site position (14 

bp upstream of the tRNA) was averaged for each target site and compared as indicated in Figure 

3.2.  
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ChIP assays 

 Chromatin Immunoprecipitation (ChIP) protocols were based on examples from 

previous publications (Kuras and Struhl, 1999; Boukaba et al., 2004; Zentner and Henikoff, 2013b; 

Zentner et al., 2013; Kasinathan et al., 2014). Cells were cultured in conditions comparable to 

those used for Retro-seq, from fresh plate colonies were grown overnight in YPD or selective 

media then resuspended to an OD600 of 0.2 in synthetic raffinose -URA media for 20-24 hours. 

Next, synthetic galactose media was inoculated at an OD600 of 0.2 and grown for 24 hours, after 

which 100 mL YPD cultures (YPD + G418 for ectopic integrase ChIP experiments) were 

inoculated at an OD600 of 0.05 and grown to an OD600 of ~1.0. For ectopic integrase experiments, 

cells were transferred from SGAL media to YPD + G418, grown for 2-3 hours and were given 10 

µM β-estradiol ~6 hours prior to harvesting. All experiments were done at room temperature. Upon 

collection, cultures were cross-linked for 15 minutes by adding 1/10 culture volume of cross-link 

solution (50 mM HEPES-KOH pH 7.5, 100mM NaCl, 1 mM EDTA pH 8, 11% formaldehyde) at 

room temperature with very light shaking. Next cultures were quenched with 300 mM Glycine and 

light shaking for 5 minutes. Cells were pelleted and washed with cold 1X PBS then dried and 

frozen in dry ice. For chromatin preparation, cell pellets were resuspended in Extraction Buffer 

(50 mM HEPES-KOH pH 7.5, 140 mM NaCl, 1 mM EDTA pH 8, 1% Triton-X) plus protease 

inhibitor cocktail (Sigma-Aldrich). Approximately 0.6 grams of glass beads were added and cells 

were mechanically sheared at 4°C by vortexing for 30 minutes. Next lysates were pelleted at 4°C 

for 5 minutes and supernatants cleared. Cell pellets were resuspended in 700 µl of Extraction 

Buffer, divided into two aliquots and sonicated for 7-10 minutes in a Biorupter Standard 

(Diagenode). Sheared chromatin was evaluated by first treating with RNase and then Pronase E 

(Sigma-Aldrich) followed by gel electrophoresis. Bradford assay was used to approximate the 

chromatin concentration (Bradford, 1976). For immunoprecipitations, Anti-FLAG M2 Magnetic 

Beads (Sigma-Aldrich) after beads were washed in Extraction Buffer and then 50 µg of chromatin 

was mixed with 20 µl of beads followed by incubating with rotation overnight at 4°C. Following 
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incubation beads were washed in Extraction Buffer with increasing concentrations of NaCl: 140 

mM, 300 mM, 600 mM and final wash with 250 mM LiCl. Each wash was done for 5 minutes at 

4°C with rotation. Beads were then resuspended in 200 µl of 1X HE (10 mM HEPES-KOH pH 7.5, 

1 mM EDTA). For input control samples 5 µgs of chromatin was diluted into 200 µl of 1X HE. IPs 

and input samples were RNased (20 µg) for 1 hour followed by Pronase E (40 µg) for 4-5 hours. 

DNA was then purified using the Zymo DNA Clean and Concentrator kit with 5X ChIP-DNA 

Binding Buffer (Genesee, Inc.). Purified DNA was then used for qPCR or DNA sequencing.  

 

DNA sequencing library preparation 

 Preparation of DNA sequencing libraries for Illumina sequencing was adapted from 

the Illumina Multiplex Sample Preparation Guide. Genomic DNA was extracted by mechanical 

shearing with glass beads, followed by phenol:chloroform extraction and alcohol precipitation. 

Isolated genomic DNA was both RNased and proteased after extraction. Approximately 5-10 µg 

of gDNA was sheared to 200-1000 bp in a 100 µl volume using the Biorupter Standard 

(Diagenode). DNA size was confirmed by gel electrophoresis. Sheared DNA was purified using 

the Zymo Clean and Concentrator with 5X ChIP DNA Binding Buffer (Genesee, Inc.). Next, DNA 

ends were blunted using the Fast DNA End Repair kit (Thermo Scientific), adenylated on their 3’-

end using the Klenow Exo- enzyme with 1 mM dATP (Fisher Scientific), and ligated to adapters 

(Table 11.1). For Retro-seq samples, custom adapters were used for ligation. After ligation, each 

sample was divided in two and restriction digested using either BsrGI or NdeI and then 

recombined. For each sample, three technical replicate PCR reactions (10 cycles of 95°-30 sec, 

62°-30 sec, 72°-30 sec) were done using the high-fidelity KOD polymerase (EMD Millipore) with 

primers 4007/3678 which amplifies DNA from the internal Illumina Primer binding site to the 

adapter (Figure 2.3); note that each adapter is truncated on the leading strand so that only 

forward priming in the first PCR cycle will establish the reverse primer binding site. After column 

purification, a second round of PCR (10 cycles of 95°-30 sec, 62°-30 sec, 72°-30 sec) was done 
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using the Illumina universal forward primer and a multiplexed reverse primer unique to each 

sample (Table 11.1). Each sample was again split up into multiple technical replicates which were 

combined for DNA purification.  

 For ChIP-seq samples each individual sample was ligated with an adapter set having 

a unique multiplex barcode for sequencing. Following ligation, samples were purified using the 

Agencourt AMPure XP purification beads (Beckman Coulter, Inc.) at a ratio of 1.5X beads to DNA 

volume and eluted in water. Nine replicate PCR reactions were made for each sample using 

primers 3689/5112. Approximately 4-6 ngs of DNA template was used per reaction. PCR was 

done using the high-fidelity KOD polymerase with conditions 95°C 5 minutes, 5 cycles of 95°C 30 

seconds 65°C 30 seconds 70°C 30 seconds, followed by 10 cycles of 95°C 30 seconds 61°C 30 

seconds 70°C 30 seconds, and a final 70°C for 2 minutes. All sequencing libraries were first 

evaluated by gel electrophoresis, then submitted to the University of California, Irvine Genomics 

High-throughput Facility for Bioanalyzer 2100 (Agilent) analysis, KAPA quantification for sample 

mixing and sequencing on the Illumina Hi-Seq 2500.  

 

ChIP-seq data analysis  

 Fastq files were mapped to the sacCer3 genome using Bowtie2 (Langdon, 2015). 

To be as quantitative as possible, only reads which mapped to one location with concordant mate 

pairs were used for downstream analysis. For Brf1 and Rpc34 experiments an untagged wild type 

sample was identically treated and sequenced. For an IN-FLAG ChIP-seq control, an empty 

vector replicate was included. Peak calling and fold enrichment analysis were done using MACS2 

(Zhang et al., 2008); for all three proteins, strong reproducibility with replicate samples was 

observed (Figure 4.1).  
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Ty3 plasmid-transposition assay 

 The pGal-Ty3-8N plasmid and target tDNA plasmid were double-transformed into 

BY4741 using conventional lithium acetate/carrier ssDNA protocol.  Cells were plated on SD-Ura-

Leu to screen for double-transformants.  Randomly selected viable colonies were purified on SD-

Ura-Leu agar and confirmed for the presence of pGAL-Ty3-8N and target plasmids via PCR with 

primer sets XQ3659/KP4288 and BH4274/BH4275, respectively. Per experiment, four 

independent biological replicates of each target plasmid type were cultured in 5 mL SD-Ura-Leu 

at 30°C overnight.  To de-repress galactose-associated catabolic genes, each replicate was 

inoculated to 0.2 OD600 of cells in 50 mL of SRaff-Ura-Leu and incubated at 23°C for 24 hrs with 

200 rpm shaking.  To induce Ty3 transposition, each replicate was subsequently inoculated to 

0.2 OD600 of cells in 50 mL of SGal-Ura-Leu and incubated at 23°C for 24 hrs with 200 rpm 

shaking.  15 OD600 of cells were then pelleted and frozen at -80°C.  Cells were washed at each 

transfer step with 1 mL of the media to be inoculated.  DNA was extracted from each replicate 

using the Thermo Scientific GeneJET Plasmid Miniprep kit with twice the recommended volume 

of reagents and using 20-30 min of glass bead vortexing during resuspension.  

 

Transcription assay from plasmid-borne tRNA genes 

 RNAP3 transcription of plasmid borne tRNAs was done by extending the mature 3’-

end of the tRNA with the URA3 derived sequence 5’-

GGAACGGCTGCTACTCATCCTAGTCCGTTGCTG-3’. BY4741 cultures with modified plasmids 

(Table 11.1) were grown identically to plasmid transposition experiments except that cells were 

isolated after ~12 hours of galactose induction when cultures reached an OD600 of ~1.0; upon 

collection cells were pelleted at room temp, washed once in water and frozen on dry ice. RNA 

extraction was done with the Yeastar RNA isolation kit (Genesee, Inc.) which can purify RNA 

molecules as small as 17 bp. Next, preps were cleared of DNA using DNAseI (Thermo Fisher 

Scientific, Inc.), followed by RNA purification using the RNA Clean and Concentrator kit (Genesee, 
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Inc.). RNA quality was confirmed on an agarose gel. Next cDNA was made from 1 µg of RNA 

using the iScript Reverse Transcription Supermix (Bio-Rad Laboratories, Inc.); resulting samples 

were diluted 1/5 and used directly for qPCR.  

 

Quantitative PCR 

 All qPCR experiments were done using the CFX96 C1000 Touch (Bio-Rad). For 

ChIP-qPCR experiments percent enrichment of input was calculated using the formula 2-[Elution Cq-

(Input Cq+log2DF)]*100. BY4741 (Brf1 or Rpc34) or BY4741 + empty β-estradiol –induced vector 

pKP3915 (Integrase control) were used as negative controls. Negative control values were 

subtracted from corresponding samples. All primers used for qPCR experiments are described in 

Table 11.1.  

 Ty3 plasmid-transposition was quantified from 20 ng of recovered plasmid DNA. 

Transposition was measured in both orientations relative to the target tRNA using Ty3 LTR primer 

KP4660 and reverse primers VB2275 (sense) or KP4996 (anti-sense). Total plasmid was 

quantified using primers BH4274 and BH4275 in the LEU2 marker. Sense and anti-sense 

transposition Cq values were each separately normalized to LEU2 using the formula 2-(Ty3 Cq – LEU2 

Cq), and then added together for a combined transposition signal.  For each glutamine set, the 25 

bp and 75 bp target swaps were normalized relative to the wild type, which was arbitrarily set to 

100 %. Transposition frequencies for hot and cold wild-type tRNA plasmids were normalized to 

standard curves from pCR®2.1 TOPO® (Thermo Fisher Scientific Inc.) vectors containing qPCR 

products. Total copy number of sense and anti-sense transposition was normalized to LEU2. 

 For plasmid transcription assays cDNA was used to amplify each tRNA plus the 

transcribed LEU2 and SUP61. For normalization the Cq values were first normalized to genomic 

SUP61 and then LEU2 as follows: 2-[(tRNA Cq- SUP61 Cq) - (LEU2 Cq - SUP61 Cq)]. For each glutamine set, the 

25 bp and 75 bp target swaps were normalized relative to the wild type, which was arbitrarily set 
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to one. Transcription assays comparing ptQMt and ptQBt were normalized to standard curves as 

above. 

 ChIP-qPCR was done at several genomic tRNA sites and ACT1. For each 

experiment, Input and IP samples recovered from ChIP were assayed using the primers described 

in Table 11.1. Percent enrichment was calculated using the formula 100*2[(Input Cq + log2DF) - IP Cq].  

 

Data analysis 

 Figures were prepared in R using the following packages: all boxplots, scatter plots, 

bar graphs, violin plots and protein occupancy graphs were made with the ggplot2 (Wickham, 

2009), heatmaps were made with gplot (Gregory R. Warnes, 2016) and lattice (Sarkar, 2008), 

pROC was used for ROC analysis (Robin et al., 2011) and ade4 for tri-plots (Dray and Dufour, 

2007). The Circos diagram was made with Circos software (Krzywinski et al., 2009). DNA 

curvature and bendability were measured using the bend.it tool (Vlahovicek et al., 2003) along 

with custom scripts for batch analysis. Unless otherwise noted, computer software generated in 

house for analysis was made in either Python 2.7 (http://www.python.org), or Perl 

(https://www.perl.org/) and is available upon request. 
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Chapter 12 
 
Materials and Methods for Y. lipolytica 
Chapters 6 - 9 
 
 
Yarrowia lipolytica strains and plasmids and growth conditions 

 Y. lipolytica strains and plasmids used in this study are summarized in Table 12.1. 

The Hermes DNA transposon plasmid pHL2578 and transposase containing plasmid pHL2577 

were obtained from the Levin lab (Evertts et al., 2007); the kanMX6 marker flanked by the Hermes 

TIRs was replaced with the Y. lipolytica LEU2 gene and cloned together with a codon optimized 

transposase under TEF1 promotion, to make pMT3919. Transposition was done in Y. lipolytica 

strains yJY1953 or yJY2006 derived from the CLIB89 parent strain (Magnan et al., 2016). Y. 

lipolytica knockout mutants were all derived from yJY1953 using PCR transformation of knockout 

cassettes or from yJY2006 using CRISPR. Transformations were selected on synthetic media 

supplemented with 2% glucose or YP media supplemented with 2% of glucose (YPD) or glycerol 

(YPG). Transformants were grown at room temp and liquid Cultures were kept at 23°C.  
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Table 12.1: Strains, plasmids and primers used for Y. lipolytica experiments described in Chapters 8-9. 

Strains    

   

Strain Name Genotype Reference 

ySBS1733 wt CLIB89, ATCC 20460  This work 

yJY1832 ySBS1733, ura3∆ This work 

yJY1948 ySBS1733, ura3∆ This work 

yJY1953 yJY1948, ura3∆, leu2∆ This work 

yJY2002 y1948, URA3::leu2∆ This work 

yJY2006 yJY2002, ura3∆, leu2∆ This work 

yEJ1986 yJY1953, leu2∆, URA3:: rpd3∆ This work 

yEJ1988 yJY1953, leu2∆, URA3::utr1∆ This work 

yJY1984 yJY1953, leu2∆, mae1∆ This work 

yJY1862 yJY1832, URA3:: ku70∆ This work 

y1853 yJY1832, URA3:: gut2∆ This work 

yJL2008 yJY2006, ura3∆, leu2∆, pex10 This work 

yJL2009 yJY2006, ura3∆, leu2∆, ade2 This work 

yJL2011 yJY2006, ura3∆, leu2∆, gpd1 This work 

 

Plasmid     
     

Plasmid 
Name Description E. coli 

Marker 
Y. lipolytica 
Marker Reference 

pJY3919 Tef1 promoter driving recoded Hermes 
transposase Ampicillin URA3, LEU2 this work 

pDTN3950 Template for URA3 cassette for RPD3, 
UTR1, and MAE1, KU70 KO cassettes. Ampicillin URA3 this work 

pSBS4053 CRISPR plasmid for Y. lipolytica Ampicillin LEU2 (Schwartz et al., 2016) 

pJL4064 CRISPR plasmid to disrupt SNF1 Ampicillin LEU2 this work 

pJY4068 SNF1 expressed on a plasmid with mutant 
PAM site for plasmid shuffle Ampicillin LEU2 this work 

pJL4070 CRISPR plasmid to disrupt GPD1 Ampicillin LEU2 this work 

pJL4071 CRISPR plasmid to disrupt HIS3 Ampicillin LEU2 this work 

pJL4072 HIS3 expressed on a plasmid with mutant 
PAM site for plasmid shuffle Ampicillin LEU2 this work 

pJL4073 CRISPR plasmid to disrupt ADE2 Ampicillin LEU2 this work 

pJL4074 CRISPR plasmid to disrupt PEX10 Ampicillin LEU2 this work 

 

Primers    

    
Primer 
Name Sequence 5’ – 3’ Description  

JY3837 TAGGAAAGGGGTGACACTGC Upstream for URA3 KO. Forward. 

JY3838 CCACCCACAGCGGTCCATTTCTCACCAACT Upstream for URA3 KO. Reverse. 

JY3839 AAATGGACCGCTGTGGGTGGAGCCATAAGT Downstream for URA3 KO. Forward. 
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Primers    

    
Primer 
Name Sequence 5’ – 3’ Description  

JY3840 GCCATCTACAGGCGTTCTTC Downstream for URA3 KO. Reverse. 

JY4161 GCCGATCTGGCATCAACAGTCTCTCTCACAATGCA Upstream for LEU2 KO. Forward. 

JY4162 CACCGGTATTTAAATGTGCACCCCATTAGTGTTCCAT Upstream for LEU2 KO. Reverse. 

JY4163 GGGTGCACATTTAAATACCGGTGTAGCAACCTTGAC Downstream for LEU2 KO. Forward. 

JY4164 GCCCAACAGGCAGTACAAGAAGCACACGGCATATCT Downstream for LEU2 KO. Reverse. 

JY4159 AAGTCGATTTAAATATAACTTCGTATAATGTATGCTATACGAAGTTA
TGCCAAACTGATCTCAAGACTTTATT 

amplify ylURA3 with loxP sites and a SwaI cut 
site. Forward 

JY4160 TCGTCCATTTAAATATAACTTCGTATAGCATACATTATACGAAGTTA
TAGAATGTCTTCAGTGCAAATTTGAA 

amplify ylURA3 with loxP sites and a SwaI cut 
site. Reverse 

JY4485 CTCCCCACAGCACAAATGTCACAT To check for LEU2 KO. Forward. 

JY4486 CAAGGAGCCGTACAAGGAAGGTC To check for LEU2 KO. Reverse 

JY4856 GATACCCAGCACATTTCCG Amplifies loxP URA3 from pDTN3950  for RPD3, 
UTR1, and MAE1, KU70 cassettes Forward. 

JY4857 AATGTGATGGAGGATGCCAT Amplifies loxP URA3 from pDTN3950 for RPD3, 
UTR1, and MAE1, KU70 cassettes. Reverse 

JY4203 AAAACGCAGCTGTCAGACC for sequencing out into flanking region. 
Upstream reverse. 

JY4204 TCACAATACCACCACTGCACTAC for sequencing out into flanking region. 
downstream forward. 

EJ5208 TCTATCGTGCCTTGCTTGTC Upstream for RPD3 KO. Forward. 

EJ5209 CGGAAATGTGCTGGGTATCTCGCTTCGGTTCTGTAGGTT Upstream for RPD3 KO. Reverse. 

EJ5210 ATGGCATCCTCCATCACATTGGATGTGTGAGGTTGGTGGA Downstream for RPD3 KO. Forward. 

EJ5211 TGGGGCCCTGTAATATCTGC Downstream for RPD3 KO. Reverse. 

EJ5212 GGAACTTGGCCAGTGTCAGT To check for RPD3 KO. Forward. 

EJ5213 TATTTGCTTCGCTTTGTCCA To check for RPD3 KO. Reverse 

JY4854 TTATTCATCACCTCCCAGAACCTGA Upstream for MAE1 KO. Forward. 

JY4855 CGGAAATGTGCTGGGTATCAGAAGACGAATGCCGTCGAA Upstream for MAE1 KO. Reverse. 

JY4858 ATGGCATCCTCCATCACATTTGGAATAGTGGAATACAGCTTGATAA Downstream for MAE1 KO. Forward. 

JY4859 TCCTTGAGCTCCTTCATCATCT Downstream for MAE1 KO. Reverse. 

JY4876 TTCTACCAGGTCCATGAGCA To check for MAE1 KO. Forward. 

EJ5222 TGCTTCTCATTGGTGTCGAG Upstream for UTR1 KO. Forward. 

EJ5223 CGGAAATGTGCTGGGTATCTGGCCTATTCCCACTTTTTG Upstream for UTR1 KO. Reverse. 

EJ5224 ATGGCATCCTCCATCACATTGGGCTGTAGGGAGTCAGTTG Downstream for UTR1 KO. Forward. 

EJ5225 TGTGGAGAGTGCCTATGCTG Downstream for UTR1 KO. Reverse. 

EJ5234 GATCATGGGTGGTTCTGCCA To check for UTR1 KO. Forward. 

EJ5235 CCGTCGTCGTTATCCTCACT To check for UTR1 KO. Reverse 

JY4291 CGGCTTGTACACACCGACAG Upstream for KU79 KO. Forward. 

JY4292 GCCTCCCTAGATTTAAATATTCCATTTTCAAAAAGCGGC Upstream for KU70 KO. Reverse. 

JY4293 AAATGGAATATTTAAATCTAGGGAGGCACATCTAAACGAATA Downstream for KU70 KO. Forward. 

JY4294 CTTGCTATCATGGCTGAAGTTGAG Downstream for KU70 KO. Reverse. 

JY4304 CACTACACTACTTGTACCATTCTACCC To check for KU70 KO. Reverse. 

JY3886 GCAGATCCACTGTCAAGCCG Upstream for GUT2 KO. Forward. 

JY3887 AGTCCGGCGGCCGCGGTAGGAAAGAGAAGTTCCGCG Upstream for GUT2 KO. Reverse. 

JY3888 CCTACCGCGGCCGCCGGACTATTTCCCCGCAGC Downstream for GUT2 KO. Forward. 
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Primers    

    
Primer 
Name Sequence 5’ – 3’ Description  

JY3889 GCAGCCAGCAGCACGTAGTAG Downstream for GUT2 KO. Reverse. 

JY3890 ACTTGCGGCCGCGTTAGAGGTTAGACTATGGATATGTCATTTAACT Amplifies yl URA3 for GUT2 KO cassette. 
Forward 

JY3891 ACTTGCGGCCGCCTAACAGTTAATCTTCTGGTAAGCCTCC Amplifies yl URA3 for GUT2 KO cassette. 
Reverse 

JY3944 GCCATCTGTCGGTAAGTGGT To check for GUT2 KO. Forward. 

JY3945 GTTGAGGGCAAGGTTGATGT To check for GUT2 KO. Reverse 

JY5556 GGGTCGGCGCAGGTTGACGTTTGAAATCATCGGCTACGCAGTTTT
AGAGCTAGAAATAGC sgRNA for ZWF1 CRISPR disruption.  

JY5557 GCTATTTCTAGCTCTAAAACTGCGTAGCCGATGATTTCAAACGTCA
ACCTGCGCCGACCC sgRNA for ZWF1 CRISPR disruption. Rev Comp 

JY5558 GAACATTCGACGGACCTGAT primers to check for zwf1 disruption. Forward 

JY5559 GAGGTAGTGGTCGATTCGGA primers to check for zwf1 disruption. Reverse 

JL5464 GGGTCGGCGCAGGTTGACGTGACGAGATGCTGTTCAAGCAGTTTT
AGAGCTAGAAATAGC sgRNA for PEX10 CRISPR disruption.  

JL5465 GCTATTTCTAGCTCTAAAACTGCTTGAACAGCATCTCGTCACGTCA
ACCTGCGCCGACCC 

sgRNA for PEX10 CRISPR disruption. Rev 
Comp 

JL5475 ATGTGGGGAAGTTCACATGC primers to check for PEX10 disruption. Forward 

JL5476 TCCACCAGATGGGGATACTC primers to check for PEX10 disruption. Reverse 

JL5435 GGGTCGGCGCAGGTTGACGTCCAGTTACCAGAACCAACAAGTTTT
AGAGCTAGAAATAGC sgRNA for GPD1 CRISPR disruption.  

JL5436 GCTATTTCTAGCTCTAAAACTTGTTGGTTCTGGTAACTGGACGTCA
ACCTGCGCCGACCC sgRNA for GPD1 CRISPR disruption. Rev Comp 

JL5437 GCTCTACTTCGATCGTCCCTG primers to check for GPD1 disruption. Forward 

JL5438 GGAGAGCAGGTAAACACCCT primers to check for GPD1 disruption. Reverse 

JL5433 GGGTCGGCGCAGGTTGACGTAATGTTGGAGAGTCCAAAGTGTTTT
AGAGCTAGAAATAGC sgRNA for SNF1 CRISPR disruption.  

JL5434 GCTATTTCTAGCTCTAAAACACTTTGGACTCTCCAACATTACGTCAA
CCTGCGCCGACCC sgRNA for SNF1 CRISPR disruption. Rev Comp 

JL5428 GGCCGGTACCAAATCATCAA primers to check for SNF1 disruption. Forward 

JL5429 AGCTTGCCACTGATAACCTCG primers to check for SNF1 disruption. Reverse 

JY5440 GGTTTTCAGTATAATGTTACATGCGTACATGGGGAACCTCTGTTAG
ATGA clone SNF1 for plasmid shuffle. Forward. 

JY5441 TTTGGACTTGATCACGTCGTACA abrogate PAM sequence in SNF1 plasmid 
shuffle via Dpn mutagenesis. Reverse 

JY5442 TGTACGACGTGATCAAGTCCAAAGATGAAATCATCATGGTGATTG abrogate PAM sequence SNF1 plasmid shuffle 
via Dpn mutagenesis. Forward 

JY5443 GCTCATGAGACAATAACCCTGATTTACCAAGGAGTGTTTGGCCTA clone SNF1 for plasmid shuffle. Reverse. 

JL5457 GGGTCGGCGCAGGTTGACGTCGATAGTGCCTCGTCAAGAGGTTTT
AGAGCTAGAAATAGC sgRNA for HIS3 CRISPR disruption.  

JL5458 GCTATTTCTAGCTCTAAAACCTCTTGACGAGGCACTATCGACGTCA
ACCTGCGCCGACCC sgRNA for HIS3 CRISPR disruption. Rev Comp 

JL5472 GGGATCTCAAAAGCTGCAAA primers to check for HIS3 disruption. Forward 

JL5463 CGACGAGAGACCAAGGAGAC primers to check for HIS3 disruption. Reverse 

JL5444 GCTCATGAGACAATAACCCTGATTTGGGGTTCGGGTCTAAAGATG clone SNF1 for plasmid shuffle. Forward. 

JL5445 CGTCAAGAGGAGCATATGCGTA abrogate pam sequence in HIS3 plasmid shuffle. 
Reverse 

JL5446 TACGCATATGCTCCTCTTGACG abrogate pam sequence in HIS3 plasmid shuffle. 
Forward 

JL5447 GGTTTTCAGTATAATGTTACATGCGTACACCAAACAGCACAGACGA
ATG clone SNF1 for plasmid shuffle. Reverse 

JL5466 GGGTCGGCGCAGGTTGACGTGTTCACATGCTCAATTTCAAGTTTTA
GAGCTAGAAATAGC sgRNA for ADE2 CRISPR disruption.  

JL5467 GCTATTTCTAGCTCTAAAACTTGAAATTGAGCATGTGAACACGTCA
ACCTGCGCCGACCC sgRNA for ADE2 CRISPR disruption. Rev Comp 
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Primers    

    
Primer 
Name Sequence 5’ – 3’ Description  

JL5477 CCATCGACTCAACGTCAAGA primers to check for ADE2 disruption. Forward 

JL5478 CTTGACGAAGGGACACCATT primers to check for ADE2 disruption. Reverse 

KP5111 P-GATCGGAAGAGCACACGTCTGAACTCCAGTCAC-3'AMINO Adapter sequence to anneal to multiplex primers 
4838, 4845-46 and 4966-72 

KP4838 CAAGCAGAAGACGGCATACGAGATCGTGATGTGACTGGAGTTCAG
ACGTGTGCTCTTCCGATCT 

Multiplex Adapter with 5111 for seq library 

KP4845 CAAGCAGAAGACGGCATACGAGATACATCGGTGACTGGAGTTCAG
ACGTGTGCTCTTCCGATCT 

Multiplex Adapter with 5111 for seq library 

KP4846 CAAGCAGAAGACGGCATACGAGATGCCTAAGTGACTGGAGTTCAG
ACGTGTGCTCTTCCGATCT 

Multiplex Adapter with 5111 for seq library 

KP4966 CAAGCAGAAGACGGCATACGAGATTGGTCAGTGACTGGAGTTCAG
ACGTGTGCTCTTCCGATCT 

Multiplex Adapter with 5111 for seq library 

KP4967 CAAGCAGAAGACGGCATACGAGATCACTGTGTGACTGGAGTTCAG
ACGTGTGCTCTTCCGATCT 

Multiplex Adapter with 5111 for seq library 

KP4968 CAAGCAGAAGACGGCATACGAGATATTGGCGTGACTGGAGTTCAG
ACGTGTGCTCTTCCGATCT 

Multiplex Adapter with 5111 for seq library 

KP4969 CAAGCAGAAGACGGCATACGAGATGATCTGGTGACTGGAGTTCAG
ACGTGTGCTCTTCCGATCT 

Multiplex Adapter with 5111 for seq library 

KP4970 CAAGCAGAAGACGGCATACGAGATTCAAGTGTGACTGGAGTTCAG
ACGTGTGCTCTTCCGATCT 

Multiplex Adapter with 5111 for seq library 

KP4971 CAAGCAGAAGACGGCATACGAGATCTGATCGTGACTGGAGTTCAG
ACGTGTGCTCTTCCGATCT 

Multiplex Adapter with 5111 for seq library 

KP4972 CAAGCAGAAGACGGCATACGAGATAAGCTAGTGACTGGAGTTCAG
ACGTGTGCTCTTCCGATCT 

Multiplex Adapter with 5111 for seq library 

KP4973 CAAGCAGAAGACGGCATACGAGATGTAGCCGTGACTGGAGTTCAG
ACGTGTGCTCTTCCGATCT 

Multiplex Adapter with 5111 for seq library 

KP4974 CAAGCAGAAGACGGCATACGAGATTACAAGGTGACTGGAGTTCAG
ACGTGTGCTCTTCCGATCT 

Multiplex Adapter with 5111 for seq library 
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Hermes transposition in Y. lipolytica 

 Fresh yJY1953 or yJY2006 colonies were and grown in YPD overnight at 30°C. Next, 

a 1:50 dilution was made in fresh YPD and grown to an OD600 of ~1 – 1.5 at 30°C, and then 

transformed with pMT3919 and plated on several 150mm plates of SD-leucine (detailed 

transformation protocol available by request). For sequencing experiments, the number of 

transformed colonies roughly equals the number of unique mutants returned; thus, we prepared 

up to 100 individual transformations per experiment. Colony transformants were grown up at room 

temp, pooled by scraping and mixed. Next, cells were diluted 1:100 and 250 µL of cells were 

plated on up to 100 150mm plates of SD –LEU/+5-FOA to counter select against the URA3 

containing pMT3919 backbone. After 5-FOA resistant colonies were grown at room temp they 

were again pooled and mixed. Aliquots were made for freezer stocks or gDNA isolation (Gen0). 

For competitive growth experiments in YPD or YPG, four 100 mL replicate cultures were 

inoculated with a starting OD600 of 0.05 immediately after collection of cells from 5-FOA plates. 

For passaging, every 12 hours of growth at 23°C cultures were re-inoculated to an OD600 of 0.05 

in fresh media. At each passage the number of generations was calculated based on the OD600, 

and at 23 and 80 generations 100 OD of cells from each replicate was harvested for gDNA 

isolation. 

 

Quantitative PCR analysis of Hermes copy number 

 Quantitative PCR analysis of LEU2 copy number in transposed mutants was carried 

out by James Yu. DNA extraction for the samples was performed by phenol:chloroform extraction 

as described above. The amplification reaction mixture consisted of 40 ng of genomic DNA, 4 uL 

of 5x HOT FIREPol qPCR Mix (Solis Biodyne), and 1.2 uL 10 uM primers in 20 uL total reaction 

volume. The PCR reactions were carried out on the CFX96 RealTime System (Biorad). Reaction 

conditions are as follows: Initial denaturation for 15 min at 95°C, followed by 40 cycles of 95° C 

for 15 s, 60° C for 20 s, 72° C for 20 s. In addition, all genomic DNAs were pooled and diluted into 
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a 5 fold dilution series (200 ng, 40 ng, 8 ng DNA) to generate a standard curve to determine 

amplification efficiency. This efficiency calculation was used to determine relative starting 

quantities for both LEU2 and ACT1 (Table 12.1).  

Sequencing library preparation 

 Genomic DNA was extracted by mechanical shearing with glass beads, followed by 

phenol:chloroform extraction and alcohol precipitation. Isolated genomic DNA was both RNased 

and proteased after extraction. Approximately 5-10 µg of gDNA was sheared to less than 1 kb in 

a 100 µl volume using the Biorupter Standard (Diagenode). DNA size was confirmed by gel 

electrophoresis. Sheared DNA was concentrated using the Zymo Clean and Concentrator with 

5X ChIP DNA Binding Buffer (Genesee, Inc.). DNA ends were repaired (blunted) using the Fast 

DNA End Repair kit (Thermo Scientific); then adenylated on their 3’-end using the Klenow Exo- 

enzyme with 0.2 mM dATP (Fisher Scientific). Custom sequencing adapters (0.5 µM) with Illumina 

multiplex barcodes (Table 12.1) were then ligated to each sample using T4 ligase (Thermo 

Scientific) for 6 hours at 22°C followed by 65°C for 10 minutes. Between enzyme reactions 

samples were purified using the Agencourt AMPure XP purification beads (Beckman Coulter, 

Inc.). PCR enrichment of hermes TIR –gDNA borders was done using the high-fidelity KOD 

polymerase (EMD Millipore) as follows: 95°C 5 minutes, 5 cycles of 95°C 30 seconds 65°C 30 

seconds 70°C 30 seconds, followed by 20 cycles of 95°C 30 seconds 61°C 30 seconds 70°C 30 

seconds, and a final 70°C for 2 minutes. Forward primer KP5113 anneals 26 bp from the 

downstream 3’-end of the TIR, and reverse primer KP5112 anneals to the adapter upstream of 

the Illumina multiplex barcode. The same PCR primers were used for all samples. To avoid PCR 

bias each library sample was split into 16 technical replicates, then recombined and size selected 

using the AMPure XP Beads. Each PCR reaction contained 25 ngs of template DNA. After 

sizing/purification of PCR products samples were submitted to the University of California, Irvine 

Genomics High-throughput Facility for Bioanalyzer 2100 (Agilent) analysis, KAPA quantification 

and single end 100 base pair sequencing on the Illumina Hi-Seq 2500.  
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Sequencing data analysis 

 Sequence data is summarized in Table 8.1. Briefly, reads were first filtered for 

legitimate hermes TIR-gDNA borders using the last 26 bases immediately downstream of KP5113 

primer binding site as a tag filter out miss-primed reads. Next TIR sequence was trimmed and 

remaining DNA was mapped to the CLIB89 genome (Magnan et al., 2016) using bowtie2 

(Langmead and Salzberg, 2012). Each unique read mapped was considered a Hermes insertion 

site; reads with multiple mapped positions were randomly assigned. Hermes insertion coordinates 

were mapped to gene annotations using BEDTools (Quinlan and Hall, 2010). Essential gene 

classification was done using custom Pythonv2.7 scripts which are available upon request (see 

below). Insertion site motif analysis was done using WebLogo (Schneider and Stephens, 1990; 

Crooks et al., 2004). Phenotype data from S. cerevisiae for comparison to Yarrowia was acquired 

from the Saccharomyces Genome Database (SGD) (www.yeastgenome.org). Y. lipolytica 

homologues to S. cerevisiae genes were acquired from the CLIB89 genome annotation (Magnan 

et al., 2016). For simulated transposition (Figure 8.3d), custom scripts were used to scan the 

CLIB89 genome for all nTnnnnAn or nAnnnnTn sites, this catalogue of potential sites was mapped 

to genome annotations using BEDTools. All graphs were prepared in R Studio.  

 

Essential gene classification 

 Identification of essential genes based on transposition profiling in bacteria and yeast 

has demonstrated that essential genomic regions will be devoid of hits because disruption by 

insertion impairs cell fitness (Hutchison et al., 1999; Gerdes et al., 2003; Christen et al., 2011; 

Guo et al., 2013). Using this platform, Y. lipolytica mutants were analyzed for genes for a 

statistically significant underrepresentation of Hermes insertions relative to an expected number 

of hits based on gene length (L). Similar to Gerdes et al., our gene classification system (GCS) 

uses the Poisson distribution to test the probability of witnessing k insertions assuming a rate of 
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96.006 bp/hit for genes (λ) and a rate of 21.474 bp/hit for intergenic regions (λi). When the 

probability (P) of witnessing k insertions in a gene of length L was below 0.05, the gene was 

classified as essential.  

Pk(L) = 
[�𝐿𝐿𝜆𝜆�∗𝑅𝑅]𝑘𝑘

𝑘𝑘!
∗  𝑒𝑒−[�𝐿𝐿𝜆𝜆�∗𝑅𝑅] 

Local features flanking a gene such as heterochromatin or gene density can impact the hit 

frequency; thus the local hit density a 5’ and 3’ 1 kb flanking region (Lf) was used as a metric for 

determining the local correction ratio (R). R is defined as the ratio of observed local hit frequency 

over the expected. Observed local hits includes the sum gene hits (Hgene) and each 1 kb flank 

(Hflank); whereas expected hits includes the sum of expected gene hits (Lλ) and flanking (Lfλi). 

Thus R is defined as  

R = 
(Hgene+ Hflank)

[�L
λ�+ �Lf

λi�]
 

When R < 1, it was multiplied by the expected gene hit value in the Poisson equation above; 

however, when R ≥ 1 no correction was applied (i.e. R=1).  

 In calculating of the GCS only unique insertions were included. Two classes of hits 

were excluded from the GCS calculation.  First, hits in several genes were restricted to introns, 

consistent with tolerance for intronic but not exonic disruption. Tolerance could be related to lack 

of an effect of insertions on splicing and therefore gene expression.  Alternatively, in fungi, introns 

are at the extreme 5’ ends of genes so that downstream secondary transcription/translation 

initiation alleviate effects of intronic insertions. These interpretations are consistent with studies 

of DNA transposition of the related hAT family transposon piggyBac in D. melanogaster that 

showed that transposition into introns can modify, but not necessarily eliminate gene expression 

(Hacker et al., 2003). Intronic hits were excluded from the GCS from Poisson analysis by 

subtracting them from Hgene, however they were still included when calculating the genome-wide 

rate of gene hits (λ). Second, some genes were represented by solely by hits restricted to the 
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downstream end.  In previous integration profiling, including Tn3 disruption profiling of S. 

cerevisiae (Ross-Macdonald et al., 1999) and Tf1 profiling of S. pombe (Guo et al., 2013), 3’-

terminal hits were associated with expression of truncated proteins that retained significant 

activity. In order to avoid false negative findings based on lower phenotypic penetrance of 3’ hits, 

insertions restricted to the downstream 10 % of the ORF were subtracted from Hgene when two 

criteria were met: (i) 3’-end hits were ≥ 3 and (ii) 3’-end hits were ≥ 50 % of the total Hgene. Using 

the above GCS, genes were classified as essential, sick, non-essential or poor essential for genes 

which could not be reliable classified (results). Finally, longer genes occasionally demonstrated 

an expected vs. observed hit margin is sufficient to produce a P < 0.05, despite ample hits. To 

account for this the gene density (hits/kb/m) of essential genes was were plotted as a histogram 

(data not shown) and we noted that 95 % of all essential genes classified thus far had a gene 

density less than 8. This cutoff value was applied as a check to our GCS, providing a second level 

of scrutiny.    

 Competitive growth experiments in YPD or YPG Gen80 samples were analyzed as 

above except inter and intra –genic hit frequencies (λ) were recalculated for each Gen80 

population. After 80 generations, genes could remain non-essential, be reclassified as sick (poor 

competitive fitness in glucose and glycerol), glycerol-conditional (poor competitive fitness in 

glycerol only) or glucose-conditional (poor competitive fitness in glucose but not glycerol). After 

the initial Poisson evaluation, logical refining of gene classifications was done to ensure accuracy. 

For example, low flanking hit densities could allow a gene with 1 hit to have a P value > 0.05 

cause the gene to appear non-essential. Refining takes into account additional parameters such 

as gene density (hits/kb/M) and the overall median of gene hits for essential and non-essential 

genes to flag possible miscalls. In some cases the density of gene hits at Gen20 are also 

considered.  

 

Gene ontology analysis 
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 Gene ontology information was obtained using the Blast2GO software 

(www.blast2go.com). Using the CLIB89 reference genome, enriched GO terms were found using 

the Fisher Exact test (p < 0.05) and false discovery rate (FDR) correction. For comparison to Y. 

lipolytica, S. cerevisiae essential genes (phenotype:inviable) were collected from the 

Saccharomyces Genome Database (SGD) and S. pombe essential genes (FYPO:0002061) were 

taken from Pombase (www.pombase.org). GO enrichment for S. cerevisiae and S. pombe only 

was done using the Gene Ontology Consortium (Ashburner et al., 2000; Gene Ontology 

Consortium, 2015). The venn diagram in Figure 8.6b was prepared using venn.js software 

(https://github.com/benfred/venn.js). 
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Appendix Table 1 Host factors in common between Ty3 and HIV-1 

ORF 
Gene 
name Full name 

Ty3 
∆TPN1 Human Homolog 

Retrovirus 
host factor2 

YBR284W YBR284W up, down AMPD1, AMPD2, AMPD3  
YAR003W SWD1 Set1c, WD40 repeat protein up, down RBBP5, WDR72  
YPR119W CLB2 CycLin B up  CCNA1, CCNA2, CCNB1, CCNB2, 

CCNB3, CCNE1, CCNE2, CNTD2 
 

YPL256C CLN2 CycLiN up CCNB1, CCNB2, CNTD2  
YPL024W RMI1 RecQ Mediated genome 

Instability 
up   

YOR144C ELG1 Enhanced Level of 
Genomic instability 

up   

YOR039W CKB2 Casein Kinase Beta' subunit up CSNK2B  
YNR052C POP2 PGK promoter directed 

OverProduction 
up CNOT7, CNOT8  

YNL242W ATG2 AuTophaGy related up ATG2A, ATG2B  
YNL138W SRV2 Suppressor of RasVal19 up CAP1, CAP2  
YMR190C SGS1 Slow Growth Suppressor up BLM, RECQL, RECQL5, WRN  
YMR048W CSM3 Chromosome Segregation 

in Meiosis 
up   

YML051W GAL80 GALactose metabolism up GFOD1, GFOD2  
Y. 
lipolyticaR3
99C 

BDF1 BromoDomain Factor up BRD2, BRD3, BRD4, BRDT, 
CREBBP, EP300 

Konig et al., 
2008 

Y. 
lipolyticaR2
68W 

SEC22 SECretory up SEC22A, SEC22C  

Y. 
lipolyticaR2
35C 

Y. lipolyticaR235C up   

Y. 
lipolyticaR0
15W 

BRE2 BREfeldin A sensitivity up ASH2L  

Y. 
lipolyticaL0
44W 

Y. lipolyticaL044W up   

Y. 
lipolyticaL0
30C 

RRT7 Regulator of rDNA 
Transcription 

up   
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Appendix Table 1 Host factors in common between Ty3 and HIV-1 

ORF 
Gene 
name Full name 

Ty3 
∆TPN1 Human Homolog 

Retrovirus 
host factor2 

Y. 
lipolyticaL0
02W 

RTT109 Regulator of Ty1 
Transposition 

up   

YKR082W NUP133 NUclear Pore up NUP133 Brass et al., 
2008 

YKL135C APL2 clathrin Adaptor Protein 
complex Large chain 

up AP1B1, AP2B1, AP4B1  

YKL068W NUP100 NUclear Pore up NUP98, NUPL1 Konig et al., 
2008 

YKL057C NUP120 NUclear Pore up   
YKL041W VPS24 Vacuolar Protein Sorting up CHMP3  
YJL092W SRS2 Suppressor of Rad Six up   
YJL047C RTT101 Regulator of Ty1 

Transposition 
up CUL1  

YIR021W MRS1 Mitochondrial RNA 
Splicing 

up   

YIL090W ICE2 Inheritance of Cortical ER up   
YIL069C RPS24B Ribosomal Protein of the 

Small subunit 
up RPS24  

YIL015W BAR1 BARrier to the alpha factor 
response 

up CTSD, CTSE, NAPSA, PGA3, 
PGA4, PGA5, PGC, REN 

 

YIL011W TIR3 TIp1-Related up   
YIL009C-A EST3 Ever Shorter Telomeres up   
YHR177W YHR177W up   
YHR031C RRM3 rDNA Recombination 

Mutation 
up PIF1  

YHL030W ECM29 ExtraCellular Mutant up KIAA0368  
YHL003C LAG1 Longevity Assurance Gene up CERS1, CERS2, CERS3, CERS4, 

CERS5, CERS6, TRAM1, 
TRAM1L1, TRAM2 

 

YGR270W YTA7 Yeast Tat-binding Analog up ATAD2, ATAD2B  
YGR056W RSC1 Remodel the Structure of 

Chromatin 
up PBRM1  

YGL174W BUD13 BUD site selection up BUD13  
YGL066W SGF73 SaGa associated Factor, 73 

kDa 
up ATXN7, ATXN7L1, ATXN7L2, 

ATXN7L3, ATXN7L3B 
 

YGL058W RAD6 RADiation sensitive up UBE2A, UBE2B, UBE2S, UBE2W (Konig et al., 
2008) 

YER155C BEM2 Bud EMergence up ARHGAP21, ARHGAP23, 
ARHGAP35, CHN1, GMIP, 
HMHA1, RACGAP1, SYDE1, 
SYDE2 

 

YER060W-
A 

FCY22 FluoroCYtosine resistance up   

YER057C HMF1 Homologous Mmf1p Factor up HRSP12  
YEL013W VAC8 VACuole related up ANKAR, ARMC3, ARMC4, 

CTNNB1, JUP 
 

YEL004W YEA4  up SLC35B4  
YDR448W ADA2 transcriptional ADAptor up TADA2A, TADA2B  
YDR432W NPL3 Nuclear Protein 

Localization 
up CIRBP, DMKN, HNRNPA1, 

HNRNPA1L2, HNRNPA2B1, 
HNRNPA3, LOR, RBMX, 
RBMXL1, RBMXL2, RBMY1A1, 
RBMY1B, RBMY1D, RBMY1E, 
RBMY1F, RBMY1J, SRSF1, 
SRSF9 

 

YDR290W YDR290W up   
YDR289C RTT103 Regulator of Ty1 

Transposition 
up RPRD1A, RPRD1B, RPRD2  



168 
 

Appendix Table 1 Host factors in common between Ty3 and HIV-1 

ORF 
Gene 
name Full name 

Ty3 
∆TPN1 Human Homolog 

Retrovirus 
host factor2 

YDR176W NGG1  up TADA3  
YDR159W SAC3 Suppressor of ACtin up MCM3AP, SAC3D1  
YDR074W TPS2 Trehalose-6-phosphate 

PhoSphatase 
up   

YDL116W NUP84 NUclear Pore up NUP107 (Brass et al., 
2008) 

YDL074C BRE1 BREfeldin A sensitivity up RNF20, RNF40  
YDL056W MBP1 MluI-box Binding Protein up   
YCR020W-
B 

HTL1 High-Temperature Lethal up   

YCL061C MRC1 Mediator of the Replication 
Checkpoint 

up   

YCL037C SRO9 Suppressor of rho3 up   
YBR277C YBR277C up   
YBR269C FMP21 Found in Mitochondrial 

Proteome 
up C6orf57  

YBL094C YBL094C up   
YBL006C LDB7 Low Dye Binding up   
YPL084W BRO1 BCK1-like Resistance to 

Osmotic shock 
down PDCD6IP, PTPN23, RHPN1, 

RHPN2 
 

YNL236W SIN4 Switch INdependent down   
YMR154C RIM13 Regulator of IME2 down   
YPR173C VPS4 Vacuolar Protein Sorting down KATNA1, KATNAL1, KATNAL2, 

VPS4A, VPS4B 
(Zhou et al., 
2008) 

YPL225W YPL225W down PBDC1  
YPL150W YPL150W down MELK  
YPL125W KAP120 KAryoPherin down IPO11  
YPL065W VPS28 Vacuolar Protein Sorting down VPS28  
YPL042C SSN3 Suppressor of SNf1 down CDK19, CDK8  
YPL002C SNF8 Sucrose NonFermenting down SNF8  
YOR275C RIM20 Regulator of IME2 down PDCD6IP, PTPN23  
YOR270C VPH1 Vacuolar pH down ATP6V0A1, ATP6V0A2, 

ATP6V0A4, TCIRG1 
(Brass et al., 
2008) 

YOR055W YOR055W down   
YOR054C VHS3 Viable in a Hal3 Sit4 

background 
down PPCDC  

YOL083W ATG34 AuTophaGy related down   
YNR059W MNT4 MaNnosylTransferase down   
YNR006W VPS27 Vacuolar Protein Sorting down GGA1, GGA2, GGA3, HGS, 

TOM1, TOM1L1, TOM1L2, 
WDFY1, WDFY2, ZFYVE21 

(Brass et al., 
2008; Zhou et 
al., 2008) 

YNL224C SQS1 SQuelch of Splicing 
suppression 

down SON  

YNL136W EAF7 Esa1-Associated Factor down MRGBP  
YNL059C ARP5 Actin-Related Protein down ACTR5  
YMR158W
-B 

YMR158W-B down   

YMR123W PKR1 Pichia farinosa Killer toxin 
Resistance 

down   

YMR116C ASC1 Absence of growth 
Suppressor of Cyp1 

down GNB2L1, WDR31  

YMR077C VPS20 Vacuolar Protein Sorting down CHMP6, CHMP7  
YMR058W FET3 FErrous Transport down   
YML121W GTR1 GTp binding protein 

Resemblance 
down RRAGA, RRAGB (Brass et al., 

2008) 
YML097C VPS9 Vacuolar Protein Sorting down GAPVD1, RABGEF1, RIN1, RIN2, 

RIN3, RINL, VPS9D1 
(Brass et al., 
2008) 
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Appendix Table 1 Host factors in common between Ty3 and HIV-1 

ORF 
Gene 
name Full name 

Ty3 
∆TPN1 Human Homolog 

Retrovirus 
host factor2 

YML081C-
A 

ATP18 ATP synthase down   

YML073C RPL6A Ribosomal Protein of the 
Large subunit 

down RPL6  

Y. 
lipolyticaR4
23C 

ATG17 AuTophaGy related down   

Y. 
lipolyticaR4
17W 

VPS36 Vacuolar Protein Sorting down VPS36  

Y. 
lipolyticaR2
42C 

ARV1 ARE2 Required for 
Viability 

down ARV1  

Y. 
lipolyticaR0
25W 

SNF7 Sucrose NonFermenting down CHMP4A, CHMP4B, CHMP4C  

YKR099W BAS1 BASal down MYB, MYBL1, MYBL2, SNAPC4  
YKR020W VPS51 Vacuolar Protein Sorting down   
YKL149C DBR1 DeBRanching down DBR1  
YJR137C MET5 METhionine requiring down   
YJR121W ATP2 ATP synthase down ATP5A1, ATP5B (Zhou et al., 

2008) 
YJR120W YJR120W down   
YJR102C VPS25 Vacuolar Protein Sorting down VPS25  
YJR032W CPR7 Cyclosporin-sensitive 

Proline Rotamase 
down NKTR, PPID, PPIG  

YJL006C CTK2 Carboxy-Terminal domain 
Kinase 

down CCNT1, CCNT2 (Brass et al., 
2008; Zhou et 
al., 2008) 

YIL134W FLX1 FLavin eXchange down SLC25A32  
YIL115C NUP159 NUclear Pore down   
YIL097W FYV10 Function required for Yeast 

Viability 
down MAEA  

YIL073C SPO22 SPOrulation down   
YHR082C KSP1  down CHEK2  
YHR026W VMA16 Vacuolar Membrane Atpase down ATP6V0B (Yeung et al., 

2009) 
YHR008C SOD2 SuperOxide Dismutase down SOD2  
YGR246C BRF1 B-Related Factor down BRF1  
YGR188C BUB1 Budding Uninhibited by 

Benzimidazole 
down BUB1, BUB1B  

YGR167W CLC1 Clathrin Light Chain down CLTA, CLTB (Konig et al., 
2008) 

YGL212W VAM7 VAcuolar Morphogenesis down STX8  
YGL173C XRN1 eXoRiboNuclease down XRN1  
YGL156W AMS1 Alpha-MannoSidase down MAN2C1  
YGL078C DBP3 Dead Box Protein down DDX21, DDX50 (Zhou et al., 

2008) 
YGL057C GEP7 GEnetic interactors of 

Prohibitins 
down   

YFR019W FAB1 Forms Aploid and 
Binucleate cells 

down PIKFYVE, ZFYVE21, ZFYVE28  

YFR012W DCV1 Demands Cdc28 kinase 
activity for Viability 

down   

YFR009W GCN20 General Control 
Nonderepressible 

down ABCF1, ABCF3  

YFL007W BLM10 BLeoMycin resistance down PSME4  
YFL001W DEG1 DEpressed Growth rate down PUS3  
YER173W RAD24 RADiation sensitive down RAD17  
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Appendix Table 1 Host factors in common between Ty3 and HIV-1 

ORF 
Gene 
name Full name 

Ty3 
∆TPN1 Human Homolog 

Retrovirus 
host factor2 

YER148W SPT15 SuPpressor of Ty down TBP, TBPL1, TBPL2 (Zhou et al., 
2008) 

YER145C FTR1 Fe TRansporter down   
YER105C NUP157 NUclear Pore down NUP155 (Brass et al., 

2008) 
YEL044W IES6 Ino Eighty Subunit down INO80C  
YDR493W MZM1 Mitochondrial Zinc 

Maintenance 
down   

YDR323C PEP7 carboxyPEPtidase Y-
deficient 

down ZFYVE20  

YDR139C RUB1 Related to UBiquitin down NEDD8  
YDR067C OCA6 Oxidant-induced Cell-cycle 

Arrest 
down   

YDL160C DHH1 DEAD box Helicase 
Homolog 

down DDX6  

YDL159W STE7 STErile down MAP2K1, MAP2K2, MAP2K3, 
SBK2, SLK, STK10, TAOK1, 
TAOK2, TAOK3 

(Brass et al., 
2008) 

YDL118W YDL118W down   
YDL088C ASM4  down NUP35  
YBR293W VBA2 Vacuolar Basic Amino acid 

transporter 
down SLC18A1, SLC18A2, SLC18A3, 

SLC18B1 
 

YBR263W SHM1 Serine 
HydroxyMethyltransferase 

down SHMT1, SHMT2  

YBR262C AIM5 Altered Inheritance rate of 
Mitochondria 

down   

YBR103W SIF2 Sir4p-Interacting Factor down TBL1X, TBL1XR1, TBL1Y, 
THOC3, WDR17 

 

YBR044C TCM62 TriCarboxylic acid cycle 
Mutant 

down HSPD1  

YBR021W FUR4 5-FlUoRouridine sensitivity down   
YBL024W NCL1 NuCLear protein down NSUN2  
YBL007C SLA1 Synthetic Lethal with 

ABP1 
down EPS15, EPS15L1, GRAP, GRAP2, 

GRB2, ITSN1, ITSN2, REPS1, 
REPS2, SLA, SLA2 

 

YAL027W SAW1 Single-strand Annealing 
Weakened 

down   

YAL019W FUN30 Function Unknown Now down SMARCAD1  
YAL013W DEP1 Disability in regulation of 

Expression of genes 
involved in Phospholipid 
biosynthesis 

down BFSP2, DES, GFAP, IFLTD1, INA, 
KRT1, KRT10, KRT12, KRT13, 
KRT14, KRT15, KRT16, KRT17, 
KRT18, KRT19, KRT2, KRT20, 
KRT23, KRT24, KRT25, KRT26, 
KRT27, KRT28, KRT3, KRT31, 
KRT32, KRT33A, KRT33B, 
KRT34, KRT35, KRT36, KRT37, 
KRT38, KRT39, KRT4, KRT40, 
KRT5, KRT6A, KRT6B, KRT6C, 
KRT7, KRT71, KRT72, KRT73, 
KRT74, KRT75, KRT76, KRT77, 
KRT78, KRT79, KRT8, KRT80, 
KRT81, KRT82, KRT83, KRT84, 
KRT85, KRT9, LMNA, LMNB1, 
LMNB2, NEFM, NES, SYNC, 
SYNM, VIM 

(Yeung et al., 
2009) 

1Genes identified in genomewide screens for Ty3 host factors (Aye et al., 2004; Irwin et al., 
2005). 
2Retrovirus host genes identified in Ty3 screens and in retrovirus host screens. 




