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ABSTRACT

Many interspecies hybrid yeasts are exploited in food biotechnology, but most of them are
asexual and can replicate only mitotically, hampering breeding programs. Zygsaccharomyces
clade includes several natural interspecies hybrids; currently two of them have been recently
sequenced, opening a new era in functional and comparative genomics of these non-
conventional yeasts. Recent studies have proposed that interspecies hybrids belonging to the
Zygosaccharomyces bailii species complex can regain a complete sexual cycle by damage of one
allele at the mating-type (MAT) locus. This evolutionary route is referred to as whole-genome
duplication (WGD) after interspecies hybridization, and was supposed to be the mechanism
occurred in an ancestor of Saccharomyces cerevisiae to rescue fertility.

Zygosaccharomyces rouxii is an industrial osmo and halo-tolerant promising cell factory that
occupies a phylogenetic peculiar position in the hemiascomycetes lineage since it diverged from
S. cerevisiae before WGD. The aim of this thesis is to elucidate the mechanisms underlying
sterility in Z. rouxii model hybrid ATCC 42981 by developing synthetic biology tools and third
genome sequencing technologies (3GS). Firstly, we investigated the life cycle of the Z. rouxii
haploid type-strain CBS 7327, focusing on how mating-type switching acts as a plastic process
that causes intra-strain genetic instability and phenotypic novelties in haploid cells derived from
different homothallic CBS 7327 stock cultures. Secondly, we investigated the sex determination
system of the Z. rouxii allodiploid and sterile ATCC 42981 strain and used it as a model to study
how a chimeric mating-type gene repertoire contributes to hybrid reproductive isolation. We
performed draft genome sequencing of ATCC 42981 combining Illumina MiSeq and Oxford
Nanopore MinION platforms to decipher the genetic basis of the transcriptional network
incompatibility underlying hybrid sterility and of the adaptation to high salt and sugar
concentrations in non-conventional yeasts.

The initial assembly had 33 nuclear scaffolds with a cumulative size of 20.9 Mb; 10,254 genes
were annotated by similarity to the closest Z.rouxii haploid relative CBS 732" using Exonerate
v2.2.0. Comparison with the type-strain showed that ATCC 42981 assembled genome had a 2.14
time larger size and almost twice genes number. The assembly completeness was supported by
the content of near-universal single copy orthologs (BUSCO v3: 98.28%). Gene prediction and

annotation were further refined combining ab initio and evidence based approaches. We
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annotated 10,821 protein-coding genes using the Yeast Genome Annotation Pipeline (YGAP) and
10,510 using Funannotate pipeline v1.3.4. Three haplotypes were dissected, one of them was
identical to that of CBS 7327, relaying on scaffold synteny mapping, as well as ortholog and
homeomolog genes; suggesting a recursive hybridization model. The draft genome sequence
assists us in resolving incongruences in mating-type like (MTL) loci organization between two
different stock cultures of strain ATCC 42981, namely our infertile in-house stock culture and the
fertile Japanese sister stock JCM22060. Two different hybrid de novo genome assemblies were
combined with in vitro long PCR approach to demonstrate that ATCC 42981 exhibits a different
assessment of MTL loci compared to JCM22060, retaining two transcriptionally active MAT
cassettes. When MATa locus was deleted, the ATCC 42981 MATa/- hemizygous mutant did not
rescue the ability to either sporulate or mate, as incomplete HMLa silencing masks the loss of
heterozygosity at the MAT locus induced by gene deletion. Overall, our findings contribute to
elucidate the mechanisms of hybrid sterility and the circuits that determine cell identity in Z

rouxii pre-WGD species.

Keywords: Zygosaccharomyces rouxii, mating-type, hybrid, sterility, MinlON, genome

sequencing, genome annotation, heterozygous genome assembly, orthologs.



RIASSUNTO

Molti lieviti ibridi interspecifici trovano applicazione nelle biotecnologie alimentari, tuttavia,
molti sono incapaci di riprodursi per via sessuale, precludendo I'utilizzo di programmi di breeding.
Il complesso Zygosaccharomyces comprende diverse specie naturali interspecifiche e, tra queste,
due sono state da poco sequenziate, aprendo una nuova era nella genomica funzionale e
comparativa dei lieviti non convenzionali. Studi recenti ipotizzano che ibridi interspecifici di
Zygosaccharomyces bailii ripristinano un ciclo sessuale completo in seguito al breakage di un
allele del locus codificante il mating-type (MAT). Questo meccansimo evolutivo, responsabile del
ripristino della fertilita nell’ancestore di Saccharomyces cerevisiae, risiede nella whole-genome
duplication (WGD) avvenuta dopo l'ibridizzazione interspecifica. Zygosaccharomyces rouxii € una
cell factory promettente per I’elevata tolleranza ad elevate concentrazioni di soluti. Occupa una
posizione filogenetica peculiare nell’evoluzione degli emiascomiceti perché ¢ il primo a divergere
da S. cerevisiae prima della WGD.

Scopo di questa tesi & elucidare i meccanismi molecolari causa della sterilita nel lievito ibrido
modello Z. rouxii ATCC 42981, sviluppando strumenti di biologia sintetica e utilizzando le nuove
tecniche di sequenziamento del genoma di terza generazione. Inizialmente, abbiamo studiato il
ciclo vitale del ceppo tipo Z. rouxii CBS 7327, focalizzandoci su come lo switching del mating-type
agisca da meccanismo plastico che determina instabilita genetica intra individuo e novita
fenotipiche in cellule aploidi derivanti da differenti colture stock del ceppo omotallico CBS 7327.
Poi, abbiamo caratterizzato il sistema determinante il sesso nell’allodiploide e sterile ATCC
42981, utilizzandolo come modello per studiare come un assetto chimerico di geni MAT possa
contribuire all’isolamento riproduttivo negli ibridi. Il sequenziamento del genoma di ATCC 42981,
integrando due piattaforme di sequenziamento diverse, lllumina MiSeq e Oxford Nanopore
MinlON, ci ha aiutato a decifrare le basi genetiche della sterilita negli ibridi e dell’adattamento a
stress ambientali nei lieviti non convenzionali. L’assemblaggio iniziale e risultato in 33 scaffolds
con una dimensione totale del genoma di 20.9 Mb; 10,254 geni sono stati annotati con Exonerate
v2.2.0 per similarita al ceppo aploide pilu vicino CBS 732". Dal confronto con quest’ultimo &
emerso che il genoma di ATCC 42981 & 2.14 volte pilu grande di quello del CBS 732" e contiene
quasi il doppio dei geni. La predizione e annotazione dei geni & stata ulteriormente migliorata
combinando metodi ab initio e basati sull’evidenza. 10,821 geni codificanti proteine sono stati
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annotati con Yeast Genome Annotation Pipeline (YGAP) e 10,521 usando la pipeline di
Funannotate v1.3.4. Sulla base della sintenia degli scaffolds, dei geni ortologhi e omeomologhi
(BUSCO v3: 98.28%), tre aplotipi sono stati identificati, uno di questi quasi identico al CBS 7327,
suggerendo un modello di ibridizzazione ripetuta. Il sequenziamento del genoma ha aiutato
anche arisolvere I'organizzazione strutturale incongruente dei loci MAT tra due differenti colture
stock di ATCC 42981: la nostra sterile e quella giapponese fertile chimata JCM22060. L'assetto
dei loci MAT é divergnte e, a differenza di JCM22060, ATCC 42981 ne trascive due. Abbiamo
dimostrato che la delezione del locus MATa in ATCC 42981 non e sufficiente a ripristinare la
sporificazione o il mating, dato che I'incompleto silenziamento di HMLa maschera la perdita di
eterozigosita nel locus MAT a seguito della delezione. Nel complesso, i nostri risultati
contribuiscono a chiarire i meccanismi responsabili della sterilita negli ibridi e i circuiti che

determinano l'identita cellulare nella specie pre-WGD Z. rouxii.

Parole chiave: Zygosaccharomyces rouxii, mating-type, ibrido, sterilita, MinION,

sequenziamento, annotazione, assemblaggio genomi eterozigoti, ortologhi.



THESIS OVERVIEW

This PhD thesis seeks to decipher the molecular and genetic basis of hybrid sterility and
dysregulation of cell type identity in an allodiploid non-conventional yeast belonging to the
Zygosaccharomyces clade, through the combination of synthetic biology, genetic engineering,
genome sequencing and comparative genomics. This work is divided into nine chapters,

which are briefly introduced here.

Chapter 1 provides an overview of the evolution and diversity of sexual reproduction systems
among the hemiascomycetous yeasts. The mating-type genetic organization and the evolution of
mating-type switching mechanism in the Saccharomycetaceae family are briefly described,
focusing on the pre-WGD species. Finally, the genomic and phenotypic variability within the Z
rouxii complex is presented using the allodiploid and sterile ATCC 42981 strain as a promising
model to investigate how a hybrid mating-type system affects phenotypic traits, such as meiosis,

self- and out-cross fertility, as well as salt stress response.

Chapter 2 introduces the main 2" and 3™ generation DNA sequencing technologies used in this
work and bioinformatics tools exploited for data analysis. In the last decade, the advent of next
generation sequencing technologies and, more recently, of the long-read sequencing
technologies have marked the start of a new era in biological and genomics research. This is
connected with the revitalization of bioinformatics, especially in the areas of data analysis

and interpretation.

Chapter 3 provides an overview of the synthetic biology tools and bio-bricks currently available
for yeast genetic manipulation, focusing on the challenges in genetic and metabolic engineering
of non-conventional yeasts. An outline of the Z rouxii derived mutants currently available is

presented.

Chapter 4 describes the MATa to MATa switching, which led to mixed cell populations in two
independent derived cultures of the Z. rouxii haploid type-strain CBS 732". We have analysed
three different aspects of this rearrangement: 1) the ‘copy and paste mechanism’, which replaced

Ya with Ya segment using the HMRa locus as donor cassette; 2) the transcriptional regulation of
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HO gene which encodes for the endonuclease required for mating-type switching; 3) morphology
and self/outcross fertility behaviour of both switched populations. Our results showed that in
haploid cells derived from Z. rouxii CBS 732" type-strain, mating-type switching is a plastic process
that generates a new MATa2 copy variant and leads to intra-strain genetic and phenotypic

variability.

Chapter 5 investigates the molecular basis of sterility in Zygosaccharomyces allodiploids,
considering ATCC 42981 as a model. Since MAT active loci are critical to determine fertility and
cell type identity, we characterized its sex determining system addressing important biological
guestions, such as which are the mechanisms involved in pre-zygotic barriers between species;
how hybrid transcriptional complexes co-operate in allodiploids and how the hybrid progenitor
of WGD species restores fertility and perform genome doubling. Finally, we provided strong
evidences that a chimeric al-a2 heterodimer rewires the diploid-specific regulatory circuit

toward the haploid state and significantly drives to hybrid sterility.

Chapter 6 is focused on the effort to expand the biobricks available for the genetic manipulation
of Z. rouxii by developing two centromeric and two episomal vectors that harbour the antibiotic
resistance selection markers KanMX®R and NAT®, respectively. In addition, pGRCRE, another newly
constructed plasmid is described, which contains NAT® as selectable marker and can be used for
cre-recombinase-mediated marker recycling in prototrophic deletion mutants generated with
loxP-kanMX-loxP deletion cassette. ATCC 42981 G418-resistant mutants, generated by replacing
the MATa expression locus with the loxP-kanMX-loxP cassette, was used to validate pGRCRE as

system to rescue the kanMX-loxP module in Z. rouxii prototrophic strains.

Chapter 7 deals with the announcement of the draft genome sequences of the halotolerant and
allodiploid strains Z. rouxii ATCC 42981 and Z sapae ABT301". In particular, it describes the
evaluation of different genomic DNA extraction methods to identify the most efficient one to
obtain long fragments with 3™ generation sequencing platform MinlON (ONT). A hybrid assembly
approach that combines Illumina short reads with Nanopore long reads is used to resolve the
frequent repetitive and problematic regions of these highly heterozygous strains. Details about

the assembly pipeline implemented to assembly these hybrid genomes are also given.



Chapter 8 describes how the newly released draft genome sequence of the allodiploid strain
ATCC 42981 serves as a fundamental support to resolve incongruences in mating-type like (MTL)
loci organization between two different stock cultures of strain ATCC 42981, namely our infertile
in-house stock culture and the fertile Japanese sister stock JCM22060. Differently from
JCM22060, ATCC 42981 retains two transcriptionally active MAT cassettes. We showed that
when MATa locus was deleted, the MATa/- hemizygous mutant did not rescue the ability to
either sporulate or mate, as incomplete HMLa silencing masks the loss of heterozygosity at the

MAT locus induced by gene deletion.

Chapter 9 deals with the application of two different strategies for ATCC 42981 gene prediction
and gene annotation: YGAP exploits conserved syntheny and aa homology across pre- and post-
WGD vyeast species, while Funannotate combines ab initio (self- and trained-algorithms) and
evidence-based approaches. GO functional annotation was achieved by cluster analysis of
putative gene products (OrthoVenn). ATCC 42981 genome complements were distinguished in a
Z. rouxii-like T subgenome and a divergent P subgenome through syntheny mapping with Z. rouxii
reference type-strain CBS 7327 (best reciprocal blast with SynChro). Homeomologs relationships
between T and P subgenome scaffolds were explored using cluster analysis and YGAP pipeline.
ATCC 42981 putative proteins were mapped on KEGG biological pathways with a particular focus
on genes involved in meiosis and in flavour compound production. Comparative genomics with
CBS 732" showed that most of the genes involved in both pathways were duplicated in
accordance with the hybrid allodiploid nature of ATCC 42981. These findings suggest that ATCC
42981 pre zygotic barriers are related to transcriptional and/or post translational

incompatibilities between T and P subgenomes, rather than a mere gene loss.
The Appendix compiles some studies to which | have contributed. These collaborative projects
not only provided me with interesting data to analyse, but also validated some of the

findings | present in this work.

Finally, Supplementary Materials, organized in different sections corresponding to each chapter,

can be found at the end of the Thesis.
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Part | Introduction: Chapter 1

CHAPTER 1: EVOLUTION OF HEMIASCOMYCETOUS YEASTS AND SEXUAL
REPRODUCTION SYSTEMS

Cassanelli S., Bizzarri M., and Solieri L. (2016). Recent Advances in Understanding Yeast Genetics

of Sex Determination. Fungal Genomics & Biology, 6(1). doi:10.4172/2165-8056.1000e122.

In this chapter, | provide general information on the hemiascomycetous yeasts, in particular, the
model organism S. cerevisiae. | also summarize what is known about the non-conventional yeast
Z. rouxii. In addition, | review the literature on budding yeast genetics of sex determination and
provide some background on the role of mating-type system and, therefore, the MAT loci in

determining hybrid sterility.

1.1 BUDDING YEASTS IN THE ‘COMPARATIVE GENOMICS ARENA’

The rapidly growing amount of sequenced eukaryotic genomes offers the unique opportunity to
explore mechanisms governing genome evolution not only by comparing representatives of
distant evolutionary phyla, but also species of the same phylogenetic branch where individual
evolutionary events can be more readily identified.

Yeasts of the subphylum Saccharomycotina, the so-called budding yeasts, offer the largest
number of sequenced species for a single clade, and represent the cutting edge of evolutionary
genomics of eukaryotes (Dujon, 2010 and references herein). Furthermore, they are of great
importance to humans not only as pathogens, but also for numerous essential ecosystem
services. Some straightforward advantages of these unicellular organisms are that they are easy
and fast to cultivate, in large populations and in inexpensive media, with short generation time.
Yeasts contain compact and small genomes (9-20 Mb with 4700-6500 genes) with few introns
and have a reduced number of transposable elements compared with higher eukaryotes (Liti and
Louis, 2005). In addition, the Saccharomycotina yeasts are more genetically divergent from one
another than the entire phylum Chordata, which includes vertebrates (Dujon, 2006), but they still

retain extensive synteny across these deep phylogenetic distances (Byrne and Wolfe, 2006;
15



Part | Introduction: Chapter 1
Scannel et al., 2007). All these aspects make budding yeasts highly interesting and accessible
models for exploring eukaryotic genome evolution by comparative genomics.
Full genome sequences are available for less than a 10th of the over 1,500 species of budding
yeasts described so far (Dujon and Louis, 2017). From presently available genome sequences, the
Saccharomycotina sub-phylum splits four major sub-groups into of vyeasts: (i) the
Saccharomycetaceae, by far the most extensively studied family; (ii) the “CTG clade” a diversified
subgroup made of yeast species using an alternative genetic code; (iii) the“methylotroph clade”
exemplified by a few recently sequenced yeasts bearing novel signatures; and (iv) several species
belonging to distinct and probably distant lineages altogether regarded as “basal” to the
Saccharomycotina subphylum but actually very heterogeneous.
The majority of available sequenced genomes are from the family Saccharomycetaceae and fall
into one of two clusters (Souciet et al., 2009). The Candida cluster consists primarily of Candida
species but also includes yeasts such as Debaryomyces hansenii, while the second cluster is
comprised primarily of species from the Saccharomyces and Kluyveromyces genera. The major
division within the Saccharomycetaceae family is between those yeasts whose common ancestor
underwent a whole-genome duplication (WGD) and those that diverged prior to this event. We
term these post-WGD and pre-WGD yeasts respectively. The WGD event (Wolfe and Shield, 1997)
took place approximately 100 million years ago, separating Saccharomyces lineage and other
post-WGD genera such as Kazachstania, Naumovozyma, Nakaseomyces, Tetrapisispora and
Vanderwaltozyma, from pre-WGD lineages (Dujon et al., 2010) (Fig. 1.1). The ancestral organism
that underwent WGD contained about 5000 genes. The WGD increased this number transiently
to about 10 000 genes, but most of the extra copies of genes were not retained and instead they
became ‘lost’-that is, one of the two genes in each pair became deleted, usually without any
other rearrangements in the local area of chromosome (Scannell et al., 2007). Post-WGD species
now typically contain about 5500 genes, which includes 500 pairs of genes (ohnologs) that were
formed by the WGD; the other 4500 loci were not retained in duplicate and became single-copy

again.
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Part | Introduction: Chapter 1
Figure 1.1. Phylogenetic relationships of main species in the subphylum Saccharomycotina
(adapted from Peter and Schacherer, 2015). Numbers of chromosomes are indicated on the right
side. The topology of the cladogram is from Kurtzman 2003; Hedtke et al., 2006; Gordon et al.,
2011; Gabaldon et al., 2013). Different colors indicate different genera. Letters above branches
indicate inferred points of loss of the DAL (D), GAL (G), BNA (B), HIS (H), RNAi (R; loss of all
Argonaute genes or all Dicer genes), NHEJ (N) and dynein (Y) pathways. ‘Chrs’, number of
chromosomes. Different colors indicate different genera. Note that Tetrapisispora does not

appear to be monophyletic (Gordon et al., 2011).
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Part | Introduction: Chapter 1

1.1.1 Mechanisms of yeast genome evolution and role of interspecies hybridization

Conventionally, point mutations and chromosomal rearrangements have been described as main
forces contributing to the evolution of gene repertoire in budding yeasts. Point mutations results
in gene inactivation by pseudogenization of coding sequences, as well as in gene gain by de novo
gene creation from non-coding sequences. Chromosomal rearrangements fall into two
categories: balanced rearrangements, such as chromosome fusion/fission, inversion, and
translocations, modify gene order and orientation and can potentially create novel gene
combinations or induce gene disruptions at the breakpoints; unbalanced chromosomal
rearrangements, including deletions and duplications of chromosomal regions, lead to reduction
and expansion of the gene repertoire, respectively.

Comparative genomics demonstrated that polyploidization, a state resulting from doubling of a
genome within a species (autopolyploidy) or the merging between different species
(allopolyploidy), also contributes to yeast genome evolution and ultimately drives phenotypic
adaptation and speciation. Recently, phylogenomics analysis has shown that the WGD event
occurred in yeast ancestor more than 100 million years ago was an allopolyploidization or
interspecies hybridization between two divergent parental lineages (Marcet-Houben and
Gabaldon, 2015). One of these parental lineages was most closely related to a clade containing
Zygosaccharomyces and Torulaspora (ZT), whereas the other was closer to a clade containing
Kluyveromyces, Lachancea, and Eremothecium (KLE). The ZT and KLE clades are the two major
groups of non-WGD species in family Saccharomycetaceae (Marcet-Houben and Gabalddn,
2015).

Interspecific hybridization naturally occurs when two different but closely related sympatric
species mate producing viable hybrids. Natural hybrids have been frequently found in food
environments (Masneuf et al.,, 1998). The most commonly used lager brewer's yeast,
Saccharomyces carlsbergensis, is a triploid with a diploid Saccharomyces eubayanus and haploid
Saccharomyces cerevisiae genome content (Walther et al., 2014). Natural hybrids between
Saccharomyces sensu stricto species have been also described from wine and cider fermentation
at low temperature (Morales and Dujon, 2012 and references herein). Other lineages of budding
yeasts contain natural hybrids other than Saccharomyces sensu stricto. The osmotolerant yeast
Millerozyma (Pichia) sorbitophila has been recently proven to be an allodiploid between two

highly divergent species of Millerozyma (Kurtzman and Suzuki, 2010).
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When an organism doubles its genome, it establishes a reproductive barrier between itself and
its ancestor, providing raw material for the divergence of gene functions between homologs
(pairs of paralogous genes produced by the WGD) (Wolfe et al., 2015). Biological responses to
this doubling are globally defined as genome and transcriptome shocks. Genome shock describes
genome changes that occur in response to polyploidization, such as gene loss, chromosome mis-
pairing, and rearrangements between sub-genomes. Chromosome rearrangements and gene
losses progressively erode the genetic pools of initial parental subgenomes, leading to the
unbalanced distribution of gene sets into the offspring. This phenomenon is also known as loss
of heterozygosity (LOH) (Dujon and Louis, 2017). Transcriptome shock includes rearrangements
of gene expression networks following the mixing of two dissimilar genomes, each with their own
set of transcription factors, cis-regulatory elements, and their own chromatin profiles.
Stable hybrid lines resulting from genome and transcriptome shocks often display some benefits,
such as heterosis, increased robustness, improved by-product production, and enhanced stress
resistance, compared with the parental species. Thus, interspecific hybridization via spore-to
spore mating or rare mating has been used in laboratory to construct artificial strains with novel
phenotypes and adaptive properties (Giudici et al., 2005; Steensels et al., 2014). On the other
hand, genome and transcriptome stabilization after the merger of two parental subgenomes may
cause negative epistasis, leading to hybrid depression, sterility (inability to produce viable spores)
or infertility (unability to sporulate). Chromosomal rearrangements or allele-allele
incompatibilities can produce these epistatic interactions and contribute to hybrid
sterility/infertility. Overall, these considerations open the question about how yeasts develop
several different and versatile life cycles, diploid/haploid state sensors, cell identity and,
ultimately, the choice among distinct fates, such as mitotic propagation, cell-to-cell mating and

meiosis.

1.2 SEX CHROMOSOMES EVOLUTION

Reproduction by means of sex is a common and topic theme in the transmission of genetic
information between generations in multicellular and unicellular eukaryotes. The gametes can
be either similar (isogamy) or dissimilar (anisogamy) in size and form, and it is the last one that

can give rise to the existence of males and females as separate sexes. Sex can be determined by
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the environment or be genetically controlled by one or more loci located either on an autosome
or on sex chromosomes. The latter represent a fascinating example of evolutionary convergence
since they have evolved independently several times in different lineages, but in spite of this,
they show many common features. While in plants and animals, sexual identity is governed by
entire sex chromosomes, in fungi it is determined by single positions on chromosome called
mating type (MAT) loci.

Sexual reproduction between two different genomes gives many advantages; the most
important one is to create new and favorable adaptive allelic combinations. Life cycle and the
possibility to undergo meiosis and mating are two main driving forces that affect genetic variation
within a yeast population, such as the heterozygosity level. For unicellular yeasts, breeding
systems represent an important means, enhancing the chances to survive to drastic
environmental changes. For instance, when nutrient sources are depleted, diploid cells are able
to generate spores that can survive long starvation periods or other non-favorable conditions,
while haploid cells must find a partner with opposite mating-type to produce spores resistant to
hostile environments. This suggests that sex is an important means, which increases the rate of
adaptation to harsh environments in yeasts (Goddard et al., 2005). Furthermore, recombination
is a fundamental mechanism that prevents the accumulation of deleterious mutations in sexual
population. Fitness difference occurs between the progeny and depends upon the mode of
reproduction and mating system. Yeasts show great variation regarding their preference for a
diploid or haploid life style, leading to consider the possible advantages and disadvantages
conferred by either life style. Diploid life style is favored, for example, for the protective effect of
diploidy on the deleterious consequences of haploid mutations or the ability to preserve allelic
variations (Knop, 2006). On the other hand, for haploids there might be quicker and more

efficient systems to maintain beneficial alleles or to lose disadvantageous ones in populations.

1.2.1 Yeast life cycle and the logic of the cell type-specification circuit

S. cerevisiae is a budding yeast, i.e. it reproduces by forming a smaller cell with new cell
components, rather than enlarging and then dividing (fission yeasts) and undergoes a regular
mitotic cycle (G1, S, G2 and M phases). Yeasts reproduce both in haploid and diploid forms, which
allow for both sexual crossing and clonal division (budding). Sexual reproduction in yeast is
initiated by the recognition of a mating partner and cell fusion, followed by nuclear fusion

(karyogamy) to form diploid cells that clonally reproduce or, alternatively, undergo meiosis and
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produce haploid progeny. Typically, mating in yeasts starts by the fusion of haploid cells that are
similar in size and shape (isogamy), which produces zygotes (Knop, 2006). Fusion involving diploid
cells is also possible, resulting in polyploids (Albertin et al., 2009). Virtually all yeast species in the
hemiascomycete lineage exist in three cell types: haploids of two isogamous mating-types, a and
o, and the product of their mating, the meiosis competent a/a diploid (Herskowitz 1988;
Madhani, 2000). The two types of haploid are often called mating-types because they describe
mating behaviour: mating occurs only between a cells and a cells, because these cells express a-
specific and a-specific genes respectively. These sets of genes include cell-type specific mating
pheromones (a-factor and a-factor respectively), transporters for the export of the relevant
mating-factors and receptors for mating factors of the opposite mating type (Johnson, 1995).
Thus, a cells secrete a-factor which is detected by an a-factor receptor expressed on the surface
of a cells and vice versa. Once mating factors are detected, the cell cycle is arrested, shmoos
(mating projections) are produced by the mating cells and cytogamy is initiated. The later stages
of this process are shared between the two haploid cell types and are regulated by a set of
haploid-specific genes that are expressed in both a and a cells but repressed in diploids.

The haploid spores are produced when a MATa/MATa diploid stops the cell cycle in G1 phase
and undergoes meiosis if nutrients deficiency occurs or under particular environmental
conditions. The resulting haploid spores are contained in the same envelope called ascus and are
characterized by a mating-type, either a or a (Knopp, 2006).

In the model yeast S. cerevisiae sexual reproduction can involve a single partner (homothallism)
or two compatible partners (heterothallism) via three events: i) mating of unrelated haploids
derived from diploid unrelated cells (amphimixis or outcrossing); ii) mating between spores from
the same tetrad (automixis); iii) and mother daughter mating upon mating-type switching (haplo-
selfing) (Billiard et al., 2012; Hanson and Wolfe, 2017) (Fig. 1.2). Mating-type switching is the
process by which a haploid a cell can become a haploid a cell, by changing its genotype at the
MAT locus from MATa to MATa, or vice versa. In S. cerevisiae the life cycle alternates between
haploid and diploid states in order to prevent aneuploidy. In heterothallic haploid yeasts,
outcrossing represents the only possible strategy to establish a provisional diploid state because
syngamy can only occur between haploid cells carrying different alleles at the mating-type locus.

These yeasts have a haploid life style where mating occurs before spore formation (Knop, 2006).
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Figure 1.2. Schematic life cycle of S. cerevisiae. (Adapted from Hanson and Wolfe, 2017).
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Heterothallic diploid yeasts possess automixis and amphimixis as alternatives to sexual
reproduction. In these yeasts, the spore formation can occur with/without mating and their
lifestyle is referred to as haploid-diploid inbreeding style. Haplo-selfing is a syngamy event, which
can occur between genetically identical haploid cells (clones), and it is a reproductive mode
possible only for homothallic yeasts. Homothallic yeasts possess three alternatives to sexual
reproduction, such as automixis, anphimixis and haplo-selfing. Therefore homothallic yeasts lack
of discrimination at syngamy, i.e. each haploid is compatible with all other haploids in the
population, whereas heterothallic yeasts may restrict the number of potentially compatible
partners for any gamete. There are several mechanisms that may confer homothallism in fungi:
most often, each haploid carries two active mating-type alleles (Coppin et al., 1997), whereas in
other species syngamy can simply occur between haploid cells carrying and expressing the same
single mating-type allele (Alby et al., 2009; Fraser et al., 2005; Lin et al., 2005; Metzenberg and
Glass, 1990). Only unicellular fungi perform haplo-selfing by switching the mating-type haploid
individuals. Switching has arisen in two yeast lineages represented by S. cerevisiae (sub-phylum
Saccharomycotina) and Schizosaccharomyces (sub-phylum Taphinomycotina) (Haber, 2012 and

references herein). S. cerevisiae ability to “switch” the mating-type allele is related to the
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presence of the endonuclease HO (HOmothallism), which catalyzes the first step of MAT
conversion process (Haber, 1998). Consequently, haplo-selfing results from syngamy between

cells genetically identical, except for the mating-type locus.

1.2.2 The mating-type loci in Saccharomyces cerevisiae control cell type fate

In S. cerevisiae, the two idiomorphs MATa and MATa harboured by the MAT locus are located in
the middle of the right arm of the chromosome lll, nearly 100 Kb from both the centromere and
the telomere. The MAT locus is divided into five regions (W, X, Y, Z1, and Z2). Mating-type-specific
Ya (for MATa) and Ya (for MATa) sequences are about 650 and 750 bp, respectively, differentiate
the two alleles by providing many promoters and Open Reading Frames (ORFs) for proteins that
regulate many aspects of the cell sexual behaviour. The Ya and Ya sequences are surrounded by
700 bp W and X regions, a 230 bp Z1 region and a 90 bp Z2 region. Furthermore, S. cerevisiae
carries two additional copies of mating-type genes, HMLa (Hidden MAT Left) and HMRa (Hidden

MAT Right), at distant locations on the same chromosome as the MAT locus (Fig. 1.3).

Figure 1.3. Gene organization at the MAT, HML, and HMR loci on S. cerevisiae chromosome lll.

(Hanson and Wolfe, 2017). Shading indicates genes whose transcription is repressed.
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These genes are, however, not expressed, as both HML and HMR are surrounded by silencer
sequences (designated E and 1) that recruit the specialized histone deacetylase, Sir2, and other
silencing factors (Sirl, Sir3 and Sird) to create a heterochromatic domain that is not transcribed.
HMLa and HMRa serve as donors during the recombination process called mating-type switching.
In S. cerevisiae haploid a cells MATa genes encode two proteins, al and a2. The MATal gene
codes for the HMG-domain transcription activator al (previously referred to as a “a-domain”
protein but now recognized as a divergent HMG domain; Martin et al., 2010). This activator
interacts with the constitutively expressed protein Mcm1 in order to recruit the transcription
factor Stel2 necessary for the activation of a-specific genes (asgs), such as those encoding a
factor mating pheromone and the receptor Ste3 for detecting a-factor. MATa2, instead, encodes
the helix-turn-helix homeodomain protein a2 that acts with Mcm1 to form a repressor, which
inhibits a-specific genes (asgs), comprising those encoding the a-factor mating pheromone and
the receptor Ste2 for a-factor. Chromatin Immuno-Precipitation (CHIP) and microarray-based
transcriptional profiling have identified six genes to be targets of this repressor, all of them being
associated with the a-phenotype.
The a-like mating behaviour, on the contrary, appears in cells where either MATal/MATa2
promoter or the entire MATa locus is deleted. Differently from a non-mating MATa/MATa cell,
in fact, a MATa/MATA cell shows an a-mating behaviour thanks to the unrepressed asgs. This is
explained by the fact that, instead of requiring an a-specific activator, asgs (MATal in particular)
are activated by Mcm1 and Stel2, which are constitutively expressed in all cell types, and need
a2/Mcm1 dimer to be repressed. Therefore, in S. cerevisiae, the a-cell type is the default type,
and yeast cells lacking a MATa locus will mate with haploid a cells.
The third cell type, the diploid a/a cell, does not mate, because asgs , asgs and haploid specific
genes (hsgs) are turned off. In S. cerevisiae each of the three cell types is specified by a unique
combination of transcriptional regulators. This transcriptional circuit has served as an important
model for understanding basic features of the combinatorial control of transcription and the
specification of cell type. a/a diploid cells have MATal and MATa2 genes at the MAT locus on
one chromosome, and MATal on the other, which results in formation of the al-a2 heterodimer
of the two homeodomain proteins. This heterodimer, which has been showed to be active on 19
total genes, represses the transcription of hsgs and suppresses asgs through repression of

MATal. Transcription of asgs in diploids is repressed by a2-Mcm1 as in haploid a cells (Fig. 1.4).
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Figure 1.4. Cell-type regulation in S. cerevisiae (Galgoczy et al., 2004). The basic regulatory

scheme summarizes the target genes directly regulated by the S. cerevisiae mating-type locus.
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The asgs and asgs regulated by the MAT locus primarily include genes for pheromones, their
receptors, and signalling proteins required for recognition of cells with the opposite mating-type
(Johnson 1995; Galgoczy et al., 2004). By using genome-wide chromatin immunoprecipitation,
transcriptional profiling, and phylogenetic comparisons, Galgoczy and colleagues investigated
the complete cell-type-specification circuit for S. cerevisiae. The main genes belonging to this

circuit and differentially expressed in the three cell-types are listed in Table 1.1.

Table 1.1. Summary of the circuit controlled by the MAT locus: the complete set of genes

regulated by the mating-type transcriptional regulators.

Gene category Gene Function Biological process
STE2 a-factor receptor mating
STE6 a-factor transporter mating
a-Specific Genes MFA1*
(a2-Mcm1 repressed Structural genes for a-factor precursor mating
genes) MFA2*
BAR1 a factor protease mating
AGA2 Adhesion subunit of a-agglutinin of a-cells mating
a-Specific Genes STE3 a factor receptor mating
(a1-Mcm1 repressed
genes) MFal a-factor mating pherormone mating
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MFa2
SAG1 a-cell agglutinin mating
HO Mating cassette recombination endonuclease  mating-type switching
MATal
Mating-type transcriptional activator mating-type regulation
MATa?2
STE12 Transcriptional factor generally activated by mating
pherormones
GPA1** Pherormone signalling G-protein a mating
STE4** Pherormone G-protein mating
STE18** Pherormone G-proteiny mating
FAR1** Pherormone-induced cell cycle arrest mating
MFal a-factor mating pherormone mating
CCW12 Cell wall mannoprotein involved in matin
Subset of Haploid- agglutination g
(S:lezgcrs;frr;ii,ed) RMEI** Transcriptional repressor of meiosis meiosis
HOG1 Osmotic response MAPK Osmotic sensing
FUS3** Pherormone signalling MAPK mating
FUS1 Membrane protein required for cell fusion mating
AXLI** Phe.rormone-lnduced morphogenesis and mating
fusion
SST2 GTPase-activating protein for Gpal mating
STES Pheromone signaling MAPK scaffold mating
AMN1 MitotiF exit regulation; haploid-specific )
clumping
TECI Transcription factor tal.'geting filamentation chronological cell aging
genes and Tyl expression
NEJI** Non-homologous end-joining DNA repair DNA repair
RDH54 Recombinational repair DNA repair

*Both genes must be inactivated to cause a mating defect; **haploid-specific genes repressed by al-a2 heterodimer.

In 2004, Galgoczy and collegues identified six a-specific genes and five a-specific genes that are

reported in Table 1. Each of these genes is a direct target of the mating-type-encoded regulators

a2 and al, respectively, and are tightly shut off in the inappropriate cell types. Moreover, they

demonstrated that 19 genes directly regulated by al-a2 heterodimer are characterized by a

range of repression values, with some genes being merely turned down in the a/a cell type.

As expected, MAT locus also controls the possibility for the cell to enter meiosis. Under the

appropriate nutritional conditions, a diploid cell ceases cell division (vegetative growth) and

26



Part | Introduction: Chapter 1
enters the meiotic cell cycle to produce the four haploid meiotic products. Entry of the diploid
into meiosis requires that the al-a2 repressor inactivates the expression of RME1 gene
(Repressor of Meiosis), allowing the cell to undergo meiotic division and spores production.
RME1 is a zinc-finger transcription factor involved in inhibiting meiosis by repressing the
expression of IME1 (Initiator of Meiosis). Furthermore, it has a positive effect on pseudohyphae
formation, invasive growth and adhesivity, by regulating the transcription of FLO11, a cell-wall-
expressed glycoprotein important for cell adhesion (Van Dyk et al., 2003; Magwene et al., 2011).
Other important genes controlled by mating-type are those involved in non-homologous end
joining (NHEJ). In eukaryotic cells double strand breaks (DSBs) can be repaired either by
Homologous Recombination (HR, whether provided with another copy of the gene) or by NHEJ.
Although both molecular processes are efficient in haploid cells, HR, being involved largely (90%
of times) in cycle arrest in G1 makes NHEJ to become predominant. More in particular, these cells
are unable to undergo homologous recombination because kinase Cdk1 is inactive. However, in
diploid a/a cells NHEJ1 is turned off by repressor al-a2, which acts upon NHEJ1 gene in addition
to the partial repression of LIF1 gene, another NHEJ component. It has been hypothesized that
avoiding error-prone NHEJ is functional to the meiotic process, where up to 100 double strand

breaks can occur, leading to a high risk of mutation.

1.2.3 Ho-catalysed mating-type switching

As previously described above, S. cerevisiae has two additional copies of mating-type genes,
HMLa and HMRa, at distant locations on the same chromosome. Their main role is to serve as
donors during the mating-type switching, a process that allows a MATa cell to switch to MATa or
vice versa (secondary homothallism), leading to the mother-daughter mating (haplo-selfing).

Mating-type switching in S. cerevisiae is often called gene conversion, but it is more accurately
described as a synthesis-dependent strand annealing (SDSA) process because of the non-
homology of the Y regions between the outgoing and incoming alleles (Ira et al., 2006). During
mating-type switching, the gene content at the MAT locus of a haploid cell is unidirectionally
replaced by copying a reserve version of the MAT genes of the opposite allele at the HMR/HML
loci (Haber, 2012; Lee and Haber, 2015) (Fig. 1.5). DNA repair at MAT locus is guided by the Z and
X regions that are almost identical between MAT, HML, and HMR. In S. cerevisiae the Z and X
regions occur in three copies in parallel orientation: the Z region contains the 3’ end of the
MATal gene, the X region contains the 3’ end of MATa2 gene, and the 5’ end of the neighbouring
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chromosomal gene BUDS5. In S. cerevisiae gene conversion begins only when the HO
endonuclease, encoded by the HO gene on chromosome |V, cleaves the Y-Z junction in the MAT
locus; the Y region is degraded and the Zand X sequences direct the switching process (that takes
about 1 hour) in which both strands of DNA at MAT-Y are newly synthesized using HML or HMR
silent cassettes as a template for repair. HO gene is expressed only in cells that have budded
once, which means that only mother cells are able to switch mating-type. An HO-induced DSB is
resected by 5’ to 3’ exonucleases or helicase endonucleases to produce a 3'-ended ssDNA tail, on
which assembles a Rad51 protein filament, which is required along with other members of the
Rad52 epistasis group for recombinagenic repair of damage-induced DSBs in budding yeast. In
the MAT-Z region, strand invasion can form an interwound (plectonemic) joint molecule that can
assemble DNA replication factors to copy the Ya sequences. Unlike normal replication, the newly
copied strand is thought to dissociate from the template and, when sufficiently extended, anneal
with the second end, still blocked from forming a plectonemic structure by the long non-

homologous single-stranded Ya sequences.

Figure 1.5. Mechanism of MAT switching. Key steps in the switching of MATa to MATa by a
synthesis-dependent strand-annealing (SDSA) mechanism are outlined (reviewed by Paques and

Haber, 1999).
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These sequences are clipped off once strand annealing occurs, by the Rad1-Rad10 flap
endonuclease, so that the new 3’ end can be used to primer extend and copy the second strand
of the Ya sequences. Consequently, all newly synthesized DNA is found at the MAT locus, while
the donor is unaltered. A small fraction of DSB repair events apparently proceed by a different
repair mechanism involving the formation of a double Holliday junction (see Paques and Haber,
1999 for details). Switching is a slow process, taking ~70 min, and is >1000 times more error-
prone than normal DNA replication (Hicks et al., 2010, 2011). Even though the newly synthesized
MAT DNA will generally be replaced the next time the cell switches mating-type, the high error
rate nevertheless imposes an evolutionary cost because sometimes the errors will render the
MAT genes non-functional. Fine-tuned regulatory networks and a Sir complex-dependent
epigenetic control assure that Ho cuts only its recognition site, placed at the junction between
the Y and Z segments of the MAT locus. Based on this mechanism, the mating-type switching
requires a total of 6 steps (Fig. 1.6): (1) HML and HMR are “silent cassettes” that store a-specific
and a-specific sequence information, respectively, but are transcriptionally inactive due to
chromatin modification; (2) an endonuclease (HO) that creates a double-strand break (DSB) at
the MAT locus, which then is repaired using HMLa or HMRa as a donor; (3) a mechanism (Sirl
and Sir2, 3, 4 proteins) for repressing transcription and HO cleavage at the silent loci; (4) two
triplicated sequences (the Z and X regions) that guide repair of the DSB; (5) a donor-bias
mechanism (the recombination enhancer, RE) to ensure that switching happens in the correct
direction, (6) and a cell lineage-tracking mechanism (Ashl mRNA localization) to ensure that
switching occurs only in particular cells, such as the mother but not the daughter cell. The MAT
heterozygosity is fundamental in the switching of the mating-type genes. In fact, haploid a- and
a-cells express endonuclease gene HO, while diploid heterozygous cells do not. Those strains,
which are able to undergo this kind of process are known as homothallic, while the opposite,
being heterothallic strains, lack this possibility. Within a single cell division S. cerevisiae has the
capacity to shift rapidly from expressing a-specific genes to expressing the a-specific program;
this has been proved as freshly switched MATa cells respond to a-factor, with arrest in G1 of cell
cycle. This means that these cells already express a-specific genetic program, with Ste3
pheromone receptor (for a-factor) expression turned off and that they do not produce a-factor
anymore. It also means that a-factor and Ste2 transmembrane receptor (for a-factor) expression
has to be already turned on. The process of switching involves a programmed and site-specific
DSB at the MAT locus by HO endonuclease and the replacement of either Ya or Ya with the

sequence contained in two silenced accessory loci (i.e. HML and HMR), by means of homologous
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recombination. Both HMR and HML feature cis-acting silencer sequences known as HML-E, HML-
I, HMR-E and HMR-I, which interact with trans-acting factors (Sir proteins, histones, Rap1 protein,
and various chromatin modifiers). Short regions (3 Kb) of heterochromatin are formed by the
interaction of these many factors, and the two above said loci end up in a highly ordered
nucleosomic structure, which is thus also inaccessible to nucleases as HO (Fig. 1.6).

The process is directional, in which the sequences at MAT are replaced by copying new sequences
from either HMLa or HMRa, while the two donor loci remain unchanged by the transaction. There
are tightly mechanisms that ensure that the HO gene is expressed only in haploid mother cells
and only at the G1 stage of the cell cycle (Nashmith, 1987). MAT switching represents one of the
most fascinating process in eukaryotic cell biology and provides a powerful model to study the
determination of cell lineage. Only half of the cells in a colony are able to switch mating-type in
any one cell division (Fig. 1.2). A germinating haploid spore grows, produces a bud, and divides
without changing its mating-type. Then, in the next cell division cycle, the older mother cell and
its next (second) daughter change mating-type while the first daughter buds and divides without
any change (Haber and George, 1979). In addition, a cell lineage pattern ensures that only half of
the cells in a population switch at any one time, to guarantee that there will be cells of both

mating-types in close proximity.

Figure 1.6 Silencing of HMR and HML cassettes (adapted from Haber and Wolfe, 2005). (A)
Establishment of silencing at HMR-E. The process of silencing is illustrated. Proteins bound to the
three elements of the HMR-E silencer recruit Sirl that in turn recruits the Sir2-Sir3-Sir4 complex.
The NAD+-dependent HDAC Sir2 deacetylates lysines on histones on the N-terminal tails of H3
and H4, which allows the Sir3-Sir4 to bind and stabilize the position of the nucleosome. Sir2 can
then deactylate the next nucleosome and silencing spreads further. Here the spread of silencing
is shown progressing in one direction and from one of the two silencing elements. Actually,
silencing spreads from both HMR-E and HMR-I and in a limited fashion to the flanking regions.
(B) Highly positioned nucleosomes in HML and HMR are represented, as determined by Weiss

and Simpson 1998, and Ravindra et al., 1999.
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1.2.4 From Mortimer’s “genome renewal” to the “lonely spore” scenario

Mating-type switching is a highly regulated and complex process, so it must confer a benefit to
yeast or it would not have been maintained by natural selection. The “Genome Renewal”
hypothesis was firstly postulated by Robert Mortimer (Mortimer, 1994) and later revisited by
Magwene (2014) explains patterns of genetic variation observed in the wild population of S.
cerevisiae and the evolutionary role of mating-type switching (Fig. 1.7). Mortimer and colleagues
found out that most yeast strains isolated from vineyards, despite being homothallic and thus
being able to undergo haplo-selfing or autodiplodization, featured one or more heterozygous
loci. S. cerevisiae would propagate vegetatively as diploid, accumulating mutations and thus
raising its level of heteroygosity over generations (Mortimer et al., 1994; Mortimer, 2000). More
recently, genome sequencing of many yeast strains confirmed Mortimer’s results, showing high

degrees of heterozygosity in industrial yeasts.
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Figure 1.7. A schematic illustration of Mortimer’s Genome Renewal Hypothesis (adapted from

Magwene, 2014).

HO, Diploid Many generations
of asexual growth Meiosis and
and mutation sporulation
Initial
Population
- _ g - -
e i
. o ; -
+ h
Final
Population 2 b a b
- a D
Auto-

diploidization Spores

The vegetative asexual proliferation is a much more prevalent way of reproduction, with on
average only one meiotic cycle for every 1000 mitotic divisions (Ruderfer et al., 2006; Tsai et al.,
2008; Zorgo et al., 2012). During these asexual reproductive cycles, spontaneous mutations, such
as point mutations, InDels, transposon insertions, and recombination events, can occur.

Rare sexual cycles involving meiosis followed by mating-type switching and haplo-selfing would
have facilitated the loss of deleterious alleles and fixed beneficial ones in a homozygous diploid,
thus leading to “Genome Renewal”. Magwene argued that high levels of heterozygosity in S.
cerevisiae, coupled with selfing during rare sexual cycles, can facilitate rapid adaptation to novel
environments (Magwene, 2014). Indeed, for highly heterozygous homothallic strains, the
adaptive evolutionary landscape has a high degree of “accessibility” because large regions of
genotypic and phenotypic space can be sampled and tested in offspring by local selection, getting
the most favourable allele combinations to be fixed. This process occurs even more rapidly when
a population is founded by clonal reproduction of a single or a few related individuals. Another
benefit gained by switching is under the name of “lonely spore” scenario (Herskowitz, 1988;
Gordon et al., 2011). Gordon and colleagues proposed that the goal of switching is to maximize
the ability of a young haploid colony to make new spore if nutrient level falls. Switching

mechanism enables isolated spores to germinate in very poor environments, replicate for a few
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cell cycles as permitted by the environment, and then to resporulate. In contrast, species that
cannot switch would need to be more cautious about germinating. Over time, species that can
switch are predicted to have a growth advantage over species that cannot switch, because they
can risk germinating in poorer environments and so germinate earlier in improved environments.
Yeasts are dispersed to new habitats when they are eaten and excreted by insects (Reuter et al.,
2007). Although ascospores (sets of four haploid spores formed by meiosis of a diploid) are
structures that assist yeast cells to survive passage through the insect digestive tract, digestion
by the insect may remove the ascus wall and causes some spores to become isolated (Stefanini
et al.,, 2012). If an isolated spore germinates, it has no way of making new spores unless it finds
a mating partner of the opposite mating-type. Switching provides a partner, allowing cells to

become diploid and able to make new spores.

1.2.5 Evolution of the mating-type system in the Saccharomycetaceae family

Polyploidy, a state in which the chromosome complement has undergone a sudden increase by
genome doubling, is a major force in evolution and has been extensively exploited for improving
food yeasts. WGDs are rare evolutionary events with profound consequences. They double an
organism’s genetic content, creating a reproductive barrier between it and its ancestors and
providing raw material for the divergence of gene functions between homologs (pairs of
paralogous genes produced by the WGD) (Wolfe et al., 2015). They must overcome a suite of
biological responses to this merger, known as genome and transcriptome shocks. Genome shock
describes genome changes that occur in response to polyploidization, such as gene loss,
chromosome mis-pairing, and rearrangements between the sub-genomes. Transcriptome shock
includes rearrangements of gene expression networks following the mixing of two dissimilar
genomes, each with their own set of transcription factors, cis-regulatory elements, and their own
chromatin profiles.

Phylogenomic studies revealed that in subphylum Saccharomycotina mating system has evolved
from an obligate heterothallic system (as seen in Yarrowia lipolytica), to heterothallism with low-
switching frequency (as seen in Kluyveromyces lactis) and finally to a HOcatalyzed homothallic
switching (as seen in S. cerevisiae), via a three-step event (Butler et al., 2004).

The first step was the origin of the HML and HMR cassettes (three-cassette system), which

occurred in Saccharomycetaceae family after it had diverged from the GTG clade (including
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Debaryomycetaceae and the C. albicans clade) and the methylotrophic yeasts Hansenula

polymorpha and Pichia pastoris (Fig. 1.8).

Figure 1.8. Phylogenetic tree of phylum Ascomycota showing major clades, MAT-locus
organization, and known or inferred mating-type switching mechanisms (adapted from Hanson
and Wolfe, 2017). Based on Riley et al. (2016), with placement of Amanita rubescens as in Shen
et al. (2016), mating-type switching does not occur in species with only one MAT-like locus or in
Aspergillus nidulans, which is a primary homothallic species. Abbreviations; WGD, whole genome

duplication; SDSA, synthesis-dependent strand annealing (or gene conversion).
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Recently, Hanson and colleagues (2014) included these last yeasts in the comparative genomics
analysis of MAT loci the methylotrophic yeasts, which belong to the Saccharomycotina
subphylum, but diverge from the Saccharomycetaceae family and the members of the clade GTG.
These last yeasts are homothallic, but lack of HO and possess two MAT loci, which are switched
by reversible inversion of a chromosomal section with MATa genes at one end and a MATa gene
at the other end (Hanson et al., 2014). This inversion (or flip-flop)-based recombination
mechanism moves genes between expressed and non-expressed sites. Hanson and co-workers
proposed that the three-cassette system evolved from a two-cassette flip-flop model.
Species having silent cassettes, for example Lachancea waltii (Di Rienzi et al., 2011), are probably
able to switch mating-types using the homologous recombination machinery, however, in some
clades, a second evolutionary step increased the rate and/or precision of switching by directing
a DSB to the MAT locus in cells that are about to switch. This second step occurred independently
in different species having silent cassettes, and consists in the acquisition of a specialized
machinery for increasing the rate and/or accuracy of switching by directing a DSB to the MAT
locus. In Saccharomyces and their closest relatives Zygosaccharomyces species (Solieri et al.,
2013a), the DSB is catalysed by the HO endonuclease. Rajaei and colleagues (2014) demonstrated
that in K. lactis the DBS is made by the trasposase Kat1, which catalyzes the excision of a mobile
genetic element from the MATa idiomorph during the switching from MATa to MATa. This
mobile element contains a gene, a3 which is only present in Kluyveromyces (Rajaei et al., 2014).
In methylotrophic yeasts H. polymorpha and P. pastoris, which have a two-cassette system, but
lack of homologs of HO endonuclease, the inversion of MAT locus can be induced when two
strains with the same mating-type are crossed, but it is not clear whether the mechanism of
inducible inversion is mediated by a specific recombinase or by a general recombination
machinery (Hanson et al., 2014).
The third event in the evolution of S. cerevisiae mating-type switching mechanism is the loss of
an additional HMG domain gene (MATa2), which codes for an HMG DNA-binding protein. The S.
cerevisiae MAT locus idiomorphs code for only three proteins: the homeodomain proteins al
and a2 and the “a-domain” protein 1. Homologs of these three genes are found in nine
hemiascomycete species. The additional gene MATa2 is present in the MATa idiomorphs of
several species, including C. albicans, S. kluyveri and Z. rouxii (Fig. 1.8). In this vein, Tsong and
colleagues (2006) proposed an evolutionary model of transition from positive to negative
regulation of asgs. In C. albicans persists the ancestral network where asgs are activated in cells

by the a2-Mcm1 heterodimer, whereas in K. lactis an additional asgs repressor Mcm1-a2
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appeared in a cells. S. cerevisiae lineage recently lost the MATa2 gene, acquiring a a2-repressing
mode of asgs by a2- Mcm1-a2 complex in a cells.

In all species that have silent cassettes, DNA repair at MAT locus is guided by two regions (the Z
and X regions) that are almost identical among MAT, HML, and HMR loci. Butler and colleagues
(2004) observed that in S. cerevisiae, C. glabrata, and K. delphensis the cleavage site for HO
endonuclease is located within MATal gene, because the 3’ end of this gene is located in the Z
region (Fig. 1.9). Similarly, in Saccharomyces castellii the Y/Z junction occurs within MATal gene
and the genome sequence includes HO gene. In more distant species, such as S. kluyveri, K. lactis,
Y. lipolytica and C. albicans MATal gene is located completely within the unique Ya region of
MATal and the sequences at the Y/Z junctions are heterogeneous and do not resemble the HO
site. Considering the phylogenetic relationship among the species, we can infer that the Y/Z
boundary has appeared inside MATal gene in recent times, because of the gain of the HO
cleavage site. Comparative genome approaches pointed out that the MAT and HML loci are
linked in cis on the same chromosome, probably due to the conservation of the Recombination
Enhancer (RE) site among species (Faber et al., 2005; Gordon et al., 2011). The RE, which has so
far only been found in S. cerevisiae, is located between HML and MAT loci and it seems to
increase the frequency of productive switching by unfairly influencing the choice of donor,
operating by binding the a2 protein.

Another interesting topic related to the evolution of mating-type system is how the
heterochromatin-based gene silencing rapidly evolved in S. cerevisiae and its close relatives
among the budding yeasts. This system is based on four Sir proteins, among which Sirl is perhaps
the most enigmatic. In particular, in S. cerevisiae, Sirl is a histone deacetilase essential to
mediate the HM loci silencing together with the SIR complex; in fact the failure to recruit Sirl is
thought to account for the instability of subtelomeric silencing relative to HM loci (Chien et al.,
1993). Abnormal expression of cryptic HMR/HML loci has been described in Vanderwaltozyma
polyspora, the Z. rouxii closest relative, which branched after the WGD (Roberts and Van der
Walt, 1959). Consequently, V. polyspora haploid cells behave as a/a diploid and appear mating-
incompetent for many generations only to subsequently restore silencing. Significantly, this
inability in V. polyspora has been correlated to the lack of Sirl histone deacetilase. Like V.
polyspora, C. glabrata is another species close to Z rouxii, which lacks of a SIR1 ortholog
(Gabaldon et al., 2013). The defection of a complete silencing system lead to the expression of
MATa gene in C. glabrata MATa cells (Muller et al., 2008) and makes HML more prone to HO

cleavage at the Y/Z junctions (Boisnard et al., 2015).
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In 2016, Ellahi and Rine examined the evolution of Sir-based silencing, focusing on Sir1, using the
budding yeasts S. cerevisiae and the pre-WGD species Torulaspora delbrueckii, which is a budding
yeast evolutionarily well positioned to explore some of the most enigmatic questions concerning
the origins of Sir-based silencing, and especially the role of Sirl. Chromatin immunoprecipitation
followed by deep sequencing (ChlP-Seq) analysis of Sir proteins revealed that in T. delbrueckii
HML and HMR loci have a different topography of chromatin than was observed in S. cerevisiae.,
where Sirl, enriched at the silencers of HMLa and HMRa, was absent from telomeres and did not
repress subtelomeric genes. In T. delbrueckii they found the most ancestral form of S. cerevisiae
SIR1, a paralog named KOS3 (Kin of Sirl 3), that is located ~1 Kb away from the copy of HMR
cassette. In contrast to S. cerevisiae SIR1’s partially dispensable role in silencing, KOS3 plays a key
role in HML/HMR silencing (Ellah and Rine, 2016). Another pre-WGD species, Z. rouxii, possesses
the archetypal member of the SIR1 family, KOS3 (Gallagher et al., 2009).
In 2011, Gordon and colleagues, by comparing the MAT loci organization in 16 species belonging

I’I

to the family Saccharomycetaceae, inferred the “ancestral” gene order inferred to have existed
just before WGD occurred (Fig. 1.9). In the ancestral genome nomenclature, HML and MAT are
on chromosome 1, with HMLal and HMLa2 being the first two genes on this chromosome and
the MAT locus located about 120 genes farther along. The genes ancestrally flanking the 5’ and
3’ end of MAT are DIC1 and SLA2, an arrangement that seems to be quite old and stable because
it is conserved in several pre-WGD species. Ancestral chromosome 1 was duplicated during WGD,
giving rise to two daughter chromosomes. We call one of them the “MAT chromosome” because
it lost its copies of these loci. After WGD, both chromosomes underwent further rearrangements
and large deletions, beginning at the MAT locus and extending in the Z direction. There are many
evidences that switching errors, which accumulate along evolutionary lineages, have a profound
effect on the structure and organization of the MAT-containing chromosome in post-WGD
species. Over evolutionary time, chromosomal genes located immediately beside MAT have
continually been deleted, truncated or transposed to other places in the genome in a process
that has gradually brought silent cassettes HMR and HML into proximity with MAT locus, resulting
in a higher risk for removal. During this process, the triplicated sequence regions, called Z and X,
have continually replaced to allow HML and HMR to be used as templates for DNA repair at MAT
locus during mating-type switching. A general tendency to delete DNA beside the MAT locus
exists in pre-WGD species as well as post-WGD species; however, the effects of the deletion
process are much more drastic in post-WGD species. The deletion and transposition events may

have been caused by evolutionary accidents during mating-type switching, combined with
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natural selection to keep MAT and HML on the same chromosome. As mating-type switching is
an accident-prone process that removes genes and erodes the flanking chromosomal DNA it is
likely to impact on the biology of the species in which it occurs. Furthermore, error-prone DNA
synthesis occurs during switching. Therefore, unlike recombination, switching does not create or
maintain any genetic diversity and it occurs both in species that grow primarily as diploids and in
the others that grow primarily as haploids. The most important benefit brought by switching
mechanism may be that it provides a way for an isolated germinating spore to reform spores if

growth conditions are too poor or to test environment of uncertain quality.

Figure 1.9. Schematic organization of the MAT locus in six species (adapted from Butler, 2004).
For each species, the main horizontal line shows the organization of the a idiomorph, and the a
idiomorph is represented by the offset box below it. The recognition site of Ho endonuclease in

MATal is marked when present. a idiomorph are coloured in red; a idiomorph are indicated in

green.
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1.3 FOCUS ON THE ZYGOSACCHAROMYCES ROUXII COMPLEX

The Z rouxii complex includes industrially important halotolerant and osmotolerant yeasts that
participate in both the elaboration and spoilage of foodstuff. These yeasts are able to grow in
such high salt and/or sugar concentrations, which hamper the growth of many other species,
included S. cerevisiae. They have been identified as potential spoilage agents for different food
products, such as fruit juices, soft drinks, high-sugar syrups, acetic preserves, wine, and cider
(Statford, 2006; Dakal et al., 2014). The Z. rouxii complex strains exhibit a near continuity in salt
tolerance (Solieri et al., 2014a), as well as remarkable genome size and karyotype variability
(Solieri et al., 2008), and unusual rDNA heterogeneity (Dakal et al., 2016; Solieri et al., 2013a).

Z. rouxii is also very attractive for genome evolution study since this clade diverged from the
Saccharomyces lineage after gaining the HO gene, but before WGD event occurring in the
ancestor of Saccharomyces clade (Wolfe and Shields, 1997; De Montigny et al., 2000; Dakal et al.,
2014). Thus, it represents the pre-WGD species most closely related to the model yeast S.
cerevisiae and it has been also indicated as near to the parental lineage ZT involved in
allopolyploidization leading to the Saccharomyces lineage (Marcet-Houben and Gabaldon, 2015;

Wolfe et al., 2015).

1.3.1 Genotypic and molecular diversity within the Z. rouxii complex

Although the physiological and biochemical processes of Z. rouxii have been studied extensively
(Van Zyl et al., 1990; Kurtzman and Fell, 1998; Jansen et al., 2003; Martorell et al., 2007),
relatively little is known about the diversity in this branch at genetic and molecular levels, mainly
due to the lack of tools and bio-bricks for its genetic manipulation and engineering. In 2013,
Solieri and colleagues investigated the Z. rouxii complex, encompassing strains that in other
works have been studied separately and comparing them in a comprehensive way (Table 1.2).
The strains considered in this thesis were described as a complex of haploid and diploid
heterogeneous species. Three major groups were delineated: i) the haploid and mating-
competent Z rouxii (type-strain CBS 7327); ii) the diploid species Zygsaccharomyces sapae
isolated from Traditional Balsamic Vinegar (TBV), for which ABT301" is the type-strain (which
rarely undergo meiosis); iii) a subgroup of allodiploid and sterile strains with uncertain
taxonomical position, including someone retrieved from salt environment, such as ATCC 42981,

CBS 4837 and CBS 4838 strains (Solieri et al., 2008, 2013a). Gordon and Wolfe (2008) found that
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ATCC 42981 genome originated from a recent allopolyploidization event between two
phylogenetically divergent sub-genomes. They named them T and P sub-genomes and
hypothesized that they derived from one lineage that is over 99% identical to CBS 732" and
another one not yet identified (presumably Z. pseudorouxii nom. inval. NCYC 3042), respectively.
Any traces of gene losses were found in ATCC 42981 genome, suggesting that the
allopolyploidization event was so recent that its genome has not had enough time to decay.
However, ATCC 42981 karyotype cannot be simply considered as an additive result between the
putative parental counterparts, suggesting that some structural rearrangements have occurred
in the ATCC 42981 genome compared to Z rouxii and Z. pseudorouxii (Pribylova et al., 2007,
Gordon and Wolfe, 2008). Recently, whole genome sequencing of another Z. rouxii strain, CBS
4837, suggested that also this osmotolerant/halotolerant yeast possesses an allopolyploid
genome (Sato et al., 2017). Unlike haploid Z rouxii CBS 732" strain, Z. sapae and
aneuploid/allodiploid strains display an unusual rDNA heterogeneity with regard to the internal
transcribed spacers (ITS), rRNA regions and/or the D1/D2 domains of large subunit rDNA (LSU;
James et al., 2005; Solieri et al., 2013a). They showed that the majority of strains are unusually
heterogeneous in their ribosomal DNA, but the pattern of this heterogeneity varies significantly
between Z. sapae and the mosaic lineage. The co-occurrence of rRNA gene variants in the
genome of a single individual suggests relaxation of concerted evolution in a recombination-

driven process that is responsible for homogenizing rRNA gene repeats (Birky, 1996).
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Table 1.2. Overview of the main molecular and genetic properties of strains belonging to Z rouxii complex (adapted from Solieri et al., 2013a).

Abbreviations: Zr, Zygosaccharomyces rouxii-like copy; Zs, Zygosaccharomyces sapae-like copy.

Z. sapae Mosaic lineage

Properties CBS 7327 ABT301" ABT601 0UT7136 CBS 4838 CBS 4837 ATCC 42981
Genome size 9.8-12.77 28.1+1.3 39.0+0.3 19.57+0.47 22.5+0.20 21.7+0.33  21.9%0.20
Ploidy Haploid Diploid Diploid Aneuploid  Aneuploid  Aneuploid Diploid
Chromosome no. 6 10 11 8 8 8 8
Markers
Z50D2 ZrSOD2-22 ZrSOD2-22 ZrSOD2-22 ZrSOD22-  7ZrSOD22-  ZrSOD22- ZrSOD22-

ZrSoD22 ZrSoD22 ZrSoD2 ZrSOD2 ZrSOD2 ZrSOD2
HIS3 Zr 2 (Zr+Zs) 2 (Zr+Zs) 2 (Zr+Zs) 2 (Zr+Zs) 2 (Zr+Zs) 2 (Zr+Zs)
ITS Zr 2 (Zr+Zs)+17 2 (Zr+Zs)+1 Zr 2 (Zr+Zs)+1 2 (Zr+Zs)+1 2 (Zr+Zs)+1
LSU D1/D2 Zr Zs Zs Zs 2 (Zr+Zs)+1 2 (Zr+Zs)+1 2 (Zr+Zs)+1
cox2 Zr Zs Zs Zr Zr Zr Zr

*Genome size in Mb.T Genome size of CBS 732" was estimated at 9.8 Mb as result of the final assembly of genome project (Souciet et al., 2009) and of 12.7 Mb according to PFGE

determination (Solieri et al., 2008). + Additional recombinant copy.
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A previous study showed that repeats of the 5S ribosomal genes of filamentous fungi species are
dispersed among the genomes and escaped the concerted evolution model (Rooney and Ward,
2005). The results outlined a high variability in the rRNA composition among species and the
possible explanations could be various: these strains may be either aneuploidy or diploid, with each
chromosome of the pair of homologous chromosomes bearing one rRNA variant; there are different
tandem repeat variants arranged in their rRNA gene arrays located on the same chromosome; there
are divergent rRNA gene arrays dispersed among different chromosomes. Further analysis showed
that Z. rouxii species are characterized by hypervariable karyotypes, different levels of ploidy and
harbour mosaic genomes with two copies of many genes, suggesting that the genome has
rearranged very fast upon the separation of single lineages. Changes in ploidy and karyotype have
been demonstrated to introduce potentially significant physiological effects, providing high or low
fitness benefits mainly in highly stressful environments (Mable and Otto, 2001; Zeyl et al., 2003;
Anderson et al., 2004). Unlike haploid Z. rouxii CBS 7327 strain, Z. sapae and the allopolyploid group
displayed copy number variations of some genes, such as the housekeeping markers ZrSOD and
HIS3. Furthermore, Z. sapae possesses diploid genome bigger than those of other strains belonging
to the Z rouxii complex (Gordon and Wolfe, 2008; Solieri et al., 2013a). Sequence analysis of
individual genes confirmed that the parental strains contributing to the mosaic genome closely
resemble the Z. rouxii type-strain CBS 732" and Z. pseudorouxii nom. inval. (James et al., 2005;
Gordon and Wolfe, 2008). Overall, these findings led us to suppose an evolutionary model in which
the presumptive diploid-like status originated prior to sorting of Z. sapae and the mosaic lineage
into different groups. Under this hypothetical evolutionary scenario, outcrossing between two
divergent haploid cells would have resulted in a diploid ancestor, which lost the ability to undergo
meiosis and gave rise to stable diploid lineages (namely Z. sapae and the mosaic lineage), which
reproduced clonally and evolved independently. A possible explanation for this unexpected diversity
could be the resulting mode of propagation alternative to classical sexuality described in
Saccharomyces species, which can account for this genome complexity making the Z. rouxii complex

prone to genome mosaicism and reticulate evolution.

1.3.2 Phenotypic variability within the Z. rouxii complex

Modern yeast biotechnology places a large emphasis on exploring potential biotechnological

applications of so-called non-conventional yeasts, such as Pichia, Zygosaccharomyces and
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Kluyveromyces (Porro and Branduardi, 2009). Within the genus Zygosaccharomyces, Z. rouxii has a
leading role in food industry as both fermentation-driving biocatalyser and food-spoiling agent. Z.
rouxii strains have also been exploited as cell factories for producing enzymes characterized in the
model organism S. cerevisiae, which shows moderate halo- and osmo-tolerance (Kashyap et al.,
2002). In contrast, little efforts have been put in determining the molecular physiology in Z. rouxii
(Watanabe et al., 1995, 2004; Iwaki et al., 1998, 1999; Pribylova et al., 2008).

The Z rouxii complex shows variability with respect to not only gene copy number variation,
karyotype variability and change in ploidy, but also to phenotypic and functional diversity in stress
responses (Solieri et al., 2014a). By subjecting several strains of the Z. rouxii complex to a pattern of
different environmental perturbations, encompassing high concentration of alkali metal cations,
glycerol consumption and growth at 37°C, it was underlined inter-strain stress response variation
within the Z. rouxii complex, partially supporting the previous segregation of strains in two different
clusters, that is, the allodiploid/aneuploid group (ATCC 42981, CBS 4837 and CBS 4838 strains), the
diploid Z. sapae and the haploid CBS 7327 strain. No differences were detected in response to
osmotic pressure mediated by sugars, whereas Z. sapae resulted less responsive to salt adaptation
than allodiploid strains. Probably because the allodiploid ATCC 42981, isolated from miso paste, has
two copies of functional genes involved in the production of glycerol as a compatible solute to
protect the cell against lysis and efflux of Na+ from cells in high concentrations of salt (James et al.,
2005; Solieri et al., 2006; Solieri et al., 2007; Gordon and Wolfe, 2008). These redundant genes in an
allopolyploid strain can contribute to survival under high-osmotic conditions, such as the process of
brewing soy sauce. These results imply that the two groups differ in mechanisms counteracting high
ionic strength and low aw and confirm that physiological response to sugar stress may not be as
effective for salt stress (Lages et al., 1999). In a previous work, Solieri and colleagues (2013b)
proposed that the inbreeding system could lead to aneuploidy and allodiploidy in
Zygosaccharomyces. As genetic and phenotypic variability may be induced by stress (as reviewed by
Berman and Hadany, 2012), they hypothesized that Zygosaccharomyces reproduction is a
hypermutagenic process that contributes to stress adaptation by generating progenies with
different genetic and phenotypic outcomes. The generation of divergent lineages could be a
successful strategy, developed under stressful conditions, to increase the probability to achieve
descendants improved in adaptation to hostile environments. Further investigation is required to
see whether there is a link among genetic and phenotypic variation and inbreeding reproduction

inside the Z. rouxii complex requires.
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1.3.3 MAT loci: hypermutational hotspots in Z. rouxii

Z. rouxii complex diverged from the Saccharomyces lineage after gaining the HO gene, but before
WGD event, therefore chromosomal rearrangements involving mating-type conversion may be
detected in its genome. The availability of complete genome sequence for Z. rouxii type-strain CBS
7327 provides an ideal opportunity to analyze the consequences of HO gene acquisition.

Solieri et al. (2014) and Watanabe et al. (2013) demonstrated that Z. rouxii inter-strain karyotype
variability is related to sex-chromosome diversity caused by ectopic recombination at the MAT, HML
and HMR loci during mating-type switching. This genotypic variability could favour phenotypic
diversity and adaptation to hostile environments.

Differently from S. cerevisiae, in Zygosaccharomyces yeasts the HMR locus and the MAT-HML
linkage are located on distinct chromosomes. This means that MAT-like (MTL) loci are susceptible
to ectopic and inter-chromosomal recombination events between two non-homologous
chromosomes in haploids and two pair of non-homologous chromosomes in diploids (Fig. 1.10).
Furthermore, as being an error prone mechanism, switching contributes to strong variability in
organization and structure of sex chromosomes at many levels. Haploid strains frequently exhibit
abnormal genotypes with redundant number of MAT-like cassettes flanked by variable genes,
resulting from HO-independent inter-chromosomal translocations between MAT-like loci.
Watanabe and colleagues (2013) demonstrated that reciprocal translocation at the MTL loci was
responsible of genomic instability in CBS 7327 stock of the type-strain of the Z. rouxii species.
Furthermore, translocation events make the MTL flanking regions variable in strains of the same
species. Finally in the Z sapae type-strain ABT301', with aaaa genotype, an unusual cassette
configuration without a HMR silent cassette (Solieri et al., 2013), makes difficult the a-a switching
and dys-regulates cell-type identity (Bizzarri et al., 2016).

Although the pre-WGD species are known to retain a MAT-locus organization similar to Torulaspora
delbrueckii (DIC1-MAT-SLA2), Z. rouxii CBS 7327 strain shows a MAT organization divergent from that
of other non-WGD species (CHA1-MAT-SLA2). This new arrangement is the consequence of a
translocation, occurred in Z rouxii type-strain, joined the X side of MAT to a telomeric region
containing CHA1 (Gordon et al., 2011). This CHA1-MAT linkage represents a peculiar structural
feature of MAT locus in Z rouxii, as it has never been detected in the genome of other pre-WGD

hemiascomycetous yeasts, leading to infer that if these deletions, truncations and transpositions
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are related to the acquisition of HO endonuclease, a remnant of degraded MAT organization may

be detected among the Z. rouxii population.

Figure 1.10. Comparison between the different three-cassette system organization found in S.
cerevisiae and Z. rouxii. In S. cerevisiae diploids (D), the two blue bars indicate two non-homologous
chromosomes; while in Z. rouxii diploids (D) the green and blue bars represent two pair of non-
homologous chromosomes in diploids. Red dots are the a idiomorphs, while the dark boxes stand

for the a idiomorphs. Abbreviations: H, haploid; D, diploid; Chr, chromosome.
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More recently, Watanabe et al. (2013) analyzed the MAT locus organization in the Z rouxii
population of haploid strains; in particular, the authors considered a pool of haploid Z. rouxii strains
as well as two different stocks of the Z. rouxii type-strain, namely CBS 7327 and the Japanese stock
NBRC 1130". PCR analysis was carried using specific primer sets that annealed to MAT, HML and
HMR flanking regions (outside of the X and Z regions) characterized in MAT, HML and HMR cassettes
of CBS 732" genome that has been sequenced. PCR results can be represented not only by flanking
regions described in CBS 732" genome (CHA1-MAT-SLA2), but also by other combinations,
confirming that the flanking sequences of MAT, HML and HMR cassettes are highly variable among
the Z rouxii populations. These results imply that the MAT, HML and HMR loci represent
translocation and mutation hotspots in Z rouxii haploid strains, suggesting that chromosomal
rearrangements could play key roles in phenotypic variation and genome evolution. Perhaps this
reciprocal translocation has occurred in the early passage culture of CBS 732T in the past 80 years
because the type-strain, deposited in Centraalbureau voor Schimmelcultures (CBS) collection and

distributed to others, was originally isolated by Sacchettiin 1932. Furthermore, they found out that

45



Part | Introduction: Chapter 1

not all the PCR products confirmed CBS 732" genome sequencing data and that in four haploid
strains, namely NBRC 1733, NBRC 0686, NBRC 0740 and NBRC 1053 the terminal region of the
chromosome containing HMR locus was replaced with the chromosomal region on the left of the
MAT or HML loci (Watanabe et al., 2013). The loss of the region on the right of the HMR locus in
these strains was confirmed by PCR analysis, which detected only a amplicons, suggesting that they
lost a information and were forced to behave like heterothallic. Overall, these outcomes indicate
that the acquisition of HO endonuclease increased the frequency of genotypic switching in Z. rouxii.
However, the inter-chromosomal rearrangement accompanying ectopic recombination between
MAT and HMR or between HML and HMR cassettes is independent of the HO endonuclease
acquisition, at least under experimental conditions tested by Watanabe and colleagues. Intriguingly,
they found that the difference in switching frequency between Z. rouxii wild type and AHO cells is
negligible when compared with the difference detected between S. cerevisiae HO and ho strains
(10° order of magnitude; Hicks et al., 1977). These data suggest that HO gene could play a different

role in regulating mating-type switching between S. cerevisiae and Z. rouxii.

1.4 DOBZHANSKY-MULLER INCOMPATIBILITY

Saccharomyces sensu stricto yeast species are generally distinct based on low viability of spores
produced by hybridization. Whereas mating between members of the same S. cerevisiae strain
produces spores with viabilities of close to 100% (Greig et al., 2002) and spores produced by mating
between S. cerevisiae strains often show viabilites of ~80% (Greig et al., 2002), mating between S.
cerevisiae and Saccharomyces paradoxus or other Saccharomyces species typically result in <1%
viable of spores (Greig et al., 2002). The bases of the reproductive barriers among Saccharomyces
sensu stricto yeasts have been investigated intensely over the last few years. A variety of different
mechanisms can be responsible for hybrid infertility, such as chromosomal rearrangements,
Dobzhansky-Muller incompatibilities between epistatically interacting genes and sequence
divergence acted on by the mismatch repair system.

The Dobzhansky-Muller model (DM model) posits that after an ancestral lineage diverges to create
two daughter lineages incompatible changes arise in alternative members of a pair of interacting
loci. Thus, in one lineage, one of the genes diverges from the ancestral sequence and in the second

lineage the other gene diverges from the ancestral sequence. In the case that the diverged versions
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of both genes are brought together in a hybrid, they will interact in such a way as to reduce fitness
through a mechanism that is not specified. It is important to underline that the incompatibility can
be either dominant or recessive. In the former case, the presence of the two diverged genes will
reduce fitness irrespective of what other genes are present. In the latter case however, the
existence of an incompatibility can be masked by the presence of an ancestral type sequence at

both loci (e.g. in an F1 hybrid).

1.4.1 Allopolyploid sterility and the DM model

As result of increased allelic variation and modification of transcriptional networks, allopolyploids
display traits of tremendous agro-economic and evolutionary value, such as heterosis (the increased
levels of growth exhibited by allopolyploids relative to their parents) and better stress adaptation
to changing or sub-optimal environments compared to the parents. However, allopolyploids cannot
be used in breeding programs for novel strain development or in genetic analysis due to their
sterility. Despite the evolutionary and biotechnological importance, the molecular bases of pre- and
postzygotic reproductive isolation remain elusive in vyeast allopolyploids. For example,
Saccharomyces species are postzygotically isolated: interspecies F1 hybrids are viable but sterile,
producing only about 1% viable gametes that are generally highly aneuploid. When chromosomes
from different parents are sufficiently diverged, they cannot crossover during meiosis and so fail to
segregate accurately. Classical chromosomal speciation cannot be the cause of hybrid sterility,
because all Saccharomyces sensu stricto species have 16 chromosomes with a total of just four, two
or zero rearrangements relative to S. cerevisiae that have no correlation with genetic distance
(Fischer et al., 2001; Orr and Turelli, 2001).

In animals (especially Drosophila), genic incompatibility is thought to be the primary cause of hybrid
sterility, as predicted by Dobzhansky (1937) and Muller (1942). In the DM model, the extent of the
reproductive isolation relies on epistatic interactions between genes. Negative epistasis occurs
where independently fixed mutations in allopatric populations could not properly function together
when combined in hybrids. In particular, isolated populations fix different beneficial alleles at
different loci, which results in reproductive isolation if the alleles are incompatible when in the same
genetic background. In the most simple form, a two-allele two-locus model, genotypes AAbb and
aaBB have normal fitness but hybrid genotypes such as aabb have reduced fertility, as the aand b

alleles at the two loci are incompatible. The extent of incompatibility can vary with the ‘dominance’
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of the effect, in that genotypes aabb, Aabb and AaBb may differ in epistatic interactions and hence
incompatibility (Orr and Turelli, 2001).

Despite several efforts, a few types of DM genetic incompatibilities have been identified at inter-
species level in yeast so far. Lee et al. (2008) demonstrated that incompatibility of nuclear and
mitochondrial genomes causes hybrid sterility between species S. cerevisiae and Saccharomyces
bayanus. Another candidate locus for DM incompatibility could be the MAT cassette regulating cell
type identity. Greig et al. (2002) deleted the S. cerevisiae copy of the MAT locus in F1 hybrid diploids.
Diploids with two active copies of the MAT locus do not have mating-type, but with only one copy
of the MAT locus, a diploid behaves as a gamete that can divide, switch mating-type and auto-
fertilize, producing an allotetraploid.

A proper regulation of the expression, activation, and interaction of MAT locus genes is also or
essential for growth and differentiation in yeasts, since they are master regulators of cell-type
identity. For instance, in C. albicans sexual reproduction governs the switching between
morphological forms and it is correlated to the shift from opportunistic to pathogenic status
(Heitman, 2006). Furthermore, reproductive gene isolation and incompatibilities among MAT-
related genes are invoked as sources of reproductive isolation during fungi speciation, together with
cito-nuclear incompatibilities (Solieri, 2010). Therefore, knowledge on functional mating system and
the way to restore it when impaired in sterile hybrids will thus reduce the amount of efforts required
for breeding process and assist the study of genetic determinants of important industrial traits and
may provide proper disease management strategies and can elucidate the speciation and evolution

of life history in ascomycetes.
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CHAPTER 2: SEQUENCING AND SEQUENCE DATA ANALYSIS

In this Chapter, | present a review of the main improvements in DNA sequencing technologies.
Particular attention is paid to the most recent 3™ generation sequencing technologies, since they
are the only platforms that allow the resolution of mosaic structures typical of hybrid genomes, the
phase reconstruction of parental complements and a reliable identification of gene losses or
redundancies by limiting miss-assemblies due to collapsing of homeomologous and/or repetitive

segments.

2.1 FIRST GENERATION SEQUENCERS

In 1977, Sanger developed the first rapid DNA sequencing method based on the selective
incorporation of chain-terminating dideoxynucleotides by DNA (Sanger et al., 1977a). Soon after,
the very first DNA genome, that of the bacteriophage $pX174 was sequenced (Sanger et al.,
1977b). In the 1980s’ researchers realized that genome sequencing of larger, non-viral genomes
would require automatization. The research community started to work together with the
private sector on the development of automated sequencing machines. ABI 370A, the first
automated sequencer, was released in 1986 (Fig. 2.1). From then on, the field of genomics
started to evolve rapidly. Large genome sequencing trials of Mycoplasma capricolum, Escherichia
coli, Caenorhabditis elegans, and S. cerevisiae started. In 1995, the first free-living organism, the
pathogenic bacterium Haemophilus influenzae was sequenced (Fleischmann et al., 1995), followed
by the first eukaryote, S. cerevisiae, one year later (Goffeau et al.,1996) (Fig. 2.1).

The Human Genome Project (HGP) was devised during the 1980s’ and formally the 15-years
project started in 1990 with a budget of S$3 billion (De Lisi, 2008). In addition, Celera
Corporation started in parallel, a privately funded project in 1998. The human genome draft,
covering 83% of the genome, was published in 2001 by both, public and private initiative
(Lander et al., 2001; Venter et al., 2001). The complete human genome was released in 2003,
two years earlier than originally planned (International Human Genome Sequencing

Consortium, 2004).
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For the past 30 years, Sanger-sequencing technology has remained the most commonly used DNA
sequencing technique until date. This method reached its zenith in the development of single tube
chemistry with fluorescently marked termination bases, heat stable polymerases, and automated

capillary electrophoresis; but then reached a plateau in terms of technical development.

Figure 2.1. Sequencing evolution. Changes in the sequencing cost of the human genome (blue) and
in the number of sequenced genomes (green) over the past decade are given at the top. Timeline
representing milestone sequencing platforms and timing of major sequencing projects are given in

the middle and at the bottom, respectively.

Sequencing cost

$100,000k § 15,000
$10,000k 12,000
$1,000k 9,000
$100k 6,000
510k 3,000
)y
$1k Sequenced genomes o
Platforms
ABI 310| |ABI 3700 96-capilary Solexa/lllumina| 454 Titanium, lllumina Oxford Nanopore
ABI370A| single ABI 3770xI 454 GS-20 lllumina GAIl
capilary pyrosequencer
L] me e . ‘ . ]
X174 genome L\rabidopsis Watson genome Human genetic syndromes
H. influenzae Worm Zebrafish publications
E. coli | | Fruitfly Mouse Rat First tumor:normal genome publication
Yeast genome 0 Genomes & Human Microbiome FarGen
[ 100k Genomes |
. Human Genome Proje R e ENCODE

Projects and publications

2.2 NEXT GENERATION SEQUENCERS

In the first years after the HGP completion, the evolution of sequencing cost followed Moore’s
law, dropping by half every two years (Fig 2.1).

Nevertheless, the 3 billion bases long entire euchromatic human genome was sequenced in 13 years
at a cost of approximately $3 billion. This enormous cost of sequencing per run and low throughput
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of the Sanger sequencing technique are limiting its use for large scale whole genome sequencing
projects (Ronaghi, 2001).

With the ultimate goal of deciphering complete genes and entire genome, the requirement of high-
throughput sequencing grew by an unpredicted extent. Novel approaches evolved to provide
sequence data around a hundred times faster and cheaper than the dominant sequencing data
provider Sanger. Second generation sequencers brought a drastic drop in sequencing prices. These
approaches fall under the broad definition of “next generation sequencing” (NGS).

Second generation NGS technologies were born at the dawn of twenty-first century in the year 2000
with the foundation of 454 Life Sciences (originally 454 Corporation) by Jonathan Rothberg. At the
same time, other sequencing platforms, such as Solexa (lllumina) and SOLid (ABI/Life Technologies),
were also introduced into the market (Hert et al.,, 2008). Despite these platforms differ
configurationally, they share many common features and are based on similar work flows for the
production and analysis of sequencing libraries (Shendure and Ji, 2008). First, the sample nucleic
acids have to be sheared in order to reach a size compatible with sequencing (typically <500 bp).
Second, DNA adapters containing unique sequences are attached at both ends of the sheared DNA
molecules. These adapters subsequently allow the DNA fragments to be singled out, either on beads
or on a slide (“flowcell”), enabling them to be sequenced in parallel. A comparison between
throughput metrics for the different platforms is showed in Figure 2.2.

Sanger sequencing is regarded as the foundation for the genomic research, but next generation
sequencing techniques has dramatically improved the breadth and depth of our knowledge and
understating of the genome function and dynamics, as more genomes are sequenced, analysed and
compared (Mardis, 2007). NGS technologies rely heavily on automation and high-throughput
technologies that are capable of processing millions of sequence reads in parallel fashion in very
short time duration without significant loss of accuracy (Metzeker, 2010). This massively parallel
throughput may require only few (one or two) instruments runs to accomplish sequencing

experiment (Mardis, 2007, Morozova and Marra, 2008; Riesenfeld et al., 2004).
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Figure 2.2. Summarises the developments in next generation sequencing. Throughput metrics for

the different platforms since their first instrument version came out: raw bases versus read length.
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DNA sequencing, besides decoding DNA sequence, enables the analysis of RNA that is reverse-

transcribed to DNA or any other type of molecules or phenomenon that can be bound to

DNA. Already in the early Sanger sequencing era, the complementary DNA (cDNA) libraries,

started to be sequenced to assist genome annotation (Adams et al., 1991). But the burst of

new DNA sequencing applications started with the second generation sequencing era: high-

throughput, high sensitivity and high dynamic range of new sequencers allowed for the

development of new applications.

The reduction in cost and time for generating DNA sequence data has resulted in a range of new

successful applications, such as whole genome sequencing, resequencing, RNA-sequencing to
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delineate the cellular transcriptome, ChiP-sequencing to identify binding sites of DNA-associated
proteins, as well as in the study of ancient DNA (Poinar et al., 2006). Moreover, the advent of NGS
approaches has greatly increased the ability of researchers to profile food microbial metagenomics
and to investigate the molecular mechanisms of interesting functionalities in food ecosystem. An
overview of the main applications of NGS technologies in the field of food microbiology is shown in

Figure 2.3.

Figure 2.3 Overview of the main applications of “next generation sequencing” (NGS) to address

food microbiology questions.
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Food microbiology deals with the study of micoorganisms that have both beneficial and deleterious
effects on the quality and safety of food products. The fast and low-cost NGS approaches have
revolutionized microbial taxonomy and classification, characterization of food pathogens and
spoilage microorganisms and screening of potent starter cultures for food processing (Coenye et al.,
2005). Application of NGS to microbial genomics in relation to food biotechnology is not just limited
to predict the prevalence of microorganisms in food samples and to assign phylogeny, but also to
provide in-depth molecular basis of how microorganisms respond to different food-associated

conditions which, in turn, will offer tremendous opportunities to prevent and control undesirable
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growth and survival of microorganisms in food products. Unitedly, NGS has facilitated the
development of new genome-assisted approaches for correlating genotype and phenotype to

better understand microbial behaviour in food ecosystems.

2.2.1 What sets NGS apart from conventional sequencing technology?

Even if Sanger sequencing is considered the foundation of genomics, research in the field of
microbial genomics, transcriptomics, and metagenomics was greatly limited by unavailability of an
efficient technology for high-throughput screening and sequencing large sets of genome data. The
limitations of Sanger sequencing technology drove the research for more scalable and lower-cost
sequencing solutions.
Second generation sequencers as vector-independent methods for library synthesis offered
several sequencing advantages compared to capillary sequencers (Table 2.1), mainly:
i) Only a small amount of input DNA is needed;
i) Sample preparation is faster, less laborious and cheaper;
iii) It is free from cloning associated biases (Liu et al, 2009; Mardis, 2007);
iv) Sequencing biases are reduced due to vector replication in bacterial hosts (Farris and
Olson 2007; Mardis 2007);
v) Limited risk of library sequencing underrepresentation owing to unintended expression;
of toxic products from the cloned fragment in the bacterial vector (Kimelman et al.,
2012);
Vi) Sequencing occurs more rapidly since complementary strand synthesis and base
detection are simultaneous processes.
On the other hand, PCR amplification is sensitive to GC content variation and may introduce
DNA polymerase-related errors (Quail et al., 2012). Despite this, the complementary strand
synthesis and base detection is a simultaneous process, and occurs in a nucleotide-by-
nucleotide stepwise fashion. In contrast, in capillary sequencing DNA synthesis is performed
first and the base detection from electrophoresis gel happens later. Finally, second generation
sequencers allow the sequencing of both ends of DNA fragments. As a result, so-called pair-
end or mate-pair reads with known distance between the pair can be generated. These
libraries, beside improving the genome assembly by decreasing the high error rates that prevent
assembly software to resolve large structural rearrangements and to disambiguate repeat regions,
allow detection of chromosomal rearrangements. Paired ends are obtained from the ends of
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random and small DNA fragments and the resulting data allow the scaffolding of contigs in the
absence of contiguous coverage of intervening sequences (Bentley, 2006). In mate-pair sequencing,
random DNA fragments are circularized, thereby combining previously distant ends. Typically, mate-
paired methods generates a longer insert size compared to paired-end (150-500 bp on average),
with insert sizes measuring between 2 and 20 Kb.

Considering that amplification of templates is necessary in NGS, PCR amplification steps are often
associated with PCR bias and the subsequent possibility of introducing base sequence errors or
favouring certain sequences over others. These potential drawbacks can be avoided only if a single
DNA molecule is used directly for sequencing without undergoing PCR amplification steps. In this
direction, new competitive and revolutionary technologies recently appeared on the market. They
are so-called 3" generation sequencing technologies and hold great promise in terms of offering
rapid and cost-effective sequencing of gene/genome from a single DNA molecule (Schadt et al.,
2010). They includes sequencing platforms available commercially from Helicos Biosciences

(HeliScope) (Braslavsky et al., 2003), PacBio (Ansorge, 2009) and the newest one ONT (Table 2.1).
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Table 2.1. Sequencing platforms comparison. Characteristics of first (Sanger Sequencing), second (454, lllumina, SOLID and HeliScope) and third

(PacBio and MinlON) generation sequencers are provided. Abbreviations: na, not applicable; stPCR, standard PCR; emPCR, emulsion PCR.

X N Read PCR Run . I
Platfoms Chemistry Starting DNA  Bases/template Length Amplification Reads/run TH/run time Advantage DisAdv Applications
Sanger Asynchronous 700 (Margulies PCR biases, low degree
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terminator cost of sequencing
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synthesis,
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PCR biases
De novo genome
Polymerase-based <1ue for single Bridee sequencing, RNA-seq,
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2.2.2 Practical application of NGS to food microbiology

Role of NGS in testing food safety and authentication

One of the principal challenge for the food industry is to produce safe foods with the desired
functionalities using minimal processing technologies. Whole genome characterization of
undesirable microorganisms in foodstuff is the first step towards prevention of food spoilage.
Whole genome sequencing initiatives from around the world have resulted in the complete
sequencing of a large number of food-borne pathogens, including most of the bacterial pathogens
associated with significant public health threats. Therefore, NGS could have important applications
in reducing the risks of food-borne diseases due to the huge improvements in the rate at which the
whole genome of food microorganisms from different species and from strains belonging to the
same species can be generated.

The ability of NGS to authenticate food products offers a means to monitor and identify products
for consumer protection and regulatory compliance. There are numerous molecular techniques and
physical technique available to identify adulterants in processed food such as single strand
conformational polymorphism (fish species in fresh processed fish) (Hold et al., 2001), small
sequence length polymorphism (long grain rice in basmati rice) (Bligh, 2000), restriction fragment
length polymorphism (common wheat in durum wheat pasta) (Bryan et al., 1998), DNA methylation
(neuronal tissues in muscle tissue containing processed meat) (Woolfe and Primrose 2004), ELISA
(meat, fish, milk and juices) (Asensio et al., 2008), RAPD and RFLP (different potatoes varieties).
However, the disadvantage of NGS is that it is unsuitable for quantitative detection of fraudulent
substitutions in some food samples such as processed meat where it is unable to differentiate
between neuronal tissue and muscular tissue in processed meat samples because both tissues
contains identical DNA having identical gene sequence (Woolfe and Primrose, 2004).

With the increasingly widespread use of NGS, it is reasonable that data generated by NGS and other
“omics” techniques (i.e., transcriptomic and metabolomics) will be integrated by mathematical
algorithms into a system model at the species and “meta”-species levels, so that environmental and

processing parameters will be predictive of species composition in food (Fig. 2.3).
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NGS-assisted starter optimization

Selection and dominance of a starter culture on indigenous population in fermented food can speed
up fermentation significantly and increase sensorial properties. While producing food products by
fermentation, the quality of raw material, selection of bacterial combinations to be used as starter
cultures and controlled fermentation conditions should be properly considered during fermentation
process (Oguntoyinbo et al., 2011). The move toward processed foods, fermented foods and other
booming endeavours such as discovery of new food and energy sources are driving the use of high
throughput sequencing technologies. It is well-established that population structure and dynamics
studies of microorganisms during fermentation is rather difficult to perform using traditional
culture-dependent methods due to the problems associated with processing large numbers of
samples (Humblot and Guyot, 2009). At the starting of the fermentation process, considerable
microbial diversity may be expected in culture, whereas during course of time only few
representative species remain in culture. Pyrosequencing has enabled to present an overall
community structure and population dynamics of microorganisms in a fermented food (Pearl millet
slurries) (Humblot and Guyot, 2009). Recently the outbreaks in the peanut butter and peanut paste
products associated with Sa/monela caused massive illness across United States. Traditional heat-
killing steps have shown to be ineffective in the processing of lipid-rich matrices including peanut.
In this regard upon inclusion of high-pressure processing steps in peanut products manufacturing,
the population of Salmonela was dramatically reduced as confirmed by pyrosequencing.

Another field in which NGS-assisted starter optimization is maturing is the study of wine yeast. An
annotated genome sequence for S. cerevisiae is available, which provides a framework for genome-
scale metabolic network reconstruction (Borneman et al., 2007).

Studies on fermented foods using next-generation sequencing techniques are highly valued in the
field of food biotechnology and had offered a better understanding of food ecosystems, in which
fermented food processing was greatly influenced by diverse microbial communities (Roh et al.,

2010).
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Future prospects and conclusion

The rapid developments in next-generation sequencing technologies have allowed us to obtain very
high-definition genome snapshots, and these will, undoubtedly, significantly increase our insights in
transcriptional and post-transcriptional events in microorganisms. Application of next-generation
sequencing technique in food biotechnology has dramatically changed the way we perform
detection and subtyping of microorganisms, characterization food pathogens and spoilage
microorganisms and screening potent starter cultures for food processing. High throughput
sequencing can play a key role in whole genome-assisted optimizing of food starter cultures. It is
reasonable that future challenges will be aimed at achieving connectivity between data generated
by NGS and other “omics” techniques in the context of time and space. This integration will provide
comprehensive genetic maps of important food traits, as well as predictive models of the

contribution of individual microorganisms in the development of food quality and safety.

2.2.3 MiSeq lllumina platform

Next-generation sequencing (NGS) technology has revolutionized genomic and genetic research.
The pace of change in this area is rapid with three major new sequencing platforms having been
released in 2011: lon Torrent’s PGM, Pacific Biosciences’ RS and the Illumina MiSeq. All the
platforms have library preparation protocols that involve fragmenting genomic DNA and attaching
specific adapter sequences. lllumina currently produces a suite of sequencers (MiSeq, NextSeq 500,
and the HiSeq series) optimized for a variety of throughputs and turnaround times. The Illumina
sequencing technology is based on what is called sequencing by synthesis (SBS) technology.
Essentially, the genome is broken up into smaller pieces, which are then attached to a surface inside
of the sequencer's flow cell. The MiSeq and HiSeqs are the most established platforms. The MiSeq
is designed as a fast, personal benchtop sequencer, with run times as low as 4 hr and outputs
intended for targeted sequencing and sequencing of small genomes. The HiSeq, on the other hand,
is engineered for high-throughput applications, yielding current outputs of 1 Tb in 6 days. The
lllumina MiSeq desktop sequencer allows high flexibility and easy access for smaller projects like
targeted re-sequencing, 16S metagenomics, small genome sequencing, with a very short turn-
around time. Key advantages of the MiSeq include long reads; highest flexibility and fast run times; low

run cost/base; best-established technology and broad range of biological applications.
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With read lengths of currently up to 2 x 300 bp, high throughput and low sequencing costs, lllumina's
MiSeq is becoming one of the most utilized sequencing platforms worldwide. The platform is
manageable and affordable even for smaller labs. This enables quick turnaround on a broad range
of applications such as targeted gene sequencing, metagenomics, small genome sequencing and
clinical molecular diagnostics.

In 2014, lllumina introduced the NextSeq, which is similar to the MiSeq and designed as a fast
benchtop sequencer for individual labs. This system also employs a novel two-channel sequencing
strategy. In this approach, cytosine is labeled red, thymine is labeled green, adenine is effectively
yellow (labeled with a mixture of red and green), and guanine is unlabeled. In contrast to the four-
channel strategy used in the MiSeq and HiSeq platforms, two-channel sequencing requires only two
images for nucleotide detection, reducing data processing times and increasing throughput. Despite
the reduced complexity, the overall error rates (<1%) are similar to the more established HiSeq

machines (Reuter et al., 2015) (Fig. 2.4).

Figure 2.4. Overview of commercially available lllumina platforms.
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2.2.4 NGS data analysis

In the Sanger-sequencing era, the sequence generation was a bottleneck. Nowadays the limiting
step moved from sequencing itself to the subsequent data analysis. This is related to both, high
throughput and data characteristics, as short sequences are difficult to assemble or align
unambiguously, and downstream analyses are needed before the data can be interpreted.
Genome sequencing provides gigabytes of data, but the sequencing results need to be analysed
de novo (de novo genome assembly) or compared to a reference genome (re-sequencing). In
the first scenario, the reference set of chromosomes is generated. Genome assembly from
NGS reads is challenging and multiple solutions have been developed. The most successful
programs, like SOAPdenovo (Luo et al., 2012), Velvet (Zerbino et al., 2009), SPAdes (Bankevich
et al., 2012) or ABySS (Simpson et al., 2009) are based on de Bruijn graphs. A directed graph
representing genome fragments (contigs) is created connecting the reads based on exact
sequence overlaps of a given length (K-mer). Subsequently, contigs are further joined into
scaffolds using pair-end or mate-pairs libraries (scaffolding). Finally, the gaps may be closed

using the same paired-end and mate pairs libraries (Fig. 2.5, panel A).

Figure 2.5. Genome assembly from short reads. Standard (A) and heterozygous (B) genome
assembly pipelines are compared. Heterozygous regions in diploid chromosome are marked in
red and blue. Heterozygous genome assembly pipeline consists of five steps. a) Standard de
novo assembly is performed and b) optionally gaps are closed. Obtained assembly is larger
than expected and fragmented because two alternative contigs are recovered from
heterozygous region (blue and red), while single contig is recovered from homozygous regions
(grey). Further scaffolding of such assembly is impossible, as homozygous contigs can be
joined to any of heterozygous contigs (blue and red). c) To overcome this, redundant contigs
from heterozygous regions are removed (here thered contig) and d) homogenised assembly

is further scaffolded. e) Finally, gaps are closed.
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The predominantly used assembling programs described above are not suitable for highly
heterozygous diploid genomes since the increased complexity of the de Bruijn graph (DBG) structure
makes assembly a substantial challenge. Different studies showed that in most of the DBG-based
assemblers the scaffold NG50 values are dramatically reduced when the heterozygosity is >0.5%.
DBG-based assembling programs are not able to overcome one of the primary obstacle of de novo
hybrid genomes assembly, i.e the existence of heterozygosity between diploid chromosomes (You
et al., 2013; Zheng et al., 2013). For diploid samples, during the building up of the DBG, different k-
mers derived from the heterozygous regions corresponding to each homologous chromosome are
created and used in the graph structures. In correspondence of the borders between homozygous
and heterozygous regions, junctions are created in the graph and subsequently bubble structures
are generated. Most of the existing DBG-based assemblers try to solve this problem by simplifying
these structures, failing in both efficiently eliminating errors and resolving repeats.

Therefore, new methods are required to address the increasing demand for sequencing of non-
model microorganism, such as non-conventional yeasts as Z rouxii. Moreover, the genome
reconstruction process in allodiploid strains is even more challenging due to the peculiar
heterozygosity and chimeric genetic organization. An additional, but not less important, underlying
difficulty of allodiploid genome reconstruction is the lack of an appropriate diploid reference.
To overcome these difficulties alternative assembling strategies have been recently proposed. For
example, Platanus is a de novo assembler released in 2014 and represents a novel and efficient
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approach for the assembly of Gb-sized highly heterozygous genomes since it can to reconstruct
genomic sequences of highly heterozygous diploids from massively parallel shotgun sequencing
data (Kajitani et al., 2014).

Platanus works assembling short reads into contigs by constructing DBG with automatically
optimized k-mer sizes followed by the scaffolding of contigs based on paired-end information.
During both the contig assembly step and the scaffolding step, the complicated graph structures
that result from the heterozygosity are simplified and heterozygous regions containing structural
variations, repeats, and/or low-coverage sites, are captured (Kajitani et al., 2014). During the contig
assembly and the scaffolding steps, Platanus attempts to assemble each haplotype sequence
separately into a single contig/scaffold, resulting in a mosaic genome where the heterozygosity is
preserved at the price of contig fragmentation.

Other assemblers, even not specifically designed for hybrid genomes, such as MaSuRCA, may retain
the heterozygosity level by compressing overlapping reads into super-reads of 3—13 kb using an
Eulerian de Bruijn graph and then assembling these super-reads in contig using an overlap-layout-
consensus—based algorithmn, avoiding, in this way, a sharp decrease in its scaffold NG50 (Zimin et
al., 2013). However, in assembling real data from various organisms, Platanus often returned much
larger scaffold NG50 values than those from MaSuRCA, possibly due to the presence of more
complex variants in the actual data set. Moreover, MaSuRCA required a higher execution time and
memory resources for assembly compared to Platanus owing to the super-reads creation step. With
the advent of 3" generation sequencing technologies, the reconstruction of hybrid genomes took
advantage from combining short- and long-reads data (hybrid assembly) to improve the scaffolding

of fragmented contigs, thought new assembly pipelines have to be developed.

2.3 3%° GENERATION SEQUENCING TECHNOLOGIES: NANOPORE AND SINGLE-MOLECULE
REAL TIME SEQUENCING

The development of novel genome sequencing methods has been the major driving force behind
the rapid advancements in genomics of the last decades. Many more genomes were sequenced
thanks to the advent of second generation sequencing, which provided researchers with the
required throughput and cost efficiency. Recent years saw the dawn of what can be considered a
third generation, that allows reading of single DNA molecules in long consecutive stretches without

need of amplification (de Lannoy et al., 2017). Currently, two are the dominating methods of this
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new generation: nanopore sequencing and single molecule real time (SMRT), championed by Oxford

Nanopore Technologies (ONT) and Pacific Biosciences (PacBio), respectively.

2.3.1 MinION platform and physical basis of DNA sequencing using nanopores

Nanopore sequencing is a promising new venue in biology research. Since the introduction of the
first commercially available Nanopore sequencing device, ONT’s MinlON in 2014, the field of
Nanopore sequencing has advanced rapidly; both new applications and improvements to existing
ones are published on a regular basis. The advantages of the MinlON over other sequencing devices
are numerous: inexpensive, small, capable of producing long reads and free from the need of
nucleotide labelling or amplification. Considering all these characteristics, it is conceivable that the
MinlON will make cost-effective, fast and portable de novo whole genome sequencing of even
complex genomes possible in the future.

Currently, the most prominent obstacles for de novo sequencing using the MinlON are the lower
signal-to-noise ratio, stochasticity introduced by its biological components, and the resulting high
error rate of the reads. Improving basecalling accuracy would improve assembly quality and, more
important, allow more computationally efficient assembly.

Nanopore sequencing is a novel sequencing approach that exploits an electrical potential applied
across an insulating membrane in which a single small pore is inserted.

A DNA strand is pulled through the pore and the sequence is inferred from the characteristic way in
which the passing base combinations influence the current (de Lannoy et al., 2017). More in
detailed, a microscopic opening wide enough to allow single-stranded DNA to pass the nanopore is
introduced in an insulating membrane between two compartments filled with saline solution and
an electric potential is applied across it. DNA strands are then added to one compartment and
allowed to diffuse toward the nanopore, where they are captured by the electric field and threaded
through the pore. While a strand is passed through, the characteristic way in which the bases
influence the electric current through the nanopore is measured. These measurements can then be
decoded to retrieve the sequence of the DNA strand (Fig. 2.6). During MinlON sequencing run, the
potential over the membrane is kept stable, while the electrical current is sampled at a frequency
in the kHz range. This signal serves as the basis for basecalling since it is characteristic for the bases

moving towards through the pore.
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Figure 2.6. Sequencing of a DNA strand using nanopores. From left to right, double-stranded DNA
with attached motor protein attaches to a pore protein in an insulating membrane. The applied
potential pulls one strand through the pore, while the motor protein unzips the DNA in a step-wise
fashion. After the DNA has been unzipped completely and one strand has passed through, the
complex detaches from the pore entrance and the pore is ready to receive another strand. Image

from Oxford Nanopore Technologies Ltd.

There are three categories of DNA reading chemistries for the MinlON (Fig. 2.7). The first one is
called 1D chemistry: only the first strand of a dsDNA stretch (by definition, the template strand) is
threaded through the pore and read. In the second method, referred to as 2D-sequencing, the 3’
end of the template strand and the 5’ end of its complement are covalently connected using a
hairpin adapter, allowing the complement strand to be pulled in automatically after the template
strand. This approach was replaced by the 1D2-sequencing in May of 2017. This 2D successor
chemistry also allows reading both strands, but rather than attaching the two, the complement
strand is tethered to the membrane while the template strand is sequenced. This method, that

combines reads of both strands, has been proved to significantly increase sequencing accuracy.
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Figure 2.7. Schematization of the three categories of DNA sequencing methods for the MinlON.
(A) In the 1D chemistry, only the template strand (blue) is threaded by its motor protein (green) and
read. The complement strand (red) is discarded at the cis side of the pore. The tethers (dark-green)
allow for selection of properly ligated complexes during sample preparation and attach to the
membrane to increase the availability of strands near pores during sequencing. (B) In the
abandoned 2D chemistry, a hairpin covalently connected template and complement strand, thus
allowing sequencing of the complement strand immediately after the template strand. (C) 1D?
chemistry, the successor of 2D, is the currently implemented method to sequence both strands: the
complement strand is tethered to the membrane while the template is sequenced. After the
template strand is threaded through, the complement strand is drawn in and the tether is pulled

loose. Figure based on Jain et al., 2015.
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2.3.2 Nanopore data analysis

Once nanopore reads have been basecalled (i.e the current signal has been translated into the
underlying DNA sequence), they may be de novo assembled using assembly tools that can make use
of the long read length wile mitigating the error-prone nature of the reads. This is often followed by
the last step of “polishing”, in which a better consensus between the assembly and the raw reads is

sought (de Lannoy et al., 2018). One of the technical advantages of ONT data is the read length,
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which offers great prospects for genome assembly. As reviewed by Henson et al. (2012), generally,
assemblers are based on several different types of algorithms, such as greedy, overlap-layout-
consensus (OLC), de Bruijn graph (DBG), and string graph.

The NGS platforms such as Illlumina’s HiSeq and MiSeq have played a dominant role in genomic
research and applications and it is foreseeable that short read data will continue to be a very
important part of data sources for years to come. With the emergence of third generation
sequencing (3GS), some assemblers start to include long reads into the pipeline to improve
assemblies primarily generated from short reads (Lu and Giordano, 2016). Some examples of hybrid
assemblers are ALLPATHS-LG (Gnerrea et al., 2011), SPAdes (Bankevich et al., 2012) and DBG20LC
(Ye et al., 2012). The latter one employs an algorithm that starts with linear unambiguous regions
of a DBG, and ends up with linear unambiguous regions in an overlap graph (used in the OLC
framework). Due to this property, it was called DBG2OLC. Differently from previous approaches, this
assembler uses the NGS assembly to lower the computational burden of aligning 3GS sequences
rather than just polishing 3GS data. In this way, the sequencing gaps in NGS data may be covered
by the data from 3GS and vice versa. The utilization of NGS data also lowers the required sequencing
depth of 3GS, saving about half of the sequencing cost. In conclusion, we can say that DBG20OLC is
an efficient hybrid assembler that simultaneously utilizes NGS and 3GS data to reduce the high error
rate of long reads of large genomes, to detect and correct structural errors generated by chimeric

long reads and finally to assemble and polish 3GS reads.

2.3.3 Fungal genomics’ history until Nanopore sequencing

The last decade has witnessed a revolution in the genomics of the fungal kingdom that has been
driven by the evolution of genome sequencing technology. The genomes of almost twenty different
hemiascomycete yeasts have been sequenced (Wolfe, 2004) since the genome of S. cerevisiae was
published a decade ago (Goffeau et al., 1996). This milestone revolutionized work in yeast and
enabled the first global studies of eukaryotic gene function and expression. The number of available
genomes and the remarkable conservation of gene order means that yeast comparative genomics
can be used to address hypotheses about genome evolution that would be impossible in any other
system. Over 40 complete fungal genomes have been publicly released, generating an explosion in
fungal genomics that has greatly expanded our knowledge of the genetic and physiological diversity
of these organisms, providing a great opportunity to study the biology and evolution of this
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medically, industrially, and environmentally important kingdom. In addition, fungi also serve as
model organisms for all eukaryotes (Galagan et al., 2005). The advent of high throughput and cost-
effective NGS sequencing and assembly technologies produced fungal genome sequences with
unparalleled accuracy and long-range contiguity at ever-reduced cost. These methods represent an
advance over the clone-by-clone approaches used to sequence the first eukaryotic genomes.
Despite these advances, a number of challenges remain. Repetitive sequences, that are numerous
in fungi and usually associated with telomeres, centromeres and rDNA arrays represent the single
biggest difficulty in assembling whole genome shotgun (WGS) sequence data. A special case of
repeated sequences is diploid genome, in which the extent of heterozygosity can vary dramatically
across chromosomal regions. Highly heterozygous genomes can lead to more fragmented
assemblies, or create doubt about the homology of the contigs. Consequently, allelic differences are
difficult to distinguish from distinct paralogs. When possible, these complications can be avoided or
minimized by sequencing a haploid reference of the species, but in many cases, such as with C.
ablicans and additional eight Candida species (Jones et al., 2004; Braun et al., 2005), sequencing a
diploid is inevitable. To resolve the assembly of repeats, reads need to be long enough to also
include the unique sequences flanking the repeats. It can therefore be a good idea to use long-read
technologies that go under the name of 3GS, if you know that you are working with a genome with
a high content in repeats. In particular, Nanopore sequencing revolutionize fungal genomics, since
the long reads generated allow to circumvent difficulties of assembly linked to repetitive and
homopolymeric stretches that are abundant especially in highly heterozygous diploid genomes. In
fact, one of the major advantages of the ONT is the possibility of sequencing very long DNA
fragments, which span repetitive regions. Despite the availability and the constant improvement of
these new techniques, progress in sequencing fungal genomes is currently quite slow. An overview
of the complete or near-complete fungi genomes sequenced and assembled until now with the ONT

MinlON sequencing platform is presented in Table 2.2.
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Table 2.2. List of available Saccharomycetes genomes and transcriptome sequenced with ONT MinlON platform.

Species/strain Data type Scope Accession n° Sequencing center(s)
S. eubayanus CBS12357T Transcriptome or Gene expression Multiisolate PRINA481526 Delft University of Technology
S. cerevisiae IMX1812 Raw sequence reads Monoisolate PRIJNA478763 Delft University of Technology
S. eubayanus CBS12357 Genome sequencing and assembly Monoisolate PRINA450912 Delft University of Technology
S. cerevisiae S288c and SK1;
Genome sequencing and assembly Monoisolate PRJEB19900 University of South Carolina (SC)
S. paradoxus N44 and CBS432.
C. vartiovaarae
Genome sequencing and assembly Monoisolate PRJEB19912 ZF-Screens B.V.
(Torulopsis vartiovaarae)
S. cerevisiae S288C SRA Experiments Monoisolate PRIJEB14774 Glenville State College (GSC)
Dekkera bruxellensis Genome sequencing and assembly Monoisolate PRJEB21262 University of San Diego (USD)
S. cerevisiae CEN.PK 1137D Raw sequence reads Monoisolate PRJEB22218 University of Arkansas for Medical Sciences (UAMS)
S. cerevisiae CEN.PK 1137D Genome sequencing and assembly Monoisolate PRINA398797 University of Arkansas for Medical Sciences (UAMS)
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2.4 OVERVIEW OF EUKARYOTIC GENOME ANNOTATION

Genome assembly is just a set of very long strings composed of As, Cs, Ts, Gs and Ns, that
represent the sequence of chromosomes. Thus, genome assembly as such contains no biological
knowledge. To gain such knowledge, potential coding and regulatory regions have to be
detected ina process known as genome annotation. Prediction of eukaryotic genes is quite
challenging from the sequence itself, as only a minor fraction of the genome sequence is
coding, and genes have often complicated exon-intron structure. For that, gene prediction is
usually assisted with information about known genes from closely related species. In addition,
RNA-Seq reads are often used in order to improve detection of transcripts and exon-intron
boundaries (Reid et al., 2014). Gene prediction in Zygosaccharomyces species is less challenging
than in higher eukaryotes, as intergenic regions are rather short (76.4% of the haploid Z. rouxii
type-strain CBS 732" genome is coding) and there are very few protein coding genes with introns
(0.38% in Z. rouxii). The final step is functional annotation. Gene functions are typically assigned
from homologs from close relative species. Orthologs are recommended, as orthologous genes
are more likely to share the same function than paralogs (Sonnhammer et al., 2014). In
addition, functions can be assigned using sequence features such as structural and functional

domains.

2.4.1 Step 1: gene prediction

The process of correctly determining the location and structure of the protein coding genes in a
genome is called “gene prediction” and it is fairly well understood with many successful algorithms
being developed over the past decades. In general, there are three main approaches to predict
genes in a genome: intrinsic (or ab-initio), extrinsic and the combiners (Del Angel et al., 2018). The
great advantage of ab initio gene predictors is that, in principle, they need no external evidence to
identify a gene or to determine its intron-exon structure. However, these tools have some
limitations since they use organism-specific genomic traits to distinguish genes from intergenic
regions and to determine intron-exon structures (Yandell and Ence, 2012). If your genome is not
very closed to an organism for which precompiled parameters are available, the gene predictor

needs to be trained on the genome of interest.
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The intrinsic (or ab-initio) approach focuses only on information that can be extracted from the
genomic sequence itself, such as coding potential and splice site prediction. This method is labor
intensive as requires the building of statistical models and software training and optimization. First
of all, it is crucial to have a good training set, i.e. a set of structurally well annotated genes used to
build models and to train gene prediction software. Considering the peculiarity of each genome,
these models and software must be specific to each genome and thus need to be rebuilt and
retrained for each new species. This is, however, also the big advantage of this approach, as it is
capable of predicting fast evolving and species specific genes (Del Angel et al., 2018).

The most used ab initio tools are Augustus, based on a Generalized Hidden Markov Model, a
probabilistic model of a sequence and its gene structure (Stanke et al., 2006) and GeneMark-ES/ET,
a self-training, but sometimes less-accurate, algorithm (Reid, 2018).

On the other hand, the extrinsic way is much more universally applicable, as it is based on
polypeptide sequences that are already described and available in databases (e.g. NCBI non-
redundant, protein, RefSeq, UniProt), which creates a wealth of information to be exploited in the
gene prediction process. Transcript information and RNA-seq data, if available for the target
organism or for close related species, play an even more reliable role in this approach. In this case,
the most exploited tools are Blast-based algorithms and Exonerate, which is a generic sequence
alignment tool, freely available (http://www.ebi.ac.uk/~guy/exonerate/) for pairwise sequence
comparison. It allows you to align sequences using a many alignment models, either exhaustive
dynamic programming or a variety of heuristics. These latter approaches run quickly, but their
complexity makes them more difficult to implement.

Finally, ab initio and extrinsic tools can be complemented by using combiners that are probably the
most popular and widely used gene prediction approach (Fig. 2.8). For example, Funannotate
(https://github.com/nextgenusfs/funannotate) is a pipeline for gene annotation in which at the
gene prediction core there is EVidence Modeler (EVM), a combiner that takes several different gene
prediction inputs and outputs consensus gene models (Palmer, 2016; Haas et al., 2008). Other
commonly used combiners are MAKER and EuGene that is an open integrative gene finder for
eukaryotic and prokaryotic genomes (Cantarel et al., 2008; Foissac et al., 2008). However, they are
not all working in the same way, some simply aim to pick the most appropriate model or build the
consensus out of the provided input data, others have a more integrated approach in which the ab

initio prediction can be modified by the given extrinsic data (Del Angel et al., 2018).
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Figure 2.8. Simplified scheme of how it works a structural genome annotation using Combiners
(adapted from De Angel et al., 2008). On the left, the diagram shows a typical assembly process that
gives scaffolds or chromosomes ready to be annotated. These scaffolds are then annotated using
two different methods. The first method is called ab-initio/intrinsic and requires a known set of
training genes. Once the ab initio tool has been trained it can be used to predict other similarly
structured genes. The second extrinsic approach relies on experimental evidence such as CDSs,
protein sequences or RNA-seq to build gene models. Combiners (such as MAKER or EuGene) can
then incorporate all of these results, eliminate incongruences, and present gene models best

supported by all methods.
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2.4.2 Step 2: functional annotation

The ultimate goal of the functional annotation process (Fig. 2.9) is to assign biologically relevant
significance to the predicted proteins, and to the features, they derive from (e.g. gene, mRNA). This
step is particularly relevant nowadays in the context of the NGS and 3GS era due to the capacity of
sequencing, assembling, and annotating full genomes in short periods of time (Del Angel et al.,
2018). Functional annotation can be done searching similarity between the sequence of interest and
other sequences in different public repositories, for example running BLASTP against
UniProt/SwissProt.

However, assigning results merely based on sequence similarity can be misleading, as two
evolutionary independent sequences, which share some common domains could be considered

homologs (Galperin and Koonin, 1998). Therefore, whenever possible, it is better to use orthologous
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sequences for annotation purposes rather than simply homologous sequences (Kirstensen et al.,
2011). The Yeast Genome Annotation Pipeline (YGAP), an automated system specifically designed
for new yeast genome sequences lacking transcriptome data, follows this approach (Proux-Wéra et
al., 2012). YGAP does automatic de novo annotation, exploiting the existence of a large number of
gene sequences (“pillars”) conserved among fungal species and maintained in the Yeast Gene Order
Browser (YGOB) database (as well as the syntenic arrangement of coding regions among a large
number of fungi). The basic premises underlying YGAP's approach are that data from other species
already tell us what genes we should expect to find in any particular genomic region and that we
should also expect that orthologous genes are likely to have similar intron/exon structures.

Finally, functions can be assigned using sequence features such as structural and functional
domains. Such strategy is used by InterProScan 5 (Jones et al., 2014) that runs several tools
and annotate genes with multiple features, including protein and transmembrane domains,

protein localisation, putative enzymatic functions, etc.

Figure 2.9. Functional annotation pipelines (adapted from Del Angel et al., 2018). The schema is
showing a typical functional annotation process that implements three parallel routes for the
definition of functions. The first refers to proteins domains and motifs, the second to orthology
search and finally the third is applied to homology search. At the end, the output from the three

different sources is put together for more reliable predictions.
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CHAPTER 3: SYNTHETIC BIOLOGY FOR NON-CONVENTIONAL YEASTS

This section provides an introduction and overview of the main synthetic biology tools currently
available for the genetic manipulation of non-conventional yeasts. In particular, | focus on the Z
rouxii clade that is very attractive for biotechnological purposes and for genome evolution studies,
but tools and methodologies for its genetic engineering are still lacking compared to those for S.
cerevisiae. In order to circumvent this issue and investigate the role of MAT loci in governing cell
type identity of Z rouxii prototrophic hybrid strains, we developed new biobricks, plasmids,

transformation protocols and knock-out mutants that are extensively described in Chapter 6.

3.1 CHALLENGES IN GENETIC ENGINEERING OF NON-CONVENTIONAL YEASTS

Synthetic biology coupled with traditional molecular genetic techniques can enable the rapid
prototyping and optimization of microbial cell factories for industrial applications. Compared to
commonly used bacteria, yeasts show many industrially attractive traits for biotechnological
purposes (Chen and Nielsen, 2013; Kim et al., 2012; Liu et al., 2013; Wildt and Gerngross, 2005).
A few of these attributes include:

e Growth to high cell densities on a wide variety of carbon sources;

e Robustness against several environmental stresses;

e Ability to perform a variety of post-translational modifications;

e Potential to compartmentalize reactions in organelles;

e High secretion capability;

e Lack of susceptibility to infectious agents, like bacteriophage.
Filamentous fungi also share many of these advantageous characteristics, but compared to yeasts
they are often more difficult to transform with exogenous DNA (Kawai et al., 2010). Hyphal
developmental growth prevents the simple bioreactor cultivation (Gibbs et al., 2000). Consequently,
yeasts are widely used in both traditional and modern biotechnology for the production of foods,
beverages, enzymes, fine chemicals and pharmaceutical reagents. S. cerevisiae and related species

are particularly well-known because of their importance in making fermented beverages, but there
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is a wide diversity of yeasts, ie. within the Kluyveromyces, Zygosaccharomyces, Pichia,
Debaryomyces and Yarrowia genera, that have roles in biotechnology (Fig. 3.1). The particular
subject of this Thesis is one of these yeasts, Z. rouxii, since, as extensively described in Chapter 1,
this clade exhibits unique and advantageous phenotypes, which make it suitable to produce
fermented food and food additives (Table 3.1).

The vast majority of yeast synthetic biology tools have been developed in the model yeast S.
cerevisiae due to its well-annotated genome, genetic tractability, and overall its ease of use (Chen
and Nielsen, 2013). Metabolic engineering of non-conventional yeasts is more challenging in
comparison with S. cerevisiae, because less is known about their metabolism and genomics, and the
availability of advanced genetic engineering tools is limited. As yeast applications in the
biotechnology sector are constantly evolving, there is an increasing interest in applying modern
molecular tools to understand and improve non-conventional yeasts. The present introduction will
be focused on describing metabolic engineering tools and bio-bricks for non-conventional yeasts,

with a special focus on our selected model organism Z. rouxii.

Figure 3.1. Overview of the main non-conventional yeasts, their properties and relevant

applications (adapted from Wagner and Alper, 2016).

¢ Non conventional yeast e “Generally regarded as safe™ ¢ NHEJ dominant
* Crabtree negative * Genome sequence available
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Table 3.1. Examples of industrially relevant products made using non-conventional yeasts.

Species Product Product type Product use References
Hepatitis B surface . . . . . .
antigen (HBsAg) Protein/peptide  Vaccine (hepatitis B virus) Janovic et al., 1991
- . . Biopharmaceutical Weydemann et al.,
H P
irudin rotein/peptide (anticoagulant) 1995

Food/beverage additive,

H. polymorpha  phytase Enzyme . Mayer et al., 1999
agricultural supplement
F =
Hexose oxidase Enzyme ood/bever.a.ge additive (bread Fraatz et al., 2013
dough modifier)
Triacylglycerol lipase Enzyme Food/beverage additive Fraatz et al., 2013
Chvmosin Enzvme Food/beverage additive Van den Berg et al.,
¥ ¥ (rennet component) 1990
Lactase Enzvme Food/beverage additive Van Ooyen and
¥ (lactose depletion) Albert, 2006
K. lactis
Glycolic acid Organic acid Renewable chemical precursor Bianchi et al., 2001
N L Food/b dditive, . .
Lactid acid Organic acid ood/beverage a. fHve Bianchi et al., 2001
renewable chemical precursor
Markland et al.
Bioph tical (heredit Y
Ecallantide Protein/peptide IOF.) armaceutical (hereditary 1996; Cicardi et al.,
angioedema)
2010
. , . . Bioph tical (insuli
Insulin glargine Protein/peptide lopharmaceutical (insulin Kannan et al., 2009
P. pastoris analogue)

Biopharmaceutical (growth
hormone)

Insulin - like growth

factor 1 (IGF-1) Brierley et al., 1998

Protein/peptide

Phospholipase C Enzyme Plant oil processing Lobs et al., 2017

Food/beverage additive,

Citric acid Organic acid . Forster et al., 2007
renewable chemical precursor
Mironczuk et al.
Erythritol Sugar, alcohol Food/beverage additive. Zoliznczu eral
a-Ketoglutaric acid  Organic acid Renewable chemical precursor Yovkova et al., 2014
Y. lipolytica
Blazeck et al., 2014;
Lipid Tai and
Ip.l > Fatty acid Renewable chemical precursor alan
(triacylglycerol) Stephanopoulos,
2013
. Food/beverage additive, Matthaus et al.,
Lycopene Carotenoid
supplement 2013
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Omega-3 Biopharmaceutical

eicosapentaenoic Fatty acid P ’ Xu et al., 2013

acid supplement

4-hydroxyfuranone  Flavour

der\i/vatesy compounds Soy sauce additive Hauck et al., 2003
Flavour and

HEMF aroma Soy sauce additive Hauck et al., 2003

Z. rouxii compounds

Aroma

ethyl acetate compounds Soy sauce additive Hauck et al., 2003

. Aroma o,
4-ethylguaiacol compounds Soy sauce additive Cao et al., 2010

Metabolic engineering entails the ability to express a gene from an expression cassette and the
possibility to knockout native genes. In the first case, host strategies utilize episomal plasmids and
auxotrophic markers to provide selective pressure for the maintenance of heterologous DNA
containing the expression cassette. Alternatively, heterologous gene expression may include the
integration of expression cassette into the host's genome. Similarly, gene disruption can be
performed by the replacement of targeted gene with a deletion cassette.

In non-conventional yeasts, these genetic manipulations are hampered by three main challenges.
Firstly, synthetic biological parts or bio-bricks are low in number, such as promoters, terminators,
and replication elements. Additionally, the generation of targeted integration cassettes and
episomal vectors requires several PCR reactions, molecular cloning steps, and time, thus limiting the
throughput of genetic manipulations. Another limitation is the low availability of selectable markers
for the screening of transformants carrying the desired genetic modifications. Even in S. cerevisiae,
where a relatively large number of selection markers are available, the construction of multiple
successive genetic modifications remains a challenge, as the number of genetic manipulations
typically equals the number of selection markers introduced in the host.

Transformation with a linear DNA fragment containing a selectable marker entails that the cassette
is targeted to a specific site in the genome by homology to the site of interest. Native DNA repair
pathway based on HR is responsible for this site specificity. S. cerevisiae has a highly efficient HR
DNA repair system, which makes the control over the integration loci very easy, avoids disrupting
essential genes, and allows for integration into a site with a consistent expression profile.

Consequently, integration cassette via HR includes very short homology targeting regions and can
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also be used to knockout native genes. In non-conventional yeasts, the NHEJ DNA repair pathway is
favoured over the HR and genome engineering by HR is inefficient. As a result, engineering of non-
conventional yeasts is frequently accomplished by random integration of transformed cassette,
which can lead to unwanted disruptions of open reading frames or other genomic elements. In
addition, expression levels of heterologous cassettes have been shown to be highly dependent on
the integration site, and so random integration can result in variable expression across

transformants.

3.2 Survey of metabolic engineering bio-bricks

3.2.1 Promoters

Promoters are responsible for driving gene expression and are one of the first key synthetic parts
required in a host system. Due to their critical role in expression cassette design, promoters are
likely the most characterized and engineered genetic part in many yeast systems. In this vein,
promoters that span high strength and a range of expression are necessary to provide coarse,
guantitative and temporal expression control.

The field of yeast synthetic promoter engineering has been growing quickly, especially in the model
yeast S. cerevisiage. Certainly, more advanced and engineered promoter elements can enable
sophisticated control and/or coordination of a pathway, network, or circuit (Liang et al., 2012; Teo
and Chang, 2014) in a minimal space. However, most of the field is dominated by the use of native
yeast promoter scaffolds, resulting in relatively large promoter elements (Alper et al., 2005; Nevoigt
et al., 2006). The promoters typically used in non-conventional yeasts are endogenous promoters,
which have not been engineered to enhance or alter performance, or alternatively S. cerevisiae
promoters. In H. polymorpha expression cassettes are commonly constructed using the strong
inducible methanol oxidase promoter (PMOX) (Krasovska et al., 2007), but constitutive elements
such as the glyceraldehyde-3-phosphate dehydrogenase promoter (PGAP) have also been utilized
(Heo et al., 2003). In K. lactis heterologous protein production strategies have frequently relied on
S. cerevisiae promoters such as PGAL1 or PPGK (Van Ooyen and Albert, 2006). The acceptable
performance of these promoters in K. lactis, including glucose-repression and galactose-induction
for Peai1 (Horwitz, 2015), suggests a high level of promoter element transferability between these
species. The most common P. pastoris promoter is derived from the strong, inducible alcohol
oxidase 1 gene (PAOX1) (Tschopp, 1987). Several semi-rational promoter engineering efforts have
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been used to improve this element. For example, in silico transcription factors were used to identify
seven cis-acting elements that contribute to the tight glucose repression and strong methanol

induction of PAOX1 (Hamilton and Abremski, 1984).

3.2.2 Terminators

Transcriptional terminators display a mechanistic role in transcription, but also influence mRNA
stability (Geisberg, 2014; Mischo et al., 2013). However, the impact of terminators on mRNA
abundance and protein output is often underappreciated in comparison to promoters. Most
commonly used S. cerevisiae expression vectors exploit a small set of previously identified, non-
optimal native terminators such as CYC1t or ADH1t (Mumberg et al., 1995). H. polymorpha
expression cassettes commonly include the endogenous methanol oxidase terminator (MOXt),
amine oxidase terminator (AMOt) (Saraya, 2012) or heterologous S. cerevisiae terminators such as
ADH1t (Cox et al.,, 2000). K. lactis vectors frequently use the endogenous beta-galactosidase
terminator LAC4t, while S. cerevisiae terminators, such as GPD1t, ADH1t andADH2t, are also
functional and commonly used. The endogenous AOX1 terminator is generally used in P. pastoris
expression cassettes (Sreekrishna et al., 1993), nevertheless S. cerevisiae terminators such as CYC1t

can also be used in Y. lipolytica (Blazeck et al., 2011).

3.2.3 Vector replication elements

Episomal (high-copy) and centromeric (low-copy) plasmids are replicating vectors highly used in
metabolic engineering for protein expression.

Yeast episomal plasmids (YEps) are shuttle vectors as they can replicate in E. coliand in S. cerevisiae.
They consist of the following parts: 1) elements from 2u plasmid; 2) one yeast selectable marker;
and 3) pBR322 backbone harbouring the bacterial ampicillin and tetracycline resistant genes Amp®
and Tet®. Episomal plasmids provide a convenient test bed for genetic constructs by serving as a
quick, intermediate proof of concept step between initial prototype construction and full
chromosomal integration. Moreover, a replicative vector can provide additional workflow flexibility
to an expression system. Transformation efficiencies for these plasmids tend to be much higher than

for genomic integration, and plasmids often can afford a higher copy number depending on the

selection marker used (Karimi et al., 2013; Orr-Weaver et al., 1981).
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Centromeric vectors contain a species-specific centromere sequence (CEN) and autonomously
replicating sequence (ARS), therefore they are often referred to as CEN/ARS vectors and are stably

maintained at a lower copy number than episomal ones.

3.3 SELECTABLE MARKERS AND STRATEGIES FOR THEIR RECYCLING

Selection markers enable the selection of mutants carrying the desired genetic modifications and
can be classified in two main categories: auxotrophic markers, which restore growth of specific
mutants, and dominant markers, which confer completely new functions to their host (Table 3.2).
Both types suffer from substantial drawbacks. The use of auxotrophic markers is restricted to
auxotrophic strains, that is, strains carrying mutations in one gene leading to a strict requirement
for a specific nutrient (Pronk, 2002). This constrain is augmented for industrial strains that are
typically prototrophic and for which the aneuploidy or polyploidy state makes the construction of
auxotrophic strains a laborious task (Pronk, 2002). The expression in a single strain of multiple
dominant marker genes, under the control of strong promoters, may result in protein burden and
other negative effects on host strain physiology (Nacken et al.,, 1996; Gopal et al., 1989).
Additionally, for industrial strains dedicated to food applications such as the production of

nutraceuticals, the lack of heterologous DNA is highly desired.

Table 3.2. Different selectable markers used in laboratory and industrial S. cerevisiae strains

(adapted from Solis-Escalante, 2013). Abbreviation: 5-FOA, 5-fluorootic acid.

Marker gene Mode of action Recyclable/Method References

Auxotrophic markers

Alani et al., 1987; Langle-

URA3 Repairs uracil deficiency Yes/negative selection with 5-FOA Rouault and Jacobs, 1995
KIURA3 Repairs uracil deficiency Yes/negative selection with 5-FOA Shuster et al., 1987
CaURA3 Repairs uracil deficiency Yes/negative selection with 5-FOA Losberger and Ernst, 1989
HIS3 Repairs histidine deficiency No/- Wach et al., 1997

HIS5 Repairs histidine deficiency No/- Wach et al., 1997

LEU2 Repairs leucine deficiency No/- Brachmann et al., 1998
KILEU2 Repairs leucine deficiency No/- Zhang et al., 1992
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Yes/negative selection with alpha-

. . Chattoo et al., 1979
aminoadipate

Lys2 Repairs lysine deficiency

Repairs tryptophan

TRP1 L No/- Brachmann et al., 1998
deficiency
ADE1 Repairs adenine deficiency  No/- Nakayashiki et al., 2001
ADE2 Repairs adenine deficiency  No/- Brachmann et al., 1998
Repairs methionine Yes/negative selection with methyl- Singh and Sherman, 1974;
MET15 ..
deficiency mercury Brachmann et al., 1998
Dominant markers
KanMX Resistance to G418 No/- Wach et al., 1994
ble Resistance to phleomycin No/- Gatignol et al., 1987
Sh ble Resistance to zeocin No/- Drocourt et al., 1990
hph Resistance to hygromycin No/- Gritz and Davies, 1983

Cat Resistance to_ No/- Hadfield et al., 1986
chloramphenicol

CUP1 Resistance to Cu?* No/- Henderson et al., 1985

To avoid interference by selection markers, marker-free strains are preferred in both academia and
industry. Two main strategies have been developed for gene disruption and subsequent marker-
recycling (Fig. 3.2). One approach relies on the HR machinery of the host. As reported above, HR
and NHEJ are the two processes for maintenance of genome integrity after DNA damage, in most
eukaryotic cells, HR being the preferred repair mechanism in S. cerevisiae (Aylon and Kupiec, 2004;
Jasin and Rothstein, 2013). By flanking a marker gene with repeated sequences and cultivating
mutants in nonselective media, it was observed that mitotic recombination could remove the
marker, albeit at a low frequency (10™#-1073). Cells that underwent this process can be easily
screened using negative selection or counter-selection (Alani et al., 1987). This approach requires
the availability of a growth condition under which the presence of the selection marker is lethal and
the presence of direct repeats flanking the marker to enable mitotic recombination and thereby
marker excision. In non-conventional yeasts the prevalence of NHEJ as DNA damage repair system,
makes this method ineffective. The second approach relies on the expression of heterologous or

endogenous recombinase systems, among which the most commonly used system is Cre-loxP.
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Figure 3.2. Schematic diagram of the generation and utilization of auxotrophic markers for yeast
engineering. (Adapted from Lobs et al., 2017). Random mutagenesis of host DNA or homologous
recombination of a cassette that inactivates an essential gene for nutrient synthesis can be used to
produce stable auxotrophic strains. The presence of an auxotrophic trait allows more advanced
genome editing and pathway engineering tools to be applied in the yeast species of interest. Shown
here are 1) targeted and random integration using a selectable marker (bottom, left), 2) Cre-loxP-
mediated marker recovery (bottom, middle), and 3) marker less editing by CRISPR-Cas9 (bottom,
right).

Random mutagenesis
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Cre Expression’
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=
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3.3.1 URA3/URAGS 5-fluoro-otic acid counterselection and the URA3/5 blaster cassettes

In S. cerevisiae, L-glutamine is converted into uridine monophosphate in sequential reactions
catalyzed by five enzymes encoded by URA2, URA4, URA1, URA5 and URA3 genes. Mutations in
ura2, urad and ural leave S. cerevisiae cells sensitive to 5-fluorootic acid (5-FOA), but lead to a
requirement for uracil in the medium. However, ura3 and ura5 mutants are resistant to 5-FOA as
well as being uracil auxotrophs (Boeke et al., 1984; Dave and Chattoo, 1997).

In S. cerevisiae a typical URA3 blaster cassette includes a functional yeast URA3 gene flanked by 1.1
Kb direct repeats of a bacterial sequence a Salmonella hisG sequence and portions of the target

gene which can then be used for the disruption (Alani et al., 1987). Once introduced into the
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genome, the hisG direct repeats may undergo mitotic recombination to eliminate the URA3 gene,
leaving behind a single copy of the hisG repeat sequence at the site of the original integration in the
target gene (Alani et al., 1987). The construct is inserted into a cloned target gene of interest and
then introduce the resulting disruption into the yeast genome by HR. An appropriate DNA fragment
containing the disruption plus flanking homology can be obtained by restriction enzyme digestion.
After introducing such fragments into yeast by transformation, stable integrants can be isolated by
selection for Ura+. The feature that makes this construct especially useful, is that recombination
between the flanking direct repeats occurs at a high frequency (10) in vegetatively grown cultures.
After excision, only one copy of the repeat sequence remains behind. Thus, in the resulting strain,
the Ura+ selection can be used again, either to disrupt a second gene in a similar fashion or for

another purpose (Alani et al., 1987).

3.3.2 TRP1/5-fluoroanthranilic acid counterselection and TRP1 blaster cassettes

The S. cerevisiae TRP1 gene encodes phosphoribo-sylanthranilate isomerase involved in tryptophan
pathway (Toyn et al., 2000). 5-fluoroanthranilic acid (5-FAA) is an antimetabolite for the tryptophan
pathway, and is toxic for prototrophic yeast due to its antimetabolic conversion to 5-
fluorotryptophan. Auxotrophic trpl/trp5 mutants can survive in 5-FAA-containing medium (Toyn et
al., 2000). Therefore, 5-FAA can be used for the selection of tryptophan auxotrophic strains, and for
the counterselection of TRP1 in applications that involve plasmid manipulations and TRP1 blaster

cassettes.

3.3.3 Cre-loxP recombinase system

The Cre recombinase has been described as “the universal reagent for genome tailoring” (Nagy,
2000). Cre recombinase (cyclization recombination) belongs to the integrase or tyrosine
recombinases family and was firstly discovered in the bacteriophage P1 (Hamilton and Abremski,
1984). It is a 38-kDa monomeric protein in solution that binds cooperatively a 34-bp DNA target
called loxP (locus of X-over of P1). The loxP site is composed of two 13 bp inverted repeats separated
by an asymmetric 8 bp core sequence. The recombination is catalysed between the two loxP sites.
Concerning the mechanistic features of recombination, two Cre monomers bind to each loxP site,
resulting in a tetrameric enzyme that appears with each subunit to one of the specific sequences of

the two recombination sites. These subunits work in pairs, not by directly cutting all four sequences,
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but they work alternately. In particular, a conserved, active tyrosine site (tyr3?4) from one of the
monomers on each JoxP DNA molecule cleaves the DNA backbone, forming a covalent, 3'
phosphotyrosine bond, leaving a free, 5' hydroxyl (OH) on one strand of each DNA double helix. The
5' OH's perform a nucleophillic attack on the phophotyrosines from the partner DNA substrates,
yielding a Holliday junction intermediate. A second round of tyr324-catalyzed breakage, followed
by strand joining reactions (nucleophillic attack of free OH's on phosphotyrosines) resolves the
Holliday junction into recombinant products (Sauer, 1987). As result, recombination between two
directly repeated sites on the same DNA molecule determines the excision of the DNA segment lying
between the sites.

The first application of the Cre-loxP system in yeasts was described for S. cerevisiae and entailed lox
sites flanking the LEU2 gene (Sauer, 1987). Subsequently, Gildener and coworkers (1996)
constructed the gene disruption cassette loxP-kanMX-loxP, which combined the advantages of the
heterologous kan® marker with those of the Cre-loxP system. Since then, several deletion cassettes
containing drug resistant dominant markers have been constructed and the Cre-loxP system has
been extended and, when necessary, adapted to several other yeast strains, namely K. lactis
(Steensma and Linde, 2001; Gildener, 2002), Y. lipolytica (Fickers, 2003), C. albicans (Dennison et
al., 2005), S. pombe (Hentges, 2005; Iwaki and Takegawa, 2004), H. polymorpha (Krappmann et al.,
2000) and Kluyveromyces marxianus (Orr-Weaver et al., 1981).

The Cre-loxP system displays an important limitation: each recombination catalysed by Cre leaves a
scar composed of the recombinase recognition site. When used repeatedly, for instance in serial
gene deletion experiments, the scars spread over the chromosomes promote recombination upon
Cre induction, resulting in chromosomal translocations (Delneri et al., 2000). Although a few
mutated recognition sequences have been engineered to prevent the occurrence of unwanted
genomic rearrangements (Delneri et al., 2000), this instability limits the potential of external

recombinase-based systems for extensive strain construction programs.

3.4 TOOLS FOR ZYGOSACCHAROMYCES ROUXII GENETIC MANIPULATION

In Chapter 1 a detailed phenotypic and genetic description of the Zygosaccharomyces yeasts,
objective of the present Thesis, was given. We saw that among them, Z. rouxii is a very attractive

protoploid yeast both for biotechnological application and for genome evolution studies.
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Our knowledge of Z. rouxii cell properties at the molecular level lags far behind that of S. cerevisiae,
mainly due to a lack of tools for Z. rouxii genetic manipulation. Therefore, most of the Z. rouxii genes
and their products that have been studied so far were identified and/or characterized through the
heterologous expression in S. cerevisiae mutants.

One of the possible explanation of this situation was that Z. rouxii cells are highly resistant to routine
and quick transformation procedures set up for S. cerevisiae due to a different cell wall composition.
This obstacle was circumvented by optimizing the transformation procedures that efficiently
introduce pDNA into Z rouxii by electroporation (Pribylova et al., 2007; Watanabe et al., 2013).
Furthermore, different strains belonging to the Z. rouxii clade exhibited different transformation
efficiencies, making necessary to set up specific electroporation conditions for each tested strain
(Pribylova et al., 2007).

Another reason for the low accessibility of Z. rouxii to genetic manipulations was that S. cerevisiae
centromeric plasmids were not stably maintained in Z rouxii cells (Pribylova et al., 2007).
Furthermore, the 2 um replicon of S. cerevisiae does not function in Z. rouxii (Araki et al., 1985;
Ushio et al., 1988), making S. cerevisiae episomal plasmids not suitable for these non-conventional
yeasts. Multicopy vectors were developed owing to the isolation of pSR1, a cryptic double strand
plasmid of Z. rouxii similar to the 2 um plasmid of S. cerevisiae (Araki et al., 1985). The replicon of
pSR1 was exploited to build the first Z. rouxii episomal vector, pSRT5 (Ushio et al., 1988), which was
in an E. coli-Z. rouxii shuttle vector consisting in the following three main parts: 1) a DNA fragment
of pBR322; 2) a fragment of Z rouxii pSR1 plasmid, and 3) a fragment of the S. cerevisiae LEU2 gene
or a DNA fragment bearing Tn601, a selective marker which confers G-418 resistance (Ushio, 1988).
To construct pSRT5, a 1.2 Kb pSR1 fragment was selected as a replicon since it was previously shown
to contain ARS and elements for stable partitioning into subsequent generations (Jearnpipatkul et
al., 1987). Z. rouxii episomal vectors were further improved by adding multiple cloning site (MCS).
The resulting pZEU, pZEA and pZEL vectors harbour pSR1 as a replicon and ScURA3, ZrADE2 or
ZrLEU2 as marker genes (Pribylova et al., 2007). Centromeric plasmids were constructed after the
release of low coverage Z. rouxii CBS 732" genome (De Montigny et al., 2000). Preliminary evidences
showed that ScARS1 was replicable in Z rouxii (Ushio et al., 1988), but the pU1 harbouring S.
cerevisiae CEN was unstable (Pribylova et al., 2007). By exploring Génolevures project | database,
Prybilova and co-workers (2007) recognized centromeric regions on Z. rouxii chromosomes Il and IV
and used them to construct the first two low-copy and stably propagated centromeric plasmids for

Z. rouxii, namely pZCA and pZCC (both containing SCURA3 marker) (Pribylova et al., 2007). These
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plasmids are Z. rouxii-E. coli shuttle (ori, Amp®) containing one MCS and ZrCEN and ScARS1 as
replicon. To further enrich the set of Z rouxii-specific plasmids, two additional centromeric plasmids
with different markers were derived from pZCA, namely pZCAA (containing ZrLEU2) and pZCAL
(containing ZrADE2).

Finally, only few auxotrophic mutants are available for Z. rouxii. The first auxotrophic strains were
leu2 and ura3 mutants obtained from ATCC 42981 and CBS 7327, respectively (Ushio et al., 1988;
Pribylova and Sychrova, 2003). Prybilova and Sychrova (2003) extended the pool of auxotrophic
mutants by using loxP-kanMX-loxP deletion cassette. Recently, Watanabe and colleagues
(Watanabe et al., 2017) used both loxP-KanMX-loxP and loxP-ZeoMX-loxP deletion cassettes to
construct auxotrophic mutants derived from the opposite mating a and a strains CBS 4837
(=NBRC1876) and CBS 4838 (=NBRC1877), respectively. The resulting mutants were used in
trackable mating experiments, to produce tetraploids. A list of the main auxotrophic strains

currently available is reported in Table 3.3.

Table 3.3 Z. rouxii derived mutants.

Mutant Name Source Strain Genotype Reference
DL1 CBS 7327 ura3 leu2A::kanMX
DL2 CBS 7327 ura3 leu2A::loxP
DA1 CBS 7327 ura3 ade2A::kanMX
Pribylova et al., 2007
DA2 CBS 7327 ura3 ade2A::loxP
DLA1 CBS 7327 ura3 leu2A::loxP ade2A::kanMX
DLA2 CBS 7327 ura3 leu2A::loxP ade2A::loxP

ura3A::loxP-KanMX-loxP/
CBS 4837 ura3A NBRC1876 ura3A::loxP-ZeoMX-loxP

(MATQ)

ura3A::loxP-KanMX-loxP/
CBS 4838 ura3A NBRC1877 ura3A::loxP-ZeoMX-loxP Watanabe et al., 2017

(MATa)

ade2l::loxP-KanMX-loxP/
CBS 4838 ade2A NBRC1877 ade2::loxP-ZeoMX-loxP

(MATa)
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Objectives

e Investigation of the cell cycle in the Z. rouxii haploid type-strain CBS 732" with focusing on its
sex-determination system, the mating-type switching process and the main genotypic and

phenotypic consequences.

e Extending the characterization of sex determination system and MAT loci structural
organization in the Zygosaccharomyces allodiploids, considering the halo-tolerant hybrid
strain ATCC 42981 as a study model. In particular, we investigated the role of a chimeric

mating-type system in determining hybrid sterility.

e Expanding the synthetic biology tools available for genetic engineering of Z rouxii

prototrophic strains and optimization of the available transformation methods.
e Genome sequencing of ATCC 42981 and another industrially relevant hybrid species Z. sapae
ABT301" by a hybrid sequencing approach that corrects highly erroneous Nanopore long

reads with high quality lllumina short reads.

e Gene prediction and functional annotation of ATCC 42981 genome focusing on genes

involved in halo-tolerance and meiosis commitment.

89



PARTII RESULTS

90



91



Part Il Results: Chapter 4

CHAPTER 4: MATING-TYPE SWITCHING IS A PLASTIC PROCESS LEADING TO
INTRA-STRAIN GENETIC AND PHENOTYPIC VARIABILITY IN HAPLOID CELLS
DERIVED FROM ZYGOSACCHAROMYCES ROUXII CBS 732" TYPE-STRAIN

Bizzarri, M., Cassanelli, S., and Solieri, L. (2017). Mating-type switching in CBS 732" derived
subcultures unveils potential genetic and phenotypic novelties in haploid Zygosaccharomyces rouxii.

FEMS Microbiology Letters, 365(2), fnx263.

Abstract

In haploid Saccharomyces cerevisiae, a complex recombination system regulates mating-type
switching and requires one MAT expression locus, two donor cassettes (HML and HMR) and the HO
endonuclease that catalyses gene conversion. Zygosaccharomyces rouxii is the most distant species
from S. cerevisiae with a functional HO, but with a poorly understood mating-type switching. Here,
we described that two subcultures of the type-strain CBS 732" underwent the a to a genotype
switching leading to mixed MATa and MATa populations. Remarkably, during this event the donor
cassette was copied into the MAT locus, except for its own 3’ end, resulting in a new MATa2 gene
copy different from the silenced HMRa2. Moreover, CBS 7327 cells bypassed the cell-cycle control,
which oversees HO transcription in S. cerevisiae, and expressed HO at the stationary phase. Despite
HO dysregulation, mating-type switching seemed to occur rarely or belatedly during CBS 732" colony
formation in most of the tested conditions. When morphology and mating behaviour were analysed,
two subcultures displayed distinct outcross fertility responses. Overall, our data support that
mating-type switching causes genotype instability and phenotypic novelties in CBS 7327, and open

the question whether this mechanism is shared by other Z. rouxii haploid homothallic strains.

Keywords: mating-type switching; HO endonuclease; phenotypic novelty; MAT locus; genetic

instability; Zygosaccharomyces rouxi
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In Saccharomyces cerevisiae, the sexual differentiation circuit serves as a classic paradigm for the

genetic control on cell type and ploidy in all eukaryotes. In this model, the mating-type (MAT) loci

MATa and MATa encode transcriptional factors responsible for o, a and a/a identity. The default

mating-type is a: a-specific genes (asgs) are repressed by a2 to obtain the a mating-type and the

activation of a-specific genes (asgs) controlled by al (Haber, 2012). Consequently, cells that express

only the MATa- or MATa-encoded DNA-binding proteins are haploid and mating-competent a-cells
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and a-cells, respectively. When strains with opposite mating-type mate (heterothallism), they
generate a diploid a/a progeny incompetent for mating, because the al/a2 heterodimer turns off
the asgs and asgs. Additionally, diploid cells may arise from mating between cells of the same strain,
due to mating-type switching (secondary homothallism), which allows MATa cells to change to
MATa, or vice versa. In S. cerevisiae, this process requires two identical, but silenced copies of MAT
locus, HMLa (Hidden MAT Left) and HMRa (Hidden MAT Right), at distant locations on the same
chromosome. These loci act as templates during intrachromosomal MAT gene interconversion.

Recombination is triggered by two blocks of conserved sequences flanking the MAT, HMR and HML
loci (the X and Z regions) and starts with a double-strand break (DSB) at the MAT locus, catalysed by
the homing endonuclease-derived protein HO (Hanson and Wolfe, 2017). Fine-tuned regulatory
networks assure that only the G1 haploid mother cell switches after the daughter cell has budded
(Chen and Gartenberg, 2015). Recently, comparative genomics revealed that sex determining
mechanisms are unusually plastic in the hemiascomycetes and that ‘evolutionary solutions’
alternative to the standard model account for the high variability of lifestyle and mating-type
switching found in this lineage. Like S. cerevisiae, species that underwent whole-genome duplication
(post-WGD) contain both components of the switching machinery, i.e. an HO gene and three MAT-
like cassettes, but with a different degree of specialisation, genetic and epigenetic control. Candida
glabrata, the closest to S. cerevisiae among Candida species, is without the linkage between HMRa
and MAT/HMLa loci and rarely switches genotype (Butler et al., 2004; Gabaldon et al., 2013). When
forced to switching mating-type by the constitutive expression of heterologous HO genes, the cells
died or underwent abnormal chromosomal rearrangements (Boisnard et al., 2015). In species that
branched before the WGD (pre-WGD), the genetic circuits controlling cell identity and mating-type
switching have been extensively rewired compared to S. cerevisiae. In pre-WGD species, the three
MAT-like cassette system can be missing and switching can be HO independent (Butler et al., 2004;
Fabre et al., 2005). In most pre-WGD species, MATa locus also contains the MATa2 gene coding for
the HMG domain protein a2 (Butler et al., 2004; Gordon et al., 2011). In the haploid species
Kluyveromyces lactis, a2 positively controls the asgs (Tsong et al., 2003, 2006), while the
transposase-like protein a3 supplants an unfunctional HO in catalysing the genotype switching
(Barsoum, Rajaei and Astrom 2011; Rajaei et al., 2014). Overall, these findings support that the
triplicated MAT-like cassettes originated at the base of Saccharomycetaceae family and initially
underwent ‘passive’ mating-type switching at low frequencies by gene conversion; then HO gene

was gained by ‘domestication’ of self-transposing genes (Butler et al., 2004; Koufopanou and Burt
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2005; Rusche and Rine 2010). Under this evolutionary scenario, the haploid yeast
Zygosaccharomyces rouxii represents one of the first pre-WGD species with the canonical three-
cassette system and, differently from K. lactis, a putatively functional HO endonuclease (Butler et
al., 2004; Solieri et al., 2014a). Like C. glabrata, Z. rouxii does not display the linkage between HMR
and MAT/HML and the a to a idiomorph switching occurs via interchromosomal recombination.
Additionally, haploid strains frequently exhibit redundant number of MAT-like cassettes flanked by
variable genes, resulting from ectopic recombination between MAT-like loci (Watanabe, Uehara and
Mogi 2013). A study about the interchromosomal rearrangements in Z. rouxii species suggested that
CBS 7327 stock of Z. rouxii type-strain underwent reciprocal translocations between the MAT and
HMR loci, changing the left side of MAT cassette from the typical pre-WGD DICI-MAT-SLA2
arrangement to CHA1-MAT-SLA2 (Gordon et al., 2011). However, there are no data on the frequency
of this organisation in other Z. rouxii strains. Among the Z. rouxii type-strain stocks, only CBS 7327
has genetic tools and genome sequencing project available (Prybilova et al., 2007; Souciet et al.,
2009). Here, we found that two different derived subcultures of Z. rouxii CBS 7327 switched mating-
type, and tentatively reconstructed how this event led to a new MATa2 gene. We investigated HO
expression profile and analysed how mating-type switching affects the morphological and mating

behaviour of these derived switched cultures.

Material and Methods

Yeast strains, media and culture conditions

We obtained CBS 7327 from CBS culture collection and stored it at -80°C in Unimore Microbial
Culture Collection (UMCC, Reggio Emilia, Italy; www.umcc.unimore.it) until MAT genotyping
experiments. This CBS 7327 stock was termed CBS 732_R in this work. Another CBS 7327 culture
(termed CBS 732_P) was from the stock stored in Sychrova’s lab in Prague (Czech Republic). Strains
used in this work were detailed in Table S1 (see supplementary materials). They were routinely
cultured at 28°C in YPD medium with or without 1.5% (w/v) agar and maintained at 4° C for the

duration of experiments. Self-cross and outcross fertility assays were performed as previously
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described (Bizzarri et al., 2016), with a few modifications. Briefly, CBS 732" cells were grown alone
or in mixed cultures either with CBS 4837 (a) or CBS 4838 (o) mating testers in liquid test media for
3 days at 27° C. Cells were collected from each tube, plated onto the corresponding medium
supplemented with 2% (w/v) agar and incubated for 14 days at 27° C. Cells grown on YPD were
used as control. After 4, 7 and 14 days, photomicrographs were made using a phase-contrast Nikon
Eclipse 80i microscope with Nikon Digital Sight DS-5M digital camera. Frequencies of
hyperelongated (H), zygote (Z), spore (S), giant (G), conjugative tube (CT) and shmoo (Sm)
morphologies were measured after 7 days of incubation on MEA medium as follows. Cells were
resuspended in physiological water at the final concentration of 10”7 CFU m/I (corresponding to
ODsoonm = 0.35-0.40). After proper dilution, cells were examined under a light microscope as
reported above. Percentage values are expressed as means of at least two replicates and represent
the fractions of the total cells counted that had formed H, Z, S, G, CT or Sm structures, respectively.

All media are detailed in Table S2.

DNA manipulation, standard PCR reactions and sequencing

Genomic DNA (gDNA) was extracted according to Sambrook, Fritsch and Maniatis (1989), and gDNA
guantity and quality were evaluated spectrophotometrically using a NanoDrop ND-1000 device
(Thermo Scientific, Waltham, MA, USA). PCR amplifications were carried out in 25 pl reaction
volume containing 200 ng of template gDNA, using a T100 Thermalcycler (Bio-Rad). DreamTaq DNA
polymerase (Thermo Scientific) was used according to the manufacturer’s instructions, with the
exception of >2 Kb long amplicons, which required Phusion Hot Start Il Polymerase (Thermo
Scientific). All primers were listed in Table S3. PCR products were sequenced on both strands (MWG,
Heidelgerg, Germany). Sequences were assembled and edited using DNAStar Software (DNASTAR,
Inc. Madison, WI, USA). Blastn and Blastp queries were performed at the NCBI server (Altschul et
al., 1997). Nucleotide and amino acid sequences were aligned in Clustal Omega
(http://www.ebi.ac.uk/Tools/msa/clustalo/). Protein alignments were visualised with Jalview Version

2.10.1 (Waterhouse et al., 2009).
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Colony PCR

Mating-type was determined on individual colonies (36 colonies for CBS 732_R and 50 for CBS
732_P, respectively) using specific primers, which can discriminate the mating-type at the MAT locus
by amplifying its upstream (Table S3). At least three colonies of each identified mating-type were
then restreaked on YPD agar plate, allowing cells to grow into individual subcolonies, and at least
16 subclones per genotype were PCR-tested. DNA was extracted from 48-h-old cells using the LiOAc-
SDS method (Looke, Kristjuhan and Kristjuhan 2011). One microlitre of LiOAc-SDS extracted DNA
was PCR-amplified as reported above. Cycling conditions consisted of an initial denaturation at 94-C
for 2 min followed by 35 cycles of 1 min at 94°C, 1 min at 55°C and 90 s at 72°C, with a final extension
step at 72°C for 10 min. RNA extraction, cDNA synthesis and RT-PCR RNA was extracted from
exponentially and stationary growing cells, cultured in standard and salt-supplemented media
(Table S2) (Solieri et al., 2016). RNAs were reverse transcribed using 0.5 uM oligo (dT) and RevertAid
H Minus Reverse Transcriptase (Thermo Scientific) according to the manufacturer’s instructions.

cDNAs (25 ng) were amplified using DreamTaq polymerase with primers listed in Table S3.

Results and Discussion

Mating-type determination

Zygosaccharomyces rouxii genome sequence reports that strain CBS 732" has a MATa expression
locus on chromosome F flanked by CHA1 at the left side and SLA2 gene at the right side (Souciet et
al.,, 2009). To evaluate the Z rouxii MAT genotype, we set up a PCR amplification using one reverse
primer specific for Ya or Ya together with a forward primer on the common flanking gene CHA1 (Fig.
1A). During the protocol setting, we used the in-house stock culture of Z. rouxii CBS 7327 (termed
CBS 732 R) as MATa positive and MATa negative control. Unexpectedly, CBS 732_R yielded two
strong PCR products with both Ya- and Ya-specific reverse primers (Fig. 1B). Our result was validated
by repeating the MAT screening on another derived culture of strain CBS 732" (termed CBS 732_P),
which was stored in a different laboratory (Fig. 1B). We also checked the Y/Z junction (Fig. 1A) and
confirmed the integrity of HO recognition site and that SLA2 gene flanked both Ya and Ya sequences

at the 3’ end (data not shown).
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Figure 1. MAT genotype screening of CBS 732" stocks and sequence comparison between MATa2
proteins. (A) Structure of MATa and the MATa loci in CBS 732" genomes and the idiomorph-specific
primer pair combinations. (B) Resulting PCR amplification of idiomorph-specific products. (C)
Alignment of MATa2 proteins from K. lactis MATa2 (GenBank: XP452180), Z. sapae (ZsMATa2,
GenBank: CDM87352), CBS 732T HMRa2 copy 1 (ZrHMRa copy 1, GenBank: XP002496430), ATCC
42981 MATa2 copy 2 (GenBank: AMB17487), CBS 732_R MATa2 and CBS 732_P MATa2 copies 2
(this work). The horizontal black bars indicate the conserved MATA-HMG box and the divergent C-
terminal specific tag (cp1- and cp2- tags). The amino acid identities were coloured according to the
Clustal colour scheme, and Jalview (Waterhouse et al., 2009) provided the conservation index at
each alignment position. Abbreviations: M, molecular weight marker; R, CBS 732_R stock; P, CBS

732_P stock; NTC, no-template control.
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Watanabe, Uehara and Mogi (2013) reported that in the Japanese stock of the Z. rouxii type-strain,
NBRC 11307, DIC1 and SLA2 genes flank MATa locus at the left and right side, respectively, while
CHAI1 lies at the left side of the HMRa cassette. Our findings could be due to a mixed culture with a
subpopulation harbouring the CHA1-HMRa arrangement, like NBRC 1130". Thus, PCR analysis was

performed using specific primers that annealed to MAT-flanking regions CHA1 and SLA2, and
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consequently the Y regions were screened by a seminested approach. Our results excluded the MAT-
like loci arrangement found in NBRC 11307 and supported the existence of two CHA1-MATa-SLA2
and CHA1-MATa-SLA2 loci in CBS 732_R and CBS 732_P. RT-PCR with primers for the MATal,
MATa2, MATal and MATa2 targets confirmed that these genes are actively transcribed in both
cultures (Fig. S1 supplementary materials). Sequencing of PCR products showed that both stocks
had the MATa locus identical to that reported in CBS 732" genome project, while the MATa locus
differed from CBS 732" HMRa at the 5’ end (data not shown). Zygosaccharomyces rouxii retains the
MATa2 gene in this MAT portion (Butler et al., 2004). MATa2 proteins from both CBS 732" derived
cultures (termed copy 2) were 94.08% identical to that encoded by HMRa (termed copy 1), while
they were 100% identical (except for one single amino acid insertion) to a2 copy 2 protein
characterised in Z rouxii allodiploid strain ATCC 42981 (Bizzarri et al., 2016). Both a2 copies
conserved the MATA-HMG box required for DNA binding, while differed each other for the C-
terminal ends, therefore termed as copy 1 and copy 2 tags (cpl- and cp2-tags) (Fig. 1C). These tags
are encoded by the 3’end of MATa2 gene at the left of the X region, whereas the MATA-HMG
domain is encoded by the sequence across the Ya and X regions. The MAT locus structure was
examined to tentatively infer the mechanism that generated a new a2 protein variant in switched
Z. rouxii cells (Fig. 2). The MATa2 portion encoding the cp2-tag lies at the left of the X region. In
Saccharomyces cerevisiae, HO cuts the Y-Z junction to induce a DSB and the Ya sequence to the left
of the DSB is replaced by strand invasion and primer extension using a Ya donor sequence as
template (Haber 2012). If Z. rouxii retains a similar mechanism, the 3’ end of the invading strand
primes for the new DNA synthesis, which copies the donor Ya sequences until the X region. The
newly synthetised DNA joins to the X region at the MAT locus, so that the upstream region
completes the MATa2 ORF with the cp-tag. In Z. rouxii, ectopic recombination changes the 5'-MAT
flanking sequence and results into different MATa2 cp-tagging. For example, in NBRC 1130" the a
to a-idiomorph switching generated the opposite cp2- to cpl-tag conversion because CHAI-HMRa
cassette acts as donor instead of DIC1-HMRa (Watanabe, Uehara and Mogi 2013). Intriguingly, the
allodiploid ATCC 42981 harbours a third MATa2 variant (Bizzarri et al., 2016), which diverges from

MATa2 copies 1 and 2 for the portion between the left of the X region and ZYRO0F18634 gene (cp3-
tag) (Fig. 2). A crucial feature of this switching model is that MATa2 gene variants did not arise from
interspecific hybridisation, but from ectopic recombination in MATa strains and ectopic
recombination followed by mating-type switching in MATa. In both cases, distinct a2 isoforms might

have important and yet unexplored functional consequences on a-type determination, as Z rouxii,
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like other pre-WGD species, conserves the ancestral mechanism of asg activation mediated by a2

(Baker et al., 2012).

Figure 2. Inferred MAT locus organisation resulting from the MATa to MATa switching. The figure
represents the organisation of MAT-like cassettes on chromosomes C and F: at the top according to
CBS 732" genome sequencing project (Souciet et al., 2009), at the bottom after MATa to MATa
switching. Blue shading denotes the X and Z regions. Ho endonuclease target site is also displayed
inside the Z region. MATa2 copy specific-3’ end tags are indicated as pink, green and brown tips

(cp1-, cp2- and cp3- tags). Abbreviation: cpl, copy 1; cp2, copy 2; cp3, copy 3.
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Mating-type colony screening

Colony PCR was used to confirm that both cultures contain switched haploid cells and to investigate
the presence of heterozygous MATa/a subpopulations. Cells from CBS 732_R and CBS 732_P were
streaked onto rich medium and the resulting colonies were directly checked by PCR with MATa and

MATa-specific primers, respectively. The percentage of ‘pure’ switched colonies and ‘mixed’
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colonies was then calculated (Table S4). We obtained a difference in MAT genotype distribution
between CBS 732_R and CBS 732_P: 39% MATa, 58.3% MATa/MATa and 2.8% MATa colonies for
CBS 732_R; 62% MATa, 36% MATo/MATa, and 2% MATa for CBS 732_P. In CBS 732_P, the MATa
idiomorph prevalence was consistent with the Z. rouxii genome project (Souciet et al., 2009). In CBS
732_R, we hypothesised that a single MATa colony was isolated from a starting MATa and MATa
mixed population by streaking on solid media and then clonally propagated, leading to a founder
effect. Overall, these results indicate that in both CBS 732" cultures there is a mix of MATa and MATa
haploid cells resulting from mating-type switching. This finding is further supported by the
transcription of MATal gene that is required by haploids to activate asg program, while it is
switched off by MATa/a diploids (Fig. S1). To better understand the nature of mixed MATa/a
colonies, we performed MAT genotyping on subclones derived from another round of streaking.
From mixed MATa/a colonies, we obtained both pure and mixed subclones, the latter with a strong
PCR product for the prevalent mating-type (a for CBS 732_P and a for CBS 732_R) and a weaker
signal for the opposite one (Table 1). Although we cannot completely rule out the possibility of rare
MATa/a diploid cells, difference in PCR intensity supports that the streaking progressively allows to
disaggregate cell clumps with opposite mating-type, or, alternatively, that the switching is rare or
belated during the colony formation. This partially disagrees with that found in S. cerevisiae, where
half of the haploid cells in a colony are able to switch mating-type in any one cell division (Haber
2012). We also determined MAT genotype in subclones derived from pure MATa and MATa
colonies. We did not observe backward switching between mating-types in all CBS 732_P subclones
and in CBS 732_R subclones from pure MATa colonies (Table 1). These results could be partially
biased by limited sampling size. CBS 732_R MATa colonies mainly retained MATa genotype (73.5%),
but rarely underwent switching, resulting in a few number of MATa/MATa (20.4%) or pure MATa
(6.1%) subclones. These data confirm that mating-type interconversion is rare in these clones, at

least in our conditions.
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Table 1. Subcolonies MAT genotyping of pure switched and mixed colonies.

Sub-clone MAT genotyping (%)

Strain stock N° subclones Colony genotype
MATa/a MATa MATa
20 MATa/a 73.0 9.1 18.2
CBS 732_R 49 MATa 82.0 0 18.0
22 MATa 0 0 100
17 MATa/a 63.6 36.4 0
CBS 732_P 16 MATa 0 100 0
16 MATa 0 0 100

For each strain stock, at least two colonies of the indicated genotype were streaked out onto a fresh YPD plate. From
each of them, a number of subclones were then PCR-tested with MATa and MATa—specific primer pairs listed in Table
S3. The MATa/a genotype was assigned to subclones with the MATa and MATa-specific PCR signal ratio below 5-fold.

HO gene expression

Zygosaccharomyces rouxii HO conserves the eight intein motifs (termed A to H) lying at their C- and
N- terminals, which form the relic of the protein-splicing domain in S. cerevisie HO (Solieri et al.,
2014b). Considering the role of S. cerevisiae HO in initiating gene conversion at the MAT locus, we
tested its expression in both CBS 7327 cultures. In addition to standard conditions, cells were grown
under salt stress, since hyperosmotic stimuli are reported to induce switching, mating and
sporulation in Z. rouxii (Moriand Onishi 1967; Mori 1973). Non-quantitative RT-PCR with HO-specific
primers showed that exponentially and stationary growing cells actively transcribed HO gene in all
the tested conditions (Fig. 3). Even if CBS 7327 subcultures have HO transcripts, colony genotyping
suggests that they rarely undergo mating-type switching. These data could indicate that the HO
expression is not crucial in triggering MAT switching or, alternatively, that HO is under post-
transcriptional controls. To support the first hypothesis, there is the evidence that Z. rouxii AHO cells
slightly decrease switching frequency compared to wild types (Watanabe, Uehara and Mogi 2013).
By contrast, S. cerevisiae HO and ho strains exhibit difference in switching frequency of 106 order
of magnitude (Hicks, Strathern and Herskowitz 1977). These lines of evidence suggest that Z. rouxii

could switch mating-type by a mechanism partially independent from HO expression. In S.
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cerevisiae, HO transcription is tightly regulated and its expression is detectable only in a short period
of the late G1, after the mother cell has committed itself to another mitotic cell cycle (Nasmyth
1993), whereas it is repressed in diploid MATa/MATa cells (Jensen et al., 1983). Moreover, S.
cerevisiae switches mating-type both on minimal and rich medium, suggesting that HO expression
is unaffected by stress conditions (Strathern and Herskowtiz 1979). Consequently, we expected that
in an unsynchronised log-phase haploid population, half of the homothallic cells would actively
express HO gene and switch mating-type at any one cell division, while the unbudded cells at the
stationary phase would switch off HO (Strathern et al., 1982). Our results are consistent with the
haploid status of CBS 7327 (Solieri et al., 2008) and partially disagree with the HO transcriptional
profile described in S. cerevisiae. In both species, HO transcription is independent from the
environmental conditions, but in Z rouxii HO gene also escapes the growth-phase control,
suggesting that this regulatory module has merged later in the evolution of hemiascomycetes or it
was lost in Z. rouxii. In any case, functional complementation assays of Z. rouxii HO in S. cerevisiae
AHO knockout mutants and GFP-tagged HO experiments could definitively elucidate whether HO

plays a functional role in Z. rouxii mating-type switching.

Figure 3. Expression pattern of CBS 732" HO gene. The figure depicts amplified cDNAs generated
with 5’ end and 3’ end of HO gene-specific primers from CBS 7327 salt-stressed and unstressed cells
harvested at exponential and stationary growth phases. = indicate reverse transcription positive
and negative controls. gDNA amplification was used as positive PCR control. Abbreviations: M,
molecular weight marker; CT, standard medium; salt, medium supplemented with 2.0 M NaCl; exp,

exponential phase; sta, stationary phase.
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Morphology and fertility assay

We checked the morphology and the mating ability of CBS 732_R and CBS 732_P grown as mono-
culture or in mixing with CBS4837 (a) or CBS 4838 (a) mating testers. Figure 4 depicted the main
morphological changes observed in fertility assays, while Table S5 reported the percentage fractions
(%) of cells exhibiting morphologies deviating from canonical ovoid budding cells. After 1 week of
incubation, cells from single cultures were larger and hyperelongated on all test media compared
to the control round-oval cells (Fig. 4). These round or moderately elongated cells often displayed
hyperelongated buds. Budding pattern was difficult to determine by visual inspection owing to the
clumping manifested by these strains, mainly in salt medium. However, CBS 732_R and CBS 732_P
seemed to shift from axial to distal budding in test media relative to control condition, resulting in
a filamentous-like growth. These morphological changes resembled those seen during
pseudohyphal growth (Cullen and Sprague, 2012) or, alternatively, during chemotropic response to
lowpheromone gradient (Erdman and Snyder 2001; Paliwal et al., 2007). Nonetheless, we did not
find any rough and wrinkled colony correlated to pseudohyphae and invasive growth phenotype
(Palkova and Vachova, 2006). Furthermore, we frequently observed that bud emergence in mother
cells initiated in advance compared to daughter cells (Fig. 4). This budding pattern is distinct from
that observed in cells forming pseudohyphal chains, where mother and daughter cells bud
synchronously (Erdman and Snyder 2001). Therefore, hyperelongated morphology could be a signal
of chemotropism due to a mixture of MATa and MATa cells. In Z. rouxii, zygote resulting from mating
produces new buds at either one or both ends, which remain connected to the zygotic mother (Mori
1973). Therefore, differently from S. cerevisiae, in Z. rouxii mating events were difficult to discern
from filamentous-like growth. Nevertheless, a few zygotes emerging from the conjugation bridge
were observed, mainly when CBS 732_R and CBS 732_P monocultures were grown on salt medium
(Fig. 4). This is consistent with the previous observation that salt induces mating (Mori and Onishi
1967). However, we did not observe any conjugative asciwith dumbbell shape, as generally
described after successful mating in Zygosaccharomyces spp. CBS 732_R and CBS 732_P behaved
differently when mixed with CBS 4837 or CBS 4838 testers (Fig. 4). CBS 732_P cells exhibit
hyperelongated morphology in response to CBS 4837 or CBS 4838. We observed both elongated
and round shape cells in which the buds had an elongated or peanut shape. Shmoos were observed
in co-culture with CBS 4838 and zygotes resulting from shmoo fusion were visible in co-cultures with

CBS 4837 or CBS 4838. In both assays, giant round shape cells were also present. Mori (1973)
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described large cell clones as a result of mating followed by karyogamy between MATa and MATa
haploid cells or MATa/MATa and MATa/MATa diploid homozygous cells. Similarly, these giant cells
could arise from budded zygotes after mating and karyogamy. Unlike CBS 732_P, CBS 732_R did not
exhibit hyperelongated morphology in mixture with CBS 4837 or CBS 4838 (Fig. 4). Instead, cells
were mainly round ovoid in all media tested and some giant round cells were also detected. In the
presence of CBS 4837, starting from4 days, we rarely observed abnormal long projections (termed
as conjugation tubes, CT) emanating from a round-like cell body (Fig. 4). These structures were much
longer than the S. cerevisiae shmoo, and resembled those formed by Candida albicans MTLa/MTlLa
in mixture with MTLa/MTLa opaque-phase cells or in response to a signals (Miller and Johnson
2002; Daniels et al., 2003; Lockhart et al., 2003). Furthermore, many of these tubes seemed to form
buds at the tube apices, presumably because no tubes of the opposite mating-type were
encountered and/or pheromone was rapidly degraded by secreted aspartyl proteinases. After 14
days, the buds at the tube apices remarkably grew and giant cells were more abundant than after 7
days (17.01% vs 9.60%). Conjugation tubes were rarely produced by CBS 4837 (a) in monoculture
(data not shown) and seemed to be inhibited by CBS 732_P. Why no conjugation tubes were
observed when CBS 4837wasmixed with CBS 732_P has not been understood yet. These abnormal
structures deserve further investigations, especially given that CBS 4837 genome has been recently
described as allodiploid (Sato et al., 2017). This could mean that strains conventionally described as
mating testers, such as CBS 4837 and CBS 4838 (Mori and Onishi, 1967), could have uncertain ploidy
identity due to unpredictable interactions between two partially introgressed parental genomes

(Bizzarri et al., 2016).
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Figure 4. Fertility assay. The panels show selected differential phase-contrast microscopic images
of CBS 732_R and CBS 732_P monocultures and mating mixtures. Abbreviations: H, hyperelongated
cells forming filamentous-like chains and single cells with elongated buds; C, clumped cells in
6%NaCl-MEA medium (see Table S2); Z, conjugation bridge with emerging zygote; Sm, shmoo
projections (single cells with mating projection); G, giant cells; S, putative conjugated asci with two
spores; CT, abnormal conjugation tubes. Budded cells grown in YPD for 24h were used as control

(ctrl) and put at the left. Scale bars represent 11 um.
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Concluding remarks

In conclusion, this study provides a model for mating-type switching in haploid homothallic yeast,
which merged from the common ancestor of the Saccharomycotina subphylum, after the gain of
HO endonuclease. We obtained isogenic, pure MATa and MATa cultures suitable for breeding
programs and pheromone based studies on cell-to-cell communication. In our model, novelty was
generated by new alternative MATa2 copies, which share MATA-HMG-box but differ in cp-tags.
Markedly, Z. rouxii regulates the asgs by a hybrid regulatory circuit controlled by both a2 (activation)

and a2 (repression) (Baker et al., 2012). One interesting questions is whether different cp-tags affect
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the affinity of a2 transcriptional factor towards gene target promoters. Similarly, the cell-cycle
relaxation on HO transcription suggests a difference between Z. rouxii and S. cerevisiae on the role
of HO in mating-type switching, which deserves further studies. Despite being preliminary,
morphological heterogeneity between the CBS 732_R and CBSR 732_P suggests that mating-type
switching could have consequences on phenotype beyond the MAT interconversion.
Zygosaccharomyces rouxii homothallic haploid cells seem to elude the assumption that subcultures
originating from the same strain should be considered genotypically and phenotypically identical.
Indeed, recombination at the MAT locus could produce intrastrain genotype variation and lead to

genetic instability and phenotypic novelties inside the progeny cells upon which selection can act.

Acknowledgements

Prof. Hana Sychrova is highly acknowledged for providing the CBS 732_P derived culture. We thank

Prof. Paolo Giudici for helpful discussion and comments on the manuscript.

Funding

This work was partially supported by AEB spa (Brescia, Italy).

Author Contributions

Conceived and designed the experiments: LS SC. Performed the experiments: LS MB SC. Analyzed

the data: LS MB SC. Contributed reagents/materials/analysis tools: SC. Wrote the paper: LS MB.

107



Part Il Results: Chapter 5

CHAPTER 5: SEX DETERMINATION SYSTEM IN THE ALLODIPLOID AND
STERILE ZYGOSACCHAROMYCES ROUXII ATCC 42981 YEAST

Bizzarri, M., Giudici, P., Cassanelli, S., and Solieri, L. (2016). Chimeric sex-determining chromosomal
regions and dysregulation of cell-type identity in a sterile Zygosaccharomyces allodiploid yeast. PloS

One. 11(4), e0152558. doi:10.1371/journal.pone.0152558.

Abstract

Allodiploidization is a fundamental yet evolutionarily poorly characterized event, which impacts
genome evolution and heredity, controlling organismal development and polyploid cell-types. In
this study, we investigated the sex determination system in the allodiploid and sterile ATCC 42981
yeast, a member of the Zygosaccharomyces rouxii species complex, and used it to study how a
chimeric mating-type gene repertoire contributes to hybrid reproductive isolation. We found that
ATCC 42981 has 7 MAT-like (MTL) loci, 3 of which encode a-idiomorph and 4 encode a-idiomorph.
Two phylogenetically divergent MAT expression loci were identified on different chromosomes,
accounting for a hybrid a/a genotype. Furthermore, extra a-idimorph-encoding loci (termed MTLa
copies 1 to 3) were recognized, which shared the same MATal ORFs but diverged for MATa2 genes.
Each MAT expression locus was linked to a HML silent cassette, while the corresponding HMR loci
were located on another chromosome. Two putative parental sex chromosome pairs contributed
to this unusual genomic architecture: one came from an as-yet-undescribed taxon, which has the
NCYC 3042 strain as a unique representative, while the other did not match any MAT-HML and HMR
organizations previously described in Z. rouxii species. This chimeric rearrangement produces two
copies of the HO gene, which encode for putatively functional endonucleases essential for mating-
type switching. Although both a and a coding sequences, which are required to obtain a functional
cell-type al-a2 regulator, were present in the allodiploid ATCC 42981 genome, the transcriptional
circuit, which regulates entry into meiosis in response to meiosis-inducing salt stress, appeared to
be turned off. Furthermore, haploid and a-specific genes, such as MATal and HO, were observed

to be actively transcribed and up-regulated under hypersaline stress. Overall, these evidences
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demonstrate that ATCC 42981 is unable to repress haploid a-specific genes and to activate meiosis
in response to stress. We argue that sequence divergence within the chimeric al-a2 heterodimer
could be involved in the generation of negative epistasis, contributing to the allodiploid sterility and

the dysregulation of cell identity.

Introduction

Ploidy variation has played a major role in the evolution of many extant eukaryotic lineages (Van de
Peer, 2009). In yeasts, numerous studies have demonstrated how variations in the ploidy state took
place frequently during evolutionary history (Kellis et al., 2003; Scannell et al., 2007). Allodiploid
offspring often have strong selective disadvantages due to their sterility (Johnson, 2010). However,
in some instances, the increased genome size and complexity of allodiploids may enhance heterosis
and/or adaptive flexibility (Riesberg et al., 2003), particularly at the edges of the ancestral species'
range, where they are more likely to encounter stress (Alipaz et al., 2005; Otto and Gerstein, 2008;
Nolte and Tautz, 2010). Life history models note that there is an intricate interplay between ploidy
variation and alterations of mating, meiosis and sporulation patterns (Zorgo et al.,, 2013).
Consequently, the ploidy state affects the genetic composition at sex-determining loci, giving rise
to the ploidy-dependent initiation of dedicated transcriptional programs (Heitman et al., 2009).

In the well-studied model organism Saccharomyces cerevisiae, the meiosis of diploid cells is
triggered by environmental cues, such as nutrient depletion, and gives rise to four haploid meiotic
spores with two distinct mating-types (MATa and MATa). Haploid spores eventually re-establish
diploid MATa/MATa lines by one of three processes: (1) by mating with their own mitotic daughter
cells after switching their mating-type in a process catalysed by the endonuclease HO
(HOmothallism); (2) by mating with another spore created by the same meiotic event (intratetrad
mating); or, more rarely, (3) by mating with an unrelated individual (outcrossing) (Knop, 2006). The
al-a2 protein heterodimer is one of the master regulators of cell identity and sexual development
(as reviewed in Haber, 2012 and Granek et al., 2011, respectively). The al and a2 proteins are
homeodomain transcriptional factors encoded by the MATal and MATa2 genes at the active MATa
and MATa loci, respectively. In MATa/MATa diploid cells, a2 interacts with al to bind DNA as a

heterodimer and transcriptionally repress mating genes, preventing polyploidy and aneuploidy.
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Furthermore, the al-a2 heterodimer inhibits the expression of haploid-specific genes (h-sgs) and
activates the developmental switch from mitosis to meiosis under appropriate stress stimuli (Goutte
and Johnson, 1988; Herskowitz, 1988). Two h-sg targets of negative regulation by the al-a2
heterodimer are MATal (encoding the transcription factor that positively regulates the a-specific
genes) and HO genes (encoding an endonuclease, which cleaves a specific DNA sequence at the MAT
locus during the first step of mating-type switching) (Mathias et al., 2004). Furthermore, al-a2
heterodimer controls the sexual development by inhibiting the RME1 (Repressor of Meiosis 1) gene.
In haploid cells, the RME1 transcriptional factor prevents the expression of the IME1 (Inducer of
Meiosis 1) gene (Covitz et al., 1991; Mitchell and Herskowitz, 1986) and positively regulates the
transcription of adhesion-specific genes, such as the FLO11 gene, in response to nutrient depletion
(Van Dyk et al., 2003). In diploid cells, the al-a2 heterodimer binds to the RME1 gene promoter,
repressing its transcription and thereby relieving IME1 gene repression. The al-a2 repressor
complex directly controls entry into meiosis through the regulation of the IME4 gene, which is
required for the full expression of IME1 (Shah and Clancy, 1992). The al-a2 heterodimer negatively
regulates the antisense (AS) long non-coding RNA (IncRNA) (Hongay et al., 2006; Gelfand et al.,
2011). This IncRNA (also termed as Regulator of Meiosis 2 or RME2) is transcribed in haploid cells
and blocks the expression of the IME4 gene. In diploid cells, the al-a2 complex represses RME2
expression, allowing sense (S)-IME4 to be transcribed under starvation conditions.

Yeasts of the non-whole genome duplication (non-WGD) Zygosaccharomyces rouxii species complex
are adapted to grow in food with high solute concentrations and frequently experience variations
in ploidy, resulting in different modes of reproduction (Solieri et al., 2013a). This complex includes
the haploid heterothallic or homothallic (self-fertile) Z. rouxii species, which undergoes mating and
subsequent meiosis under salt stimuli (Solieri et al., 2013; Mori, 1973); the diploid
Zygosaccharomyces sapae species, which reproduces mainly by clonality and ascospores are rarely
observed (Solieri et al., 2013b); and a group of anueploid/allodiploid strains of unclear taxonomical
position (termed mosaic lineage) (Solieri et al., 2013a; Solieri et al., 2013b). Within the latter, the
allodiploid ATCC 42981 strain has been extensively studied for its ability to withstand high
concentrations of alkali metal cations and for its capability to produce glycerol under salt stress
(Solieri et al., 2014a; Pribylova et al., 2007). From a molecular point of view, the ATCC 42981 genome
displays rDNA heterogeneity (Solieri et al., 2008; Gordon and Wolfe, 2008), additional chromosomes
compared to Z rouxii (Pribylova et al., 2007), and diploid DNA (Solieri et al., 2008). Gordon and

Wolfe showed that the ATCC 42981 genome contains two partially divergent complements, namely

110



Part Il Results: Chapter 5

the T- and P- subgenomes, which could arise from a recent allodiploidization event between Z. rouxii
carrying the T- subgenome and another not-yet-recognized species harbouring the P- subgenome
(so far represented by the unique strain NCYC 3042 and referred to as Zygosaccharomyces
pseudorouxii nom. inval. by James et al., 2005). Despite having a DNA diploid content, the ATCC
42981 strain has not been observed to undergo meiosis under different standard and stress growth
conditions (Solieri et al., 2013b).

Because gene information retained at the MAT expression loci is essential to ensure appropriate
haploid/diploid cell-type identity and functional cell development, several efforts have recently
been made to characterize MAT loci in haploid Z. rouxii (Watanabe et al.,2013) and diploid Z. sapae
(Solieri et al., 2014b), but not in the allodiploid ATCC 42981 strain. Like S. cerevisiae, haploid Z. rouxii
wild strains possess a three-cassette system consisting of MATa or MATa expression loci and two
silent cassettes of both idiomorphs, HMR and HML, respectively, which act as donor sequences
during the mating-type switching presumably catalysed by HO endonuclease (Butler et al., 2004;
Souciet et al., 2009). S. cerevisiae maintains both HML and HMR cassettes at different locations on
the same chromosome harbouring the MAT expression locus, whereas Z. rouxii only conserves the
MAT/HML linkage on chromosome C and the HMR locus on chromosome F (Souciet et al., 2009).
This structural organization implies that, differently from S. cerevisiae, Z. rouxii exploits the ectopic
recombination between non-homologous chromosomes to switch the mating-type. Congruently,
Watanabe et al., (2013) found that sex chromosomes represent hyper-mutational hotspots, with
flanking regions of MAT, HML and HMR cassettes remaining highly variable among Z. rouxii haploid
strains. Compared to Z. rouxii, the Z. sapae diploid species has one more copy of the HO gene and
displays an unusual aaaa genotype, with a redundant number of divergent MATa loci but without
any HMR silent locus. This complex architecture of sex-determining chromosomal regions prevents
mating-type switching due to the lack of the HMR cassette and hampers sexual development due
to the imbalance in divergent mating-type genes.

Here, we determined the structure and functions of the three-locus sex-determining system in the
allodiploid ATCC 42981 strain. The transcriptional profiling of these genes under meiotic-inducing
salt stress revealed how the hybrid genetic configuration at the MAT loci contributes to allodiploid
sterility. To the best of our knowledge, our report presents the first evidence that a chimeric sex-
determination system accounts for the incomplete silencing of the h-sg program and contributes to

the prevention of switching from mitosis to meiosis in allodiploid yeasts.

111



Part Il Results: Chapter 5

Materials and Methods

Strains, culture conditions and mating test

The Zygosaccharomyces strains used in this work are listed in Table 1. Strains were routinely
cultured at 28°C in YPD (1% w/v yeast extract, 1% w/v peptone, 2% w/v dextrose) medium with or
without 15% (w/v) agar and stored at 4°C. For long-term preservation, strains were stored at -80°C
in YPD medium containing 25% glycerol (v/v) as a cryopreservative. To increase the probability of
observing conjugated or un-conjugated spore-containing ascii, sporulation was tested by inoculating
the early stationary phase culture of ATCC 42981 on five different media [YPD, YPDA, malt extract
agar (MEA; Difco), MEA supplemented with 6% (w/v) NaCl (6%NaCl-MEA), and YNB5%GNaCl (1%
w/v yeast extract, 5% w/v dextrose, 6.7 g/l yeast nitrogen base, 2.0 M NaCl)] for 3 weeks. To study
sexual compatibility, 2-to-4-day-old cultures of the ATCC 42981 strain were incubated alone orin a
mixture with mating-tester strains Z. rouxii CBS 4837 (mating-type a) or CBS 4838 (mating-type a)
in both MEA and 6%NaCl-MEA media at 27°C for 3 weeks. Samples were examined microscopically
every week using phase-contrast optics to detect conjugation. The YNB5%G [1% w/v yeast extract,
5% w/v dextrose, 6.7 g/l yeast nitrogen base (Difco)] and the YNB5%GNaCl (1% w/v yeast extract,
5% w/v dextrose, 6.7 g/l yeast nitrogen base, 2.0 M NaCl) media were used for RNA extraction from

cells grown under unstressed and salt-stressed conditions, respectively.

Table 1. Details of strains used in the present study. Ploidy data were obtained from Solieri et al.,
2013a; 2008, while the genotype of strain ABT301" at the active MAT loci was obtained from Solieri

et al., 2014b. Abbreviations: nd, not determined; TBV, Traditional Balsamic Vinegar.

Current

Strains Other collections Source . Mating-type/thallism  Spore Ploidy
taxonomical .
. ratio
positions
CBS 7327 NCYC 568, NRRL Y-229 Grape must Z. rouxii MATo/homothallic - 1.3
CBS 4837 NYC 1682, NRRLY2547 Miso mosaic lineage MATa/heterothallic + 1.96
CBS 4838 NRRLY2584 Miso mosaic lineage MATa/heterothallic + 1.90
ATCC - Miso mosaic lineage nd nd 2.1
ABT301" CBS 12607, TBV Z. sapae aaoa + 2.0
NCYC 3042 CBS 9951 Soft drink  Z. pseudorouxii nd nd
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PCR conditions and sequencing

Genomic DNA (gDNA) extraction was performed by a phenol-based method from stationary grown
cells after mechanical lysis according to Hoffman and Winston [35]. The quantity of DNA was
evaluated spectrophotometrically using a NanoDrop ND-1000 device (Thermo Scientific). All PCR
reactions were performed on a T100 Thermalcycler (Bio-Rad) in a 25-ul reaction volume containing
200 ng of template gDNA. For PCR amplification < 2 Kb rTAQ DNA polymerase (Takara, Japan) and
for PCR amplification > 2 Kb Phusion Hot Start Il Polymerase (Thermo Scientific, Waltham, MA) along
with buffer HF (5x) or LA Tag DNA polymerase (Takara, Japan) with GC buffer | (2x), were used
according to the manufacturer’s instructions. All primers used in this study are listed in Table S1
(see supplememtary materials); primers were designed with Primer 3 software
(http://primer3.sourceforge.net/) and provided by either MWG (Heidelgerg, Germany) or BMR
Genomics (Padova, Italy). The PCR products were resolved on 1.2% (w/v) agarose gels stained with
ethidium bromide and their size was estimated by comparison with 100 bp or 1 Kb DNA Ladder Plus
(Fermentas, USA) as molecular size markers. PCR products were purified using the DNA Clean &
Concentrator™-5 (DCC™-5) Kit (Zymo Research) according to the manufacturer’s instructions.
Moreover, when required, DNA fragments were purified from 1% agarose gels using the Gene JET
Gel Extraction Kit (Thermo Scientific, Waltham, MA). Finally, all PCR products were sequenced on
both strands through a DNA Sanger sequencing process performed by either MWG (Heidelgerg,

Germany) or BMR Genomics (Padova, Italy).

Genomic walking procedure

The overall strategy for determining mating-type-like (MTL) loci is depicted in Fig. S1 (panel A).
Briefly, three MATa copy-specific primer pairs were designed on the ZsMTLa copies 1, 2 and 3
cassettes previously cloned in Z. sapae and used to clone the corresponding MATal (partial) and
MATa2 (full-length) coding regions in the ATCC 42981 genome (Fig. S1 and Table S1). Complete
MATal loci were obtained in a second round of PCR walking using reverse primers (A, B, Cand A_D)
built on the 3’-end regions potentially flanking the MAT and HML/HMR cassettes (Watanabe et al.,
2013; Solieri et al., 2014b) (Fig. S1). Similarly, three primer pairs were used to amplify putative MTLa
loci in the ATCC 42981 strain (Fig. S1, panel B). Two primer pairs were designed to specifically

amplify the ZsMATal and ZsMATa2 genes, respectively, whereas a third primer pair was built to
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completely include MATal ORF and partially MATa2 ORFs, respectively. In order to further extend
the MATa2 coding DNA sequence, a second round of PCR walking was performed by combining a
MATa2-specific reverse primer and all the available forward primers (1, 2 and 3) built on the 5’-end
regions flanking the MAT and HML/HMR cassettes (Watanabe et al., 2013) (Fig. S1). The DNA regions
flanking MTLa and MTLa loci were characterized through the semi-nested and direct PCR
approaches as previously reported (Solieri et al., 2014b) (Fig. S2). The overview of the strategy
employed for ATCC 42981 HO gene characterization is summarized in Figure S3, and a detailed

primer list is given in Table S1.

Bioinformatics analyses

Sequences were assembled and edited using DNAStar Software (DNASTAR, Inc. Madison, Wisconsin
USA). Multiple nucleotide and amino acid sequence alignments were performed using Clustal W2
(Larkin et al., 2007). Searches for nucleotide and protein sequence homologs were carried out in the
GenBank database with Blastn and Blastp algorithms, respectively [37]. Phylogenetic analysis was
conducted on aa sequences using MEGAG6 (Tamura et al., 2013). The phylogenetic relationship was
inferred using the neighbour-joining (NJ) method. Support percentages for the nodes of NJ-trees
were computed using bootstrapping analysis with 1,000 replications and were shown next to the
branches when > 60%. For domain identification, Pfam-searches (Finn et al., 2014) were run on
http://pfam.sanger.ac.uk/. Structure predictions were obtained with Jpred3 (Cole et al., 2008) and
validated according to Martin et al., 2010. Sequences were submitted to the EMBL/GenBank
databases under the accession numbers from KT598024 to KT598027 and from KT694298 to
KT6942302.

PFGE-Southern blotting assays

Chromosomal DNA preparation in plug, pulsed-field gel electrophoresis (PFGE), and Southern

blotting assays were performed as previously reported (Solieri et al., 2008; Solieri et al., 2014b).

Primers engaged in probe synthesis for Southern blot analysis are listed in Table S1.
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Subgenome assignment of mating-type and HO gene copies

PCR subgenome genotyping was performed using gDNA extracted from Z. pseudorouxii NCYC 3042
as a T- subgenome template. PCR amplification of all MATal, MATa2, MATal, MATa2, and HO gene
copies present in ATCC 42981 genome was carried out with the primer pairs listed in Table S1. To
avoid false negative results, we tested two alternative primer pairs for each target gene. ATCC 42981
gDNA was also included as a positive control. Z. rouxii CBS 732" gDNA was not included in PCR
reactions as one of the two putative parental genetic complements because its genome project was

available.

RNA extraction and RT-PCR

Zygosaccharomyces cells were pre-cultured in YPD medium for 24 h at 28°C under shaking
conditions (150 rpm), washed in physiological solution (9 g/l NaCl), and used to inoculate two sets
of baffled Erlenmeyer flasks (E-flasks) containing 70 ml of YNB5%G (standard growth condition) and
YNB5%GNaCl (hyperosmotic growth condition) media, respectively (initial ODgoonm 0.02-0.04).
Inoculated E-flasks were incubated at 28°C under shaking conditions (150 rpm) and yeast growth
was spectrophotometrically monitored at 600 nm two times a day. Cells at the stationary phase (no
change in OD measurement detected in at least three consecutive readings) were harvested and
frozen at -80°C. RNA extractions were carried out using the ZR Fungal/Bacterial RNA MicroPrep™
Kit (ZymoReasearch, Irvine, California) according to the manufacturer’s instructions. Purified RNAs
were submitted to additional DNase digestion in solution and cleaned up with the RNA Clean &
Concentrator™-5 Kit (ZymoReasearch, Irvine, California).

Total RNAs were reverse transcribed using 0.5 uM oligo (dT) and RevertAid H Minus Reverse
Transcriptase (Thermo Scientific, Waltham, USA) according to the manufacturer's instructions. In
the case of IME4 transcript analyses, instead of oligo (dT) the forward and reverse primers ZrIME4F1
and ZrIME4R1 were used for the cDNA synthesis of AS-IME4 IncRNA and S-IME4 mRNA, respectively
(Table S1). Then a common pair of internal primers (ZrIME4_F2/ZrIME4_R2; Table S1) was used to
amplify the same cDNA fragment from each template, if any. Experiments were carried out with
three biological replicates and non-reverse transcribed (NRT) controls were performed for each
biological replicate. cDNA template (25 ng) was PCR-amplified with primers listed in Table S1 and

successful amplification was checked by electrophoresis in 2% agarose gel in 0.5X TBE Buffer.
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Quantitative PCR (qPCR) assays

For relative expression level analysis, qPCR reactions were performed using 1 ng/ul of cDNA, 0.3 uM
of each primer, and the Maxima™ SYBR Green/ROX qPCR Master Mix (Fermentas, USA) according
to the manufacturer’s instructions. Primers were designed to selectively amplify MATal exons as
well as different copies of MATal, MATa2 and HO genes (Table S1). PCR efficiency was in silico
predicted for each primer set wusing the open source tool Primer Efficiency
(http://srvgen.upct.es/index.html; Mallona et al., 2011). Preliminary, the presence and the
estimated size of amplicons were checked by RT-PCR on cDNA from stationary-phase cells (three
biological replicates) under standard conditions, whereas unspecific amplifications and primer-
dimer formation were checked by melting curve analysis after RT-gPCR assay. All gPCR reactions
were run in the Applied Biosystems 7300 Real-Time PCR instrument (Applied Biosystem, Foster City,
CA, USA). The Z rouxii housekeeping gene ACT1 (ZrACT1; XM002497273) was used as a reference
gene, according to Leandro et al., 2013. The relative expression of different gene transcripts was
calculated by the AACt method and converted to the relative expression ratio (2-AACt) for statistical
analysis (Livak and Schmittgen, 2001). For this purpose, a dilution series of standard points from
pooled control cDNAs was exploited (concentration range 10-0.02 ng/ul) in technical triplicates.
Amplification profiles, baselines and thresholds were analysed with 7300 SDS 1.4. PCR-Miner (Zhao
and Fernald, 2005; Ruijter et al., 2009) was applied as an alternative method when the low gene
expression level did not provide enough dynamic range to build a reliable standard curve. In this
case, reaction efficiency and the fractional cycle number at threshold (Ct) were estimated by relying
on the kinetics of individual PCR reactions containing 5 ng of cDNA template from three biological

replicates (salt-treated and controls), including six technical replicates each.
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Results

Morphological characterization and mating test

We first assessed the mating behaviour of the ATCC 42981 strain in pure and mixed cultures with
the Z rouxii mating partners CBS 4837 (mating-type a) and CBS 4838 (mating-type a), respectively.
Examination under the microscope did not show any evidence of mating reaction of ATCC 42981
cells neither with Z. rouxii CBS 4837 or CBS 4838 tester strains, even after 3 weeks of incubation
both on MEA and 6% NaCl-MEA media (data not shown). Even if rare mating events cannot be ruled
out, this result suggests that the ATCC 42981 strain did not respond to Z. rouxii pheromone signalling
or that there was an imbalanced or deficient organization in MTL loci. Based on our previous
observations (Solieri et al., 2013b), ATCC 42981 cells grown on MEA medium displayed an adhesive
phenotype with clamps on mother and daughter cells that remained attached to each other, but
they were not able to form ascii in pure culture (data not shown). In contrast, Z. sapae ABT301T
rarely forms ascii at the same conditions (Solieri et al., 2013b). As salt has been reported to induce
meiosis in Zygosaccharomyces yeasts (Mori, 1973), we tested the capability of the ATCC 42981 strain
to form ascospores in YNB5%G NaCl and 6%NaCl-MEA media. No conjugated ascii were observed
over time in any media tested. Furthermore, an increase in the adhesive phenotype was detected

in cells grown under salt stress (data not shown).

Isolation and characterization of MTLa loci in ATCC 42981

Three MTLa loci, termed ZsMTLa copies 1 to 3, have been previously described in Z. sapae as regions
containing phylogenetically distinct al and a2 genes, respectively (Solieri et al., 2014b). To establish
whether strain ATCC 42981 also displays a similar genetic configuration, we exploited a PCR walking
strategy. This assay relies on MATa copy-specific primers designed on the corresponding ZsMTLa
cassettes (Solieri et al., 2014b). PCR reactions were positive using MTLa copies 1 and 2-specific
primers, whereas negative results were scored for any MTLa copy 3-specific primer set tested. We
sequenced two distinct MTLa loci (hereafter referred to as MTLa copies 1 and 2) in ATCC 42981.
Both loci consisted of two MAT genes encoding al and a2 proteins placed in opposite directions
and separated by an intervening region of 343 bp. The MATal genes from MTLa loci 1 and 2 (termed

MATal copies 1 and 2, respectively) were divergent from each other for 17 nt substitutions,
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whereas the MATa2 from MTLa loci 1 and 2 (termed MATa2 copies 1 and 2, respectively) displayed
16 nt substitutions. The deduced proteins MATal and MATa2 copies 1 were 87.00% and 78.67%
identical to the deduced protein MATal and MATa2 copies 2, respectively. BLASTp search against
the NCBI database showed that proteins MATal and MATa2 copies 1 are more similar to Z. rouxii
orthologs (termed ZrMATal and ZrMATa2) than the paralogous proteins MATal and MATa2 copies
2 in the ATCC 42981 genome.

The NJ-based phylogenetic analysis was carried on MATal sequences from representative WGD and
non-WGD species. As expected, ATCC 42981 MATa1 copy 2 protein did not group to Z. rouxii MATal,
but was instead clustered separately (bootstrapping value of 99%) together with ZsMATal copy 2
(Fig. 1). The alignment of ATCC 42981 MATal copies with Z. rouxii and S. cerevisiae MATal proteins
revealed a region of high similarity inside the MATa-HMG domain (Martin et al., 2010) with three
predicted conserved a helices (data not shown).

Phylogeny inferred from the MATa2 aa sequences of WGD and non-WGD species showed a tree
topology congruent with the species relationships established using MATal sequences. The ATCC
42981 genome harbours two MATa2 variants that are related but phylogenetically distinct because
of the high level of amino acid divergence (Fig. 2). In particular, ATCC 42981 MATa2 copy 1 clustered
with Z. rouxii MATa2 (bootstrapping 100%), whereas MATa2 copy 2 was strictly related to Z. sapae
MATa2 copy 2 (bootstrapping 100%). Both copies contained a conserved HD1 class homeodomain,
consisting of a three-helix globular domain which contacts both major groove bases and the DNA
backbone (Wolberger et al., 1991; Kues and Casselton, 1992) (data not shown). However, portions
of the protein outside the homeodomain, which mediate interactions with accessory proteins, had

a different degree of conservation.
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Figure 1. Phylogenetic analysis of MATal proteins. The neighbour-joining (NJ) tree shows the
phylogenetic relationships between the allodiploid strain ATCC 42981 and other hemiascomycetes
inferred from MATal proteins. Numbers on branches indicate bootstrap support percentages
(1,000 pseudoreplicates) higher than 60% from NJ. The red branch indicates the Z. rouxii yeast
complex, which includes Z. rouxii MATa1, ATCC 42981 MATal copies 1 and 2, Z. sapae MATal copies
1, 2, and 3 sequences. The dark dot indicates WGD species, whereas the dark triangle indicates non-

WGD species with the HO gene.
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Figure 2. Phylogenetic analysis of MATa2 proteins. The neighbour-joining (NJ) tree shows the
phylogenetic relationships between the allodiploid strain ATCC 42981 and other hemiascomycetes
inferred from MATa2 proteins. Numbers on branches indicate bootstrap support percentages
(1,000 pseudoreplicates) higher than 60% from NJ. The red branch indicates Z. rouxii complex, which
includes Z. rouxii MATa2, ATCC 42981 MATa2 copies 1 and 2, and Z sapae MATa2 copies 1 to 3
sequences. The dark dot indicates WGD species, whereas the dark triangle indicates non-WGD

species with the HO gene.
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Isolation and characterization of MTLa loci in ATCC 42981

In Z. sapae the a-idiomorph encoding MTL locus harbours a MATal-coding ORF (ZsMATal) identical
to the Z rouxii orthologue (ZrMATal) and a MATa2-coding ORF (ZsMATa2), which showed a 26-bp
deletion compared to ZrMATa2, resulting in a 9-amino acid shorter protein (Solieri et al., 2014b). To
identify MTLa loci in the ATCC 42981 genome, a PCR strategy was used based on primers designed
on the MATal and MATa2 gene sequences in Z. rouxii and Z. sapae. We found three MTLa loci, each
harbouring MATal and MATa2 genes in opposite directions separated by a 279-bp long intergenic
sequence, which differed for a single SNP (T/G) compared to the corresponding region in Z. sapae.
Sequence alignments and BLAST-type search revealed that all ATCC 42981 MTLa loci displayed
identical MATal genes (100% identity to ZrMATal and ZsMATal), whereas differed from each other
in the MATa2-coding ORFs. One MATa2-coding gene (referred to as the MATa2 copy 1) was 100%
identical to Z. rouxii counterpart. Another MATa2 gene (termed the MATa2 copy 2) encoded an a2
protein, which diverged from ZrMATa2 mainly at the C-terminal end (93.73% identity). A third
MATa2 coding sequence, namely MATa2 copy 3, encoded a protein 94.41% and 94.24% identical to
ZrMATa2 and ZsMATa2, respectively.

The NJ-tree confirmed the high degree of evolutionary conservation of MATa1l proteins within the
Z. rouxii complex (bootstrapping 100%) (data not shown). Furthermore, a search with the program
Pfam revealed that ATCC 42981 MATal proteins conserve the HD2 class homeodomain (Kues and
Casselton, 1992; Anderson et al., 2000) (data not shown).

Phylogeny inferred from MATa2 amino acid sequences showed that ATCC 42981 MATa2 variants
are phylogenetically distinct (Fig. 3). In particular, MATa2 copy 1 clustered with Z. rouxii and Z. sapae
MATa2 (bootstrapping 100%), whereas MATa2 copies 2 and 3 clustered together and were distinct
from both ZrMATa2 and ZsMATa2. MATa2 proteins from ATCC 42981 conserved a single MATA-
HMG box, a class | member of the HMG-box superfamily of DNA-binding proteins (Fig. 4), coding a

sequence spanning across the Ya and X regions.
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Figure 3. Phylogenetic analysis of MATa2 proteins. The neighbour-joining (NJ) tree shows the

phylogenetic relationships between the allodiploid strain ATCC 42981 and other hemiascomycetes

inferred from MATa2 proteins. Numbers on branches indicate bootstrap support percentages

(1,000 pseudoreplicates) higher than 60% from NJ. The red branch indicates the Z. rouxii complex,

which includes Z. rouxii MATa2, Z. sapae MATa2 and ATCC 42981 MATa2 copies 1 to 3 sequences.

The dark dot indicates WGD species, whereas the dark triangle indicates non-WGD species with the

HO gene.
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Figure 4. Sequence comparison of MATa2 proteins. Alignment of MATa2 from Z. rouxii (ZrMATaz2,
GenBank: XP002496430), Z. sapae (ZsMATa2, GenBank: CDM87352), ATCC 42981 MATa copies 1 to
3 and Torulaspora delbrueckii (TdAMATa2, GenBank: XP003682598). The MATA HMG domain, which
binds the minor groove of DNA, is noted (horizontal black bar). In both alignments, the amino acid
identities were coloured according the Clustal X colour scheme and the conservation index at each

alignment position were provided by Jalview (Waterhouse et al., 2009).
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Characterization of HO genes

Using a PCR walking approach, we identified two 1797-bp full-length ORFs in the ATCC 42981
genome, termed HO copies 1 and 2, which diverged for 177 transitional and 49 transversional
mismatches. The predicted proteins HO copies 1 and 2 shared 100% and 92.47% identity with Z
rouxii HO, while they were 100% and 99.83% similar to Z. sapae HO copies 1 and 2, respectively.

NJ-based phylogeny inferred from amino acid HO sequences confirmed that HO copy 2 from ATCC
42981 branched with Z. sapae HO copy 2 with a high level of support (bootstrapping 100%), while
ATCC 42981 HO copy 1, ZsHO copy 1 and ZrHO clustered together into a separate clade (Fig. 5).
These results showed that ATCC 42981 HO amino acid sequences are more divergent from each
other than from the putative orthologs in Z. sapae. Amino acid alignment of both ATCC 42981 HOs
with S. cerevisiae Pl-Scel (GenBank: CAA98762), S. cerevisiae HO and Z. sapae HO copies 1 and 2
showed the highest homology in conserved motifs characteristic of intein-encoded LAGLIDADG
endonucleases (Belfort and Roberts, 1997; Stoddard, 2005; Hafez et al., 2012) (data not shown).

PFGE-Southern blotting showed that both HO copies of ATCC 42981 strain are on chromosome F
(1.6 Mbp) (Fig. S4). This chromosomal assighment resembles that of CBS 7327, but differs from that
previously found in Z. sapae ABT301" (Solieri et al., 2014b). We assumed that ATCC 42981 HO copies
could be placed on the same chromosome or, alternatively, on two PFGE-co-migrating homeologous

chromosomes.

124



Part Il Results: Chapter 5

Figure 5. Phylogenetic analysis of HO endonucleases. Neighbor-joining (NJ) tree shows
evolutionary relationships between ATCC 42981 strain and other hemiascomycetes as inferred from
HO proteins. Numbers on branches indicate bootstrap support (1,000 pseudoreplicates) from NJ.
The red branch indicates Z rouxii complex, which includes ZrHO, ZsHOs and ATCC 42981 HO

sequences, whereas the dark triangle designates pre-WGD species.
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Subgenome assignment of mating-type and HO genes

In order to infer the putative parental contributions to the ATCC 42981 MTLa, MATa and HO gene
sets, we screened strain NCYC 3042 for all variants of MATa, MATa, and HO genes found in ATCC
42981. According to PCR profiles, successful amplification was obtained for copy 2 sets of MATal,
MATa2 and HO genes in the NCYC 3042 strain, while negative results were obtained for MATa and
HO copy 1 genes (Table S2). PCR results were consistent with the high degree of similarity between
the copy 1 set of MATa and HO genes and Z. rouxii orthologs in the CBS 732" genome project (Figs

1, 2 and 5) and suggested that MATa and HO copies 2 originated from a Z. pseudorouxii parental
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genome. Interestingly, MATa2 copy-specific screening showed that the NCYC 3042 strain does not
possess any MATa2 copies found in ATCC 42981 genome (Table S2).

Reconstruction of the three-cassette system

To assign the MTLa and MTLa loci as MAT expression loci, HMR or HML silent cassettes (Fig. 6), we
exploited direct PCR on MTL flanking regions and long-range PCRs that spanned left and right
flanking regions of MTL loci (Fig. S2). Both approaches demonstrated that ZYROOF18524g (termed
CHA1, due to its similarity to CHA1 gene) and ZYROOF18634g ORFs are located at the 5’ and 3’ ends
of the MTLa copy 1 locus, respectively. Because HMLa silent cassettes are commonly downstream
the CHA1, gene (Watanabe et al., 2013), we inferred the existence of a HMLa silent cassette
containing MATal and MATa2 copies 1 genes (referred to as HMLa copy1) (Fig. 6). Long-range PCR
products obtained with the primer pairs 2/A and 3/A were positively screened through MTLa copy
2-specific primers (Fig. S2). Sequencing showed that there are two MTLa copy 2 loci flanked by the
SLA2 gene at the 3’ end and by either the DIC1 gene or CHA1, at the 5’ end, respectively. It has been
reported that the MATa expression loci retain the particular gene order DICI-MATa-SLA2 in the
majority of non-WGD species (Gordon et al., 2011). A similar synteny was found for MTLa copy 2,
suggesting that ATCC 42981 possesses an actively transcribed MATa copy 2 locus (Fig 6).
Furthermore, CHA1, upstream to the MTLa copy 2 supports the presence of an additional HMLa
copy 2 cassette. Finally, we detected the following syntenic orders for MTLa loci: DIC1-MTLa copy
1-ZYRO0C18392g, CHA1-MTLa copy 2-SLA2, CHA1-MTLa copy 2-ZYRO0C18392g and CHA1,-MTlLa
copy 3-ZYRO0C18392g (Fig. 6). The gene organization of the CHAI-MTLa copy 2-SLA2 was syntenic
with that of the MATa expression locus in Z. rouxii CBS 7327, whereas the gene orders CHA1-MTlLa
copy 2-ZYRO0C18392g and DICI-MTLa copy 1-ZYRO0C18392g resembled those found in HMRa
silent loci of haploid Z. rouxii strains (Watanabe et al., 2013). In particular, CHAI-MTLa copy2-
ZYRO0C18392g resembled the HMRa cassette found in a- and a-idiomorph mixed culture of strain
NBRC 1130. Although the synteny CHA1,-MTLa copy 3-ZYRO0C18392g has been never found in Z
rouxii strains, CHA1; and ZYRO0C18392g ORFs generally surround silent donor cassettes. Overall,
these evidences support the notion that ATCC 42981 possesses one MATa copy 2 expression locus
and three HMRa cassettes, referred to as HMRa copies 1 to 3 (Fig. 6).

The chromosomal arrangement of MAT, HMR and HML cassettes was established by Southern blot

analysis on PFGE-separated chromosome bands. Although PFGE-Southern blotting failed to clearly
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resolve the highest molecular weight chromosomes E, F and G spanning from 1.6 to 2.2 Mbp (Fig.
S5), hybridization of PFGE-Southern blot with a MATal-specific probe (suitable to recognize both
MATal copies 1 and 2) resulted in a double band spanning from chromosome F to G for Z. rouxii
CBS 732" and strain ATCC 42981 (Fig. S5). However, differently from CBS 7327, in strain ATCC 42981,
the MATal-specific probe bound less chromosome F than chromosome G, leading to two bands
with different signal intensities. This result suggests that chromosome G harbours more copies of
the MTLa cassette than chromosome F. When the same analysis was carried out with a MATal-
specific probe, we obtained a double band spanning from chromosome F and G of ATCC 42981
karyotype (Fig. S5). These studies suggest that MTLa loci reside on at least two of the chromosomes
spanning from 1.6 and 2.2 Kb. According to PFGE-Southern blotting results, the ATCC 42981 strain
arranges two expressed MAT loci (MATa and MATo copies 2), three HMRa and two HMLo. silent
cassettes on two homeologous chromosome pairs (G/G’ and F/F’). Taking into consideration that
linked MAT and HML loci are located on a different chromosome compared to HMR (Watanabe et
al., 2013; Gordon et al., 2011), we inferred the scenario depicted in Fig. 6. Chromosome G putatively
contains the expression locus MATa copy 2, which is linked to the HMLa copy 2 cassette, while
chromosome F hosts the HMRa copy 2 silent cassette. The expression locus MATa copy 2 is
putatively located on chromosome F’, linked with HMLa cassette copy 1. Chromosome G’ provides

the two remaining silent HMRa copies 2 and 3 cassettes (Fig. 6).

Figure 6. Inferred genomic organization around MAT-like loci in the ATCC 42981 allodiploid
genome. Two sex homologous/homeologous chromosome pairs are depicted, namely F/F’ and
G/G’. Chromosome G bears the MATa copy 2 expression locus, which is linked to the putative silent
cassettes HML copy 2, whereas chromosome F’ bears the MATa copy 2 expression locus, which is
linked to the putative silent cassette HML copy 1. Chromosomes F and G” harbour three a-idiomorph
HMR loci, which differ for MATa2 genes. The HMR copy 2 locus is on chromosome F, while the HMR
copies 1 and 3 loci are on chromosome G’. Blue arrows represent Z. rouxii-like (blue bordered) and
Z. sapae-like (light green bordered) a-idiomorph loci. Red arrows indicate a-idiomorph loci with
different MATa2 genes: copy 1 (dark red surrounded), copy 2 (dark green), copy 3 (grey),
respectively. Chromosomal organization of the three-cassette system in Z. rouxii haploid strain CBS
732" was reported for comparative purposes according to Souciet et al., 2009. CHA1, indicates the
ZYROOF18524¢g locus, while dark green and light blue arrows indicate the ZYROOF18634g and

ZYRO0C18392g loci, respectively at the right side of mating-type loci.
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Gene expression analysis

Non-quantitative RT-PCR confirmed that the expression loci MATa and MATa copies 2 are actively
transcribed in ATCC 42981 cells grown in standard conditions (Fig. 7). Congruently to the cassette
reconstruction, the MATal and MATa2 genes from HMLo copy 1 were silent.

According to the regulatory circuit reported in S. cerevisiae diploid cells, we expected h-sg sets to
be silenced by a functional al-a2 heterodimer. In contrast, gene expression profile analysis revealed
that the MATal and HO genes were actively transcribed in the ATCC 42981 allodiploid strain.
Similarly in haploid CBS 7327 unstressed cells HO gene was actively transcribed (data not shown). To
verify whether other members of the h-sg set were expressed, we tested the presence of S-IME4
and AS-IME4 transcripts. RT-PCR analysis showed that salt-stressed ATCC 42981 diploid cells only
transcribed AS-IME4, while S-IME4 was not detected (Fig. 7). This pattern is similar to that displayed
by haploid cells of the reference strain CBS 7327, which does not show any PCR products for S-IME4
specific RT-PCR (data not shown). The identity of AS-IME4 PCR products was confirmed by direct
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sequencing. We concluded that ATCC 42981 is a diploid strain that only transcribes the AS-IME4

transcript.

Figure 7. Expression pattern of mating-type, HO and IMEA4 genes. Panel A reports positive amplified
cDNAs generated with MAT and HO copy variant-specific primers from ATCC 42981 unstressed cells
in stationary growth phase. Panel B depicts IME4-specific PCR products generated from CBS 7327
and ATCC 42981 cDNA IME4 antisense (AS-IME4 IncRNA) and sense transcripts (S-IME4 mRNA),
respectively. +/- RT indicates addition of reverse transcriptase to the cDNA synthesis reaction. For
each RT-PCR reaction gDNA was used as positive control. Abbreviations: AS, anti-sense long non-

coding RNA; S, sense mRNA.
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Transcriptional response to hyperosmotic stress

After hyperosmotic stress, ATCC 42981 cells exhibit a different expression profile for both mating-
type and HO genes compared to controls. Salt stress induced higher transcript levels of MATal and
MATal copy 2 (6.2-and 9.3-fold, respectively). On the contrary, MATa2 copy 2 expression was lower
than that in controls (2.4-fold). HO copy 1 was slightly down-regulated (2.8-fold), whereas HO copy

2 was up-regulated (more than 5.3-fold) compared to controls (Fig. 8).
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Figure 8. Differential expression by quantitative real-time PCR of mating-type and HO genes in
ATCC 42981 cells after hyperosmotic stress. Expression of target genes was normalized on the
reference ZrACT1 (GenBank: XM002497273). Fold change was measured by AACt or PCR Miner
methods and reported as the mean (+ SEM) of three biological replicates. * indicates significant

difference from controls as measured by independent Student's t-tests (*P<0.05, **P<0.01).
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Discussion

Previous studies demonstrated that outcrossing is a very rare event (approximately once every
50,000/110,000 generations) in yeasts as S. cerevisiae (Ruderfer et al., 2006), Saccharomyces
paradoxus (Tsai et al., 2008) and Lachancea kluyveri (Friedrich et al., 2015). Nevertheless, it
represents a potential source of phenotypic variability (novelty) and has been extensively exploited
for the genetic improvement of microbial cell factories (Steensels et al., 2014). Although many inter-
mating allopatric yeasts give rise to viable hybrids, post-zygotic isolating barriers (Hunter et al.,
1996) prevent gene flow between species and contribute to the process of speciation (Coyne and
Orr, 2004). Complete sets of orthologous genes are expected in yeast hybrids immediately after the

merging of two parental genomes. These patterns can undergo extensive homogenization processes
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over evolutionary time through intragenic recombination, gene conversion and differential gene
loss, shaping the offspring’s genome architectures (Dunn et al., 2013; Wolf, 2015). Gordon and
Wolfe (2008) did not find any traces of gene losses in the ATCC 42981 strain, arguing that the
allopolyploidization was so recent that its genome has not had enough time to decay. These authors
hypothesized that one parental subgenome resembles Z rouxii CBS 732" and the other Z
pseudororuxii (nom. inval.) NCYC 3042. However, ATCC 42981 karyotype cannot be simply
considered as an additive result between the putative parental counterparts, suggesting that some
structural rearrangements have occurred in the ATCC 42981 genome compared to Z rouxii and Z.
pseudorouxii (Pribylova et al., 2007; Gordon and Wolfe, 2008) . Similarly, the Z. rouxii CBS 7327 strain
contains a SOD2-22 gene variant (Kinclova et al., 2001), while Z. pseudorouxii NCYC 3042 has SOD2
(James et al., 2005). The detection of SOD2 and SOD22 genes, but not the SOD2-22 variant in the
ATCC 42981 genome, further confirms that the subgenome complements are similar but not
identical to those found in Z. rouxii CBS 732" and in Z. pseudorouxii NCYC 3042.

In an allodiploid karyotype, two homeologous sex chromosomes are expected, bearing a- and a-
idiomorph expression loci, respectively. Previous works demonstrated that in haploid Z. rouxii and
diploid Z. sapae, HMR cassettes are located on a different chromosome compared to the MAT-HML
linkage, accounting for the presence of two sex chromosomes (Watanabe et al., 2013; Solieri et al.,
2014b). Therefore, in a recent allodiploid Zygosaccharomyces genome, we expected to identify two
sex chromosome pairs. Accordingly, the ATCC 42981 strain displays an a/a genotype provided by
the contribution of two sex chromosome pairs. The first sex chromosome pair consists of
chromosomes G (MATa copy 2-HMLa copy 2) and F (HMRa copy 2). This subgenome complement
only partially resembles that found in Z. pseudorouxii NCYC 3042 strain (James et al., 2005) which
might have contributed to this complement with MTLa copy 2. If Z. rouxii contributed to the second
chromosome set, we would expect to detect a Z. rouxii MATa2 copy 1 gene at the expression locus.
In contrast, chromosome F’ (carrying MATa copy 2-HMLa copy 1) and G’ (carrying HMRa copy 1-
HMRa copy 3) probably derived from a rearranged Z. rouxii genome complement [29], consistently
with the mating-type loci being the hotspot of ectopic recombination in Z. rouxii strains (Watanabe
et al., 2013). Furthermore, an extra HMRa copy 3 was detected harbouring another partially
divergent MATa2 ORF, which it might have derived from another non-Z. rouxii parental strain or
resulted from an ectopic recombination event in the allodiploid ancestor. All these findings are not
consistent with a simple additive set of mating-type loci recently assembled in the allodiploid

genome and indicate that ATCC 42981 T- subgenome differs from its putative Z. rouxii CBS 7327
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counterpart. Watanabe et al., (2013) found that the copy 2 variant of MATa2 gene is at the HMR
silent cassette of strain NBRC1130 which undergone mating-type switching, whereas copy 1 variant
occurs in MAT expression locus. This genome assortment is specular to that found in ATCC 42981 T-
subgenome and hints that different MATa2 copies co-exist within Z. rouxii species, harboured by
MTL loci flanked by different genes at 5’ end. We speculated that these copy variants could be relicts
of past mating-type switching events. Interestingly, Z. rouxii possesses a hybrid regulation system
targeting a-specific genes (a-sgs), which consists of a2-mediated activation and a2-mediated
repression (Baker et al., 2012). In haploid cells, MATa2 proteins with diverging C-terminal portions
could be functionally equivalent in mediating the activation of the a-sg program.

Beyond divergent mating-type loci, the ATCC 42981 strain has also been reported to possess two
divergent HO genes. Orthologous genes coming from each of the parental species should appear as
paralogs in standard analyses because they are homologous genes encoded by the same genome
(Wolfe, 2001). However, the degree of divergence identified between HO gene copies 1 and 2
excludes their origin as paralogs from a recent gene duplication event and hints that HO copy 2
originated from the Z. pseudorouxii parental genome. The pattern of neutral mutations detected in
the endonuclease functional domains indicates that both HO genes have been exposed to the same
selective pressure.

Gene regulatory networks, such as cell-type specification circuit, have been shown to evolve
significantly over time (Tuch et al., 2008). When the divergent components of these circuits are
forced to interact in a hybrid background, positive or antagonistic epistatic interactions may take
place (Dettman et al., 2007). Among the mechanisms cited to explain the observed loss of hybrid
fertility, the Bateson-Dobzhansky-Muller (BDM) model proposes that hybrid sterility results from
the lack of interaction or the malfunctioning of interacting alleles derived from divergent genomes
(Scannell et al., 2007; Brideau et al., 2006; Lee et al., 2008; Bayes and Malik, 2009). However, in
some cases, inter-specific protein assemblies have been reported to generate novelties in protein-
protein networks untested by selection in hybrid species (Orr and Turelli, 2001; Piatkowska et al.,
2013). The reconstruction of the sex chromosome architecture in the ATCC 42981 genome indicates
that the transcriptional regulators encoded at the MAT expression loci are phylogenetically
divergent. In diploid cells, al-a2 heterodimer acts as a master regulator of the shift from mitosis to
meiotic growth under appropriate meiosis-inducing stimuli, as well as a repressor of the h-sgs under
standard growth conditions. H-sgs contain the MATal gene, which the al-a2 heterodimer should

repress by binding the bidirectional promoter located between MATal and MATa2 ORFs (Haber,
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2012). In allodiploid ATCC 42981, the lack of MAT a1 silencing could be due to: the lack of al and a2
proteins; the failure in the heterodimer formations; the inability of putative chimeric al and a2
subunits to positively interact with cis-regulatory promoter sequences. Similarly to ATCC 42981, S.
cerevisiae diploids showing mutations in either al or a2 transcriptional factors fail to turn off MATal
and other h-sgs (Siciliano and Tatchell, 1984; Harashima et al., 1989). Additionally, Strathern et al.,
(1988) reported that a diploid mutant with a truncated MATa2 defective allele displays a weak a
phenotype and is unable to sporulate. Overall, these evidences suggest that in ATCC 42981 the cell-
type specification circuit is ineffective in repressing the MATa1 gene possibly due to, among other
factors, a no functional chimeric al-a2 heterodimer.

In diploids, the entry into meiosis requires the inhibition of IncRNA AS-IME4 by a functional al-a.2
heterodimer Hongay et al., 2006). Conversely, our results show that the ATCC 42981 strain produces
anti-sense transcripts for the IME4 gene, leading to clonality as its unique mode of reproduction.
The haploid-like transcriptional pattern displayed by stressed ATCC 42981 cells could also account
for its increase of adhesive phenotype. In haploids grown under stress cues, a complex network of
signalling modules and transcriptional factors induce clamp formation and pseudohyphal growth in
order to enhance mating efficiency and chance of survival (Goossens et al., 2015). The FLO11 gene
has been reported to be a key determinant of the adhesion phenotype under the positive control
of the RME1 transcriptional factor. In diploids, the RME1 gene is silenced by a functional al-a2
heterodimer, leading to the entry into meiosis in response to environmental cues. Because we
observed more clamps in salt-stressed compared to unstressed ATCC 42981 cells, we argue that the
chimeric al-a2 heterodimer is also partially ineffective in repressing RME1 transcription.

In S. cerevisiae, a redundant regulatory network accounts for the three-level regulation of mating-
type interconversion catalysed by the HO endonuclease, namely cell-type control (HO gene is
expressed in a or a haploid cells); mother-daughter control (HO is transcribed in the mother but not
in the daughter cells); and cell-cycle control (HO is expressed during the late G1 phase of the cell
cycle after the point of commitment to the next cell cycle) (Stemberg et al., 1987). Three
transcriptional repressors are involved: the al-a2 heterodimer, SIN3 and SING6, respectively. These
three types of negative constraints must be relieved in order for the HO gene to be transcribed.
Allodiploid ATCC 42981 cells express HO mRNAs, probably due to the lack of these types of controls
or to partial incompatibilities among transcriptional factors. However, the presence of HO
transcripts does not imply that ATCC 42981 undergoes mating-type interconversion. Indeed, the
transcriptional analysis of MAT expression loci showed that only the expected MATa copy 2 and
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MATa copy 2 transcripts are detected in salt-stressed cells at the stationary phase. The failure of
mating-type switching induced by salt stimuli could be due to either a HO post-transcriptional
control or to the lack of a fully functional network controlling the DSB-initiated gene conversion.
However, other effectors could be responsible for this event, as in haploid Z rouxii strains HO
deletion determines only a slight decrease in mating-type switching frequency (Watanabe et al.,
2013). The Z rouxii species complex emerged after the ancestor of hemiascomycetous yeasts had
diverged from other families, such as Kluyveromyces. K. lactis has a non-functional copy of the HO
gene (Fabre et al.,, 2005) and performs mating-type switching by an alternative transposase-
mediated mechanism (Rajaei et al., 2014). As it is the first non-WGD clade with a functional HO gene,
the Z rouxii complex is likely to retain remnants of both mechanisms.

In haploid Z rouxii, mating and the subsequent zygote formation occur immediately before
sporulation mainly under salt stress (Mori, 1973; Mori and Onishi, 1967). Therefore, we investigated
how the ATCC 42981 cells modulate the transcription of genes coding the al and a2 subunits, as
well as that of their downstream h-sg targets MATal and HO in response to long-term hypersaline
stress. In diploid cells, the silencing of h-sg MATal and HO and the positive regulation of the MATa2
gene are controlled by a working al-a2 heterodimer. The inability of the ATCC 42981 chimeric al-
a2 heterodimer to bind to the h-sg promoter regions may account for the observed up-regulation
of MATal and HO genes. Functional defects of the chimeric al-a2 heterodimer could be due to
gene incompatibility between two divergent subunits and/or to the transcriptional imbalance of
their encoding genes. ATCC 42981 cells could attempt to overcome these functional deficiencies by
over-expressing the components of the al-a2 transcriptional factor. Congruently, we observed an
up-regulation of the al transcript. A similar up-regulation of the other heterodimer subunit a2
should be expected. In contrast, MATa2 gene expression appears to be down-regulated, even at a

small level, suggesting an imbalance in the co-regulation of al and a2 subunits.

Concluding remarks

In conclusion, we demonstrated that allodiploid ATCC 42981 cells display a MATa/MATa genotype
with a chimeric sex-determination system originating from the co-existence of two different
parental genome complements. The protein-protein interaction incompatibility between divergent
al and a2 subunits could switch-off the meiosis commitment genes, contributing to ATCC 42981
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allodiploid sterility. The presence of a chimeric al-a2 heterodimer promotes an unusual haploid-
like transcriptional profile in cells recovered at the stationary phase and after exposure to meiosis-
inducing stimuli. To the best of our knowledge, this is the first cue that the BDM interaction between
the divergent al and a2 subunits may act as a bottleneck, preventing genetic exchanges among
Zygosaccharomyces species. Recently, a novel scenario has been proposed for yeast evolution,
where two ancient non-WGD ancestral species have given rise to an allodiploid cell that has doubled
its genome in order to restore fertility (with a possible interval of many mitotic generations between
these two events) (Marcet-Houben and Gabaldon, 2015). Interestingly, one of the possible parents
exhibits phylogenetic affinities with the non-WGD Z. rouxii clade. However, there are several critical
open questions that still need to be answered, such as: how the genome duplication event took
place and how the mechanism of restoring fertility operated (Wolfe, 2001). Allodiploid ATCC 42981
and other strains belonging to the Zygosaccharomyces mosaic lineage (Solieri et al., 2013a) could
serve as promising models to shed light on the transcriptional network incompatibility underlying

hybrid sterility at an incipient stage of speciation, and more in general, on yeast genome evolution.
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CHAPTER 6: DEVELOPMENT OF PLASMIDS HARBOURING ANTIBIOTIC
RESISTANCE SELECTION MARKERS AND CRE RECOMBINASE FOR GENETIC
ENGINEERING OF NON-CONVENTIONAL ZYGOSACCHAROMYCES ROUXII
YEASTS

Bizzarri M., Duskova M., Sychrova H., Cassanelli S., and Solieri L. (In preparation). Development of
plasmids harbouring antibiotic resistance selection markers and Cre recombinase for genetic

engineering of non-conventional Zygosaccharomyces rouxii yeasts.

Abstract

The so-called non-conventional yeasts are becoming increasingly attractive in food and industrial
biotechnology, since, compared to the model species Saccharomyces cerevisiae, exhibit several
advantages, which make them suitable for the generation of various products other than ethanol.
Among them, we focused on Zygosaccharomyces rouxii that is known to be halotolerant,
osmotolerant, petite negative and poorly Crabtree-positive. Overall, these phenotypic traits and its
high fermentative vigour make this species very appealing for application in industrial purposes.
Nevertheless, Z. rouxii exploitation in industrial and food bioprocesses has been hampered by the
low availability of synthetic biology tools. Moreover, Z. rouxii suffers of some genetic intractability,
which make difficult to genetically manipulate this yeast through the conventional transformation
procedures. Centromeric and episomal Z. rouxii plasmids were successfully constructed, but they
rely on a limited set of prototrophic markers and can be used only in specific auxotrophic strains
mainly derived from the Z. rouxii haploid type-strain CBS 732". The majority of industrially promising
Z. rouxii yeasts are prototrophic and allodiploid/aneuploid strains, such as ATCC 42981. In order to
expand the biobricks available to genetically manipulate prototrophic Z. rouxii allodiplod strains, we
newly developed two centromeric and two episomal vectors harboring KanMX? and NAT® as
dominant selectable markers, respectively. We also constructed the first plasmid pGRCRE that
allows the efficient Cre-recombinase-mediated markers recycle during multiple gene deletions. As

proof of concept, ATCC 42981 G418-resistant mutants were constructed by replacing the MATa
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expression locus with the loxP-kanMX-loxP cassette and were subsequently used to validate

pPGRCRE as system to rescue the kanMX-loxP module in Z. rouxii prototrophic strains.

Keywords: Zygosaccharomyces rouxii, hybrid, mutants, Cre/loxP, synthetic biology, prototrophic

yeast, electroporation, homologous recombination.

Introduction

Yeasts alternative to the model species S. cerevisiae, the so called non-conventional yeasts, are
being increasingly attractive for traditional and industrial biotechnology. In food processing quality
and healthy functionalities of food and beverages are improved by controlling sequential or
simultaneous co-fermentation of S. cerevisiage and non-conventional yeasts, such as Candida
zemplinina, Torulaspora delbrueckii, and Zygosaccharomyces spp. (Comitini et al., 2017).

In industrial biotechnology, non-conventional yeasts, such as Hansenula polymorpha,
Kluyveromyces lactis, Pichia pastoris, and Yarrowia lipolytica, exhibit advantages, when compared
with S. cerevisiae, which make them suitable for the generation of various products other than
ethanol (Wagner and Alper, 2016).

The non-conventional yeast Zygosaccharomyces rouxii is known to be halotolerant, osmotolerant
(Dakal et al., 2014), petite negative and poorly Crabtree-positive (Merico et al., 2007). The latter
trait means that this yeast produces less ethanol in aerobic conditions than the Crabtree-positive S.
cerevisiae, and it is more suitable than S. cerevisiae to produce by-products.

During soy sauce fermentation, Z rouxii produces important aroma compounds, such as fusel
alcohols (produced from the corresponding branched-chain amino acids via the Ehrlich pathway),
4-hydroxy-2(or 5)-ethyl-5(or 2)-methyl-3(2H)-furanone (HEMF) (Sasaki et al., 1991, 1996; Ohata et
al., 2007), 4-ethylguaiacol (4-EG) and 4-ethylphenol (4-EP).

During balsamic vinegar production, Z rouxii converts sugars present in cooked grape must to
ethanol, providing the substrate for acetic acid production by acetic acid bacteria (Solieri et al.,
2012). Whole-cell processes using Z. rouxii strains were proposed for L-malic acid (Taing and Taing,
2007) and extra-cellular L-glutaminase production (Kashyap et al., 2002), as well as for the reduction
of 3,4-methylenedioxyphenyl acetone to 3,4-methylenedioxyphenyl-(S)-isopropanol leading to 5H-

2,3-benzodiazepine (Vincenzi et al., 1997). Carbonyl reductases were isolated from Z. rouxii for the
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asymmetric reduction of selected ketone substrates of commercial importance (Costello et al.,
2000). Furthermore, the exceptional tolerance of Z. rouxii to several environmental stresses renders
this species very appealing for application in industrial purposes.

Despite the increasing interest toward this species, the exploitation of Z. rouxiiin industrial and food
bioprocesses has been hampered by the low availability of synthetic biology tools. Compared with
S. cerevisiae, Z. rouxii suffers from some genetic intractability, which make difficult to genetically
manipulate this yeast. Z rouxii is recalcitrant to conventional transformation procedures and
species and/or strain-specific protocols had to be optimized to efficiently introduce pDNA into Z
rouxii by electroporation (Pribylova and Sychrova, 2003; Pribylova et al., 2007a; Watanabe et al.
2010). Compared with S. cerevisiae, homologous recombination (HR)-mediated gene targeting is
less efficient in Z. rouxii and can be achieved by including homology arms of at least 80 base pairs
on the 5’end of primers against 40 base pairs required in S. cerevisiae. Prybilova et al. (2007b) firstly
proved that PCR-generated loxP-kanMX-loxP cassette can be successfully used for gene deletion in
Z. rouxii. Recently, Watanabe and colleagues (2017) exploited an alternative antibiotic selection
marker to generate hybrid Z. rouxii deletion mutants, by PCR amplifying Zeocin-resistant gene from
plasmid pUZ6, surrounded by two loxP sequences.

Another drawback in Z. rouxii genetic manipulation is that neither S. cerevisiae centromeric plasmids
nor the 2 um replicon of S. cerevisiae well worked in Z. rouxii, making necessary to build ad hoc
shuttle plasmids. Centromeric and episomal Z. rouxii/Escherichia coli plasmids were successfully
constructed, but they rely on a limited set of prototrophic markers (SCURA3, ZrLEU2, ZrADE2), and
can be used only in specific auxotrophic strains mainly derived from the haploid strain Z. rouxii CBS
7327 (Pribylova et al., 2007b). By contrast, the majority of industrially promising Z. rouxii yeasts are
prototrophic and allodiploid/aneuploid strains (Dakal et al., 2014). These difficulties can be
circumvented using dominant drug resistance markers, such as the E. coli aminoglucoside 3’
phosphotransferase kan® that confers resistance to the aminoglycoside antibiotic gentamicin/G418
(Wach et al., 1994) or the E. coli streptothricin acetyl transferase satl which confer resistance to
nouseothricin (ClonNAT or NAT®) (Heim et al., 1989). However, the low number of available
dominant selectable markers for Z. rouxii requires the usage of markers that can be subsequently
excised and reused, mainly considering that genetic crossing in allodiploid strains is inefficient to
generate strains carrying multiple gene deletions. A successful attempt to virtually recycle any
desired marker was the development of the bacteriophage-derived loxP-Cre recombinase system

(Hoess and Abremski, 1985; Sauer, 1987; Giildener et al., 1996, 2002). This system is considered
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“the universal reagent for genome tailoring” (Nagy, 2000), but requires the expression of a plasmid-
borne recombinase and thereby necessitates an additional selection marker or extensive screening.
The episomal plasmid pZCRE contains cre recombinase encoding gene under the S. cerevisiae
inducible GAL1 promoter and was successfully used for kanMX-loxP module pop-out in auxotrophic
strains (Pribylova and Sychrova, 2007). However, no cre recombinase expression vector harboring
dominant selectable markers are available for marker recycling in Z. rouxii prototrophic strains.

In an effort to expand the genetic toolbox available in Z. rouxii, we generated two centromeric and
two episomal vectors harboring KanMX® and NAT® as dominant selectable markers, respectively.
We also constructed the plasmid pGRCRE, which contains NAT® as selectable marker and can be
used for cre-recombinase-mediated marker recycling in prototrophic deletion mutants generated
with loxP-kanMX-loxP deletion cassette. As proof of concept, ATCC 42981 G418-resistant mutants
were constructed by replacing the MATa expression locus with the loxP-kanMX-loxP cassette and
was used to validate pGRCRE as system to rescue the kanMX-loxP module in Z. rouxii prototrophic

strains.

Materials and Methods

Strains, media and growth conditions

Yeast strains used in this work are listed in Table 1. Yeast cells were routinely propagated at 28°Cin
YPD medium with or without 1.5% (w/v) agar and maintained at 4°C on YPDA slants for the duration
of experiments. Stock cultures were stored at -80°C with glycerol at final concentration of 25% (v/v)
for long-term preservation. For antibiotic sensitivity tests, early stationary phase pre-cultures
(grown on YPD liquid medium at 27°C) were harvested by centrifugation, washed in 1 ml sterile
MilliQ water and adjusted to the same initial ODgoonm = 1.0 (corresponding to ~ 2 x 10”7 CFU/ml).
Drops (5 uL) of serially 10-fold dilution were spotted aseptically on YPD was supplemented with
increasing antibiotic concentration (400, 300, 250 and 200 pg/ml of G418 and 50, 25, 15, 10 and 5
ug/ml ClonNAT, respectively. Plates were incubated at 27°C for 48-72h and images were captured

using an Epson Expression 10,000 XL scanner operating in transmitted light mode.
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Escherichia coli Trans1-T1 (TransGen Biotech Beijing, China) was used as host strain for plasmid and

routinely grown in standard Luria-Bertani (LB) medium supplemented with 100 mg/ml ampicillin

(Sigma Aldrich, Milan, Italy). All media compositions are detailed in Table 2.

Table 1. Yeast strains used in this work. Abbreviations: na, not applicable.

Species Strains Features-Genotype Source/References
Haploid strain MATa, W303-1A enal- na; Kinclova-Zimmermannova
BW31la
4A::HIS3 nhalA::LEU2 et al., 2006
S. cerevisiae Haploid strain derived from BY4742;
Y13925 MATo, ura3A0; leu2A0; his341; lys2A0; na; EUROSCARF
YDL227c::kanMX4
ATCC 42981 Allodiploid MATa/MATa Miso; Solieri et al., 2008
MATalA ATCC 42981  Derived from ATCC 42981;
na; this work
clone_6 MATaP::kanMX4
MATalA ATCC 42981 Derived from ATCC 42981;
na; this work
Z. rouxii clone_ 65 MATaP::kanMX4
MATalA ATCC 42981 Derived from ATCC 42981;
na; this work
clone_74 MATa"::kanMX4
MATaA ATCC 42981 Derived from ATCC 42981;
na; this work
clone_177 MATaP::kanMX4
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Table 2. Composition of the media used in this study. All reagents were purchased from Oxoid
(Milan, Italy), with the exception of NaCl (Sigma Aldrich, Milan, Italy). Abbreviations: LIAC/SS carrier
DNA/PEG, lithium acetate/single-stranded carrier DNA/PEG; h, hours; d, days.

Usage Code Composition Growth conditions

Yeast routine growth; 1% w/v yeast extract, 2% w/v peptone,

YPD 30°C; 24-48h
RNA extraction 2% w/v dextrose

1% w/v yeast extract, 1% w/v peptone,
YPD + ClonNAT 2% w/v dextrose, ClonNAT range: 50-5 27°C; 48-72h

ug/ml
Antibiotic sensitivity tests

1% w/v yeast extract, 1% w/v peptone,

YPD + G418 2% w/v dextrose, G418 range: 400-200 27°C; 48-72h
ug/ml
2% w/v yeast extract, 4% w/v peptone,
LiIAC/SS carr'ier DNA/PEG 2% YPD 4% w./v dextrF)se; optional 80 mg/L 30°C; 24h
transformation method adenine hemisulfate for growth of

adenine auxotrophic mutant BW31a

1% w/v yeast extract, 2% w/v peptone,
S. cerevisiae . 2% w/v dextrose, 1,5% w/v agar, 1 M
. YPDA + Sorbitol . .
electroporation protocol sorbitol; when required 5ug/ml or 7.5

pg/ml ClonNAT was added

26°C; 2/3 days

1% w/v yeast extract, 2% w/v peptone,
Z. rouxii electroporation 2% w/v dextrose, 300 mM NacCl, 1,5%
YPDA + NaCl .
protocol w/v agar; when required 5ug/ml
ClonNAT

26°C; 2/3 days

1% w/v tryptone , yeast extract 5%
E. coli routine growth LB w/v, 1% w/v NaCl, Adjust the pHto 7.0  37°C; 24h
with 5.0 N NaOH

DNA manipulations, standard and colony PCR reactions

Genomic DNA (gDNA) from yeast cells was isolated according to Hoffman and Winston (1987).
Plasmid DNA (pDNA) from yeast and E. coli cells were obtained with Zymoprep Yeast plasmid
Miniprep kit (Zymo Research, Orange, CA, USA) and GenelET Plasmid Miniprep Kit (Thermo
Scientific, Waltham, MA), respectively. DNA quantity and quality were evaluated electrophoretically

and spectrophotometrically using a NanoDrop ND-1000 device (Thermo Scientific, Waltham, MA,
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USA). Zymoclean™ Gel DNA Recovery and DNA Clean & Concentrator™-5 Kits (Zymo Research,
Orange, CA, USA) were used for the isolation of DNA fragments from agarose gels and for PCR
amplicons purification, respectively. For plasmid isolation and purification of PCR products from gel
or PCR mixtures we used Zymo Research kits (Zymo Research, Orange, CA, USA). Backbone PCR
amplicons were sequenced by external sequencer service (BMR Genomic Padova, ITA). Restriction
reactions were performed according to manufacturer’s instructions (Thermo Fisher Scientific,
Walthan, MA, USA). For colony PCR, DNA was extracted from 48h-old cells using the lithium acetate-
SDS method (L6oke et al., 2011). DreamTaq polymerase (Thermo Scientific, Waltham, MA) was used
according to the manufacturer’s instructions in 20 pl reaction volume containing 1 ul of LiOAc-SDS
extracted DNA as template. PCR amplifications were carried out in a T100 Thermalcycler (Bio-Rad).
Escherichia coli Trans1-T1 cells were transformed according to manufacturer’s instructions.

Standard primers and PCR conditions were detailed in Table S1.

Optimization of yeast transformation protocols

For S. cerevisiae four DNA transformation methods were tested with YEp352-SAT1 or pCg2XpH-N
plasmids (Table 3). LIAC/SS carrier DNA/PEG method was according to Gietz and Schiestl (2007).
Electroporation was carried out as follows. Briefly, an aliquot of overnight yeast culture was
inoculated in 100 ml YPD at the final 0.005 ODgoonm Of With and grow overnight to 1.3-1.5 ODeoonm
(corresponding to 1x108 cells/ml). Cells were harvested by centrifugation at 4,000g for 5 min at 4°C,
washed twice in 40 ml ice-cold sterile water, and finally resuspended by vortexing in 20 ml ice-cold
1 M sorbitol. After recovery by centrifugation, cells were resuspended in 500 pl of ice-cold 1 M
sorbitol and keep on ice. 100 pl of the cell suspension were transferred to a 1.5 ml microcentrifuge
tube and 0.1 ug of pDNA was added before gently mixing with pipette several times. The mixture
was transferred into a pre-chilled 2 mm gap width cuvette (code 5520; Thermo Scientific Waltham,
MA) and submitted to electroporation in an electroporator 2510 device (Eppendorf, Hamburg,
Germany) with setting voltage pulse to 1,500 V (constant pulse duration 5 ms). Immediately after
electroporation, 500 pl of YPD + Sorbitol medium were added to cell suspension and incubated at
room temperature for 15 min. Next, the mixture was transferred into a 1.5 ml microcentrifuge and
supplemented with further 500 pl of RT YPD + Sorbitol. After incubation at 30°C for 3-4 h, cells were
properly ten-fold diluted and plated into YPD + Sorbitol medium supplemented with appropriate

antibiotic concentration and incubated at 30°C for 3-4 days.
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Transformation efficiency was calculated according to Formula 1, where E;: is transformation

efficiency, Ncis colony number and DF is dilution factor.

Formula 1.

(N, x DF)
=7z pDvi-

Table 3. Protocols tested for S. cerevisiae cells transformation. All protocols were tested with S.

cerevisiae haploid strain Y13925 (EUROSCARF).

Inoculum Transformation Selectable Recoverystep Plating
Protocol n° Plasmids
medium protocol marker (Time h, T°C) medium
YPDA + 1M
YEp352-
1 YPD Electroporation ClonNATR 4,30 Sorbitol + 5
SAT1

pg/ml ClonNAT

YPDA + 1M
YEp352-
2 YPD Electroporation ClonNATR 3,30 Sorbitol + 7.5
SAT1
pg/ml ClonNAT
LiAC/SS carrier YEp352- YPDA + 5 pg/ml
3 YPD ClonNATR 3,30
DNA/PEG method SAT1 ClonNAT
YEp352-
LiIAC/SS carrier YPDA + 5 pg/ml
4 2XYPD SAT1 or ClonNATR 3,30
DNA/PEG method ClonNAT
pCg2XpH-N

For Z. rouxii transformation, electroporation protocol was modified from Pribylova and Sychrova
(2003) using pCg2XpH-N as tester plasmid, as detailed in Table 4. In all transformation experiments,
plasmids were at the final concentration of 0.1 pg/ul (Llopis-Torregrosa et al., 2016; see Table 3).
Electroporation was carried out using standard electroporation cuvettes (0.2 cm) (code 5520;
Thermo Scientific, Waltham, MA) and Electroporator 2510 (Eppendorf, Hamburg, Germany)
delivering square wave pulses with setting voltage pulse to 2,250 V (constant pulse duration 5 ms).
All the transformation experiments were performed using 102 cells and verified both by diagnostic

PCRs and phenotypic assays on YPDA supplemented with antibiotic. Primers for diagnostic PCRs are
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listed in Table S1. In case of transformation with pCg2XpH-N, fluorescence signal of yeast cells

expressing pHluorin was observed under a Nikon Eclipse 80i Olympus AX 70 (Olympus Corporation)

microscope using a U-MWB cube with a 450-480 nm excitation filter and 515 nm barrier filter or

under Nomarski contrast.

Table 4. Protocol for Zygosaccharomyces transformation by electroporation. Protocol was

modified from Pribylova and Sychrova (2003). Main modifications are in bold.

Step Description

1 Grow cells in 80 ml of YPD + NaCl till the exponentially phase at ODgoonm ~ 0.7-0.8

2 Wash cells with 25 ml ddH,0 (3,500g, 5 min; 4°C)

3 Resuspend cells in 16 ml of TE buffer supplemented with 20mM LIAC and 25 mM dithiothreitol.
Incubate at 30°C for 30 min with shaking

4 Chill the cuvettes and 1M sorbitol on ice for next steps

5 After cell recovery at 3,500g for 5 min (4°C), wash cells with 20 ml ice-cold 1M sorbitol

6 Repeat washing with 5 ml ice-cold 1M sorbitol

7 Repeat washing with 800 pl ice-cold 1M sorbitol

8 Transfer 100 pl of cell suspension into a chilled electroporation cuvette and add 0.1 ug pDNA

9 Place the cuvette in the electroporation chamber and apply an electric pulse of 2250 V/cm, 5
ms

10 Immediately after the pulse, add 100 ul of ice-cold 1M sorbitol and incubate at room
temperature for 10 min

11 Transfer cell suspension in 5 ml of YPD medium and incubate at 30°C for at least 2 h

12 After cell recovery at 3,500g for 5 min (4°C), resuspend cells in 200 pl ddH,0

12 Plate transformed cells on YPD supplemented with appropriate antibiotic concentration

Plasmids construction

Plasmids were constructed by HR (Oldenburg et al., 1997) in S. cerevisiae, and named according to

Table 5. Briefly, to replace ScCURA3 marker in pZEU and pZCA with the ClonNAT-resistance, sat1 gene

was PCR-amplified from YEp352-SAT1 (Krauke and Sychrova, 2011) with primers pZEU/pZCA-URA3-
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NAT-F and either pZEU-URA3-NAT-R or pZCA-URA3-NAT-R, respectively. The resulting SAT1 cassette
contained C. albicans ACT1 exon 1 and intron in frame fused with sat1 gene (Garraway et al., 1994;
Reuld et al., 2004). To replace ScCURA3 marker with the G418 resistance in pZEU and pZCA, the loxP-
kanMX—loxP module was PCR-amplified from pUG6 (Glldener et al., 1996) using the primer
PZEU/pZCA-URA3-kanMX-F either with pZEU-URA3-kanMX-R or pZCA-URA3-kanMX-R.

To generate pGRCRE, the fragment containing the cre gene behind the S. cerevisiae GAL1 promoter
(pScGAL1) (abbreviated as pScGAL1+cre) was PCR-amplified from plasmid pZCRE (Pribylova et al.,
2007a) with primers CRE-pGRB-Sacl-Xbal-F1 and CRE-pGRB-Xhol-Xbal-R1. Before cloning, two
copies of ScPGK1 promoter-pHluorin module were excised from pCg2XpH-N (Llopis-Torregrosa et
al., 2016) with Sacl and Xho!l (Thermo Scientific Waltham, MA). The linearized vector was gel-purified
and cloned with the PCR insert pScGALl+cre in S. cerevisiae BW31a, creating pGRCRE. To avoid
mismatch, all PCR reactions used in cloning procedure were carried out either with Phusion Flash
High-Fidelity PCR Master Mix or Phusion high Fidelity DNA polymerase (Thermo Scientific Waltham,
MA), according to the manufacturer’s instructions. Primers used for plasmid construction are listed
in Table 6. In all experiments, PCR insert/pDNA molar ratio was 1:3. Plasmids were validated by
restriction analysis and diagnostic PCRs according to Table S1. Plasmids pZEU, pZCA, pUG6, pZCRE,
pCg2XpH-N and YEp352-SAT1 were a gift from Hana Sychrova.
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Table 5. Plasmids used in this work. All plasmids are Z. rouxii/E. coli shuttle vectors (ori, AmpR). Abbreviations: Zr, Zygosaccharomyces rouxii; Sc,

Saccharomyces cerevisiae.

Plasmid name (GenBank
number)

Description

History

References

pUG6 (AF298793)

loxP-flanked marker gene deletion
cassette (loxP-pAgTEF1-kanMX-
tAgTEF1-loxP); G418 resistance (G418F)
selectable marker

Plasmid pUG®6 carrying loxP—kanMX—loxP module was constructed
from plasmid pFA6-kanMX4 by integrating two 34 bp loxP
sequences as direct repeats left and right of the kanMX module

Glldener et al., 1996

YEp352-SAT1

2u ori; nourseothricin resistance gene
satl (ClonNATR); AmpR

YEp352 plasmid backbone; ScURA3 marker was replaced with
nourseothricin resistance gene sat1 (ClonNATF)

Krauke and Sychrova, 2011

pCg2XpH-N

C. glabrata centromere and
autonomously replicating sequence
(ARS)-based plasmid, containing two S.
cerevisiae PGK1 promoters (pScPGK1),
two pHluorin genes, and nourseothricin
resistance (ClonNATR) as selectable
marker

Derived from pGRB2.2-pHluorin++, which contains two copies of
the sequence encoding ratiometric pHluorin each under pScPGK1
promoter, and the SCURA3 marker. In pCg2XpH-N, ScCURA3 marker
gene was replaced with a nourseothricin resistance gene (sat1)
from YEp352-SAT1

ReuR et al., 2004; Krauke and
Sychrova, 2011; Ullah et al.,
2013; Llopis-Torregrosa et al.,
2016

pZEU (AM696689)

Yeast replicon pSR1; ScCURA3; LacZ; AmpF

Z. rouxii episomal vector carrying SCURA3 marker gene

Pribylova et al., 2007a

Z. rouxii episomal vector derivative of pZEU; ScCURA3 marker gene

pZEN f:;:tanyceea?élo;?\lp;:f;hiacr;l::%thncm was replaced with nourseothricin resistance gene sat1 (ClonNAT?)  This work
s £acs; AMp from YEp352-SAT1
7EG pSR1 yeast replicon; G418 resistance Z. rouxii episomal vector derivative of pZEU; SCURA3 marker gene This work
P (G418R); Lacz; AmpR was replaced with kanMX cassette (G418F) from pUG6
pPZCA (AM697670) SCARS1/ZrCENA; ScURA LacZ; Amp® Centromeric plasmid carrying Z. rouxii centromere A Pribylova et al., 2007b
SCARS1/ZrCENA; nourseothricin Z. rouxii centromeric v<'ector derlvatlvg .Of pZC'A; ScURA3 marker '
pZCAN resistance (ClonNAT®); LacZ: Amp" gene was replaced with nourseothricin resistance gene satl This work
! s AMP (ClonNATR) from YEp352-SAT1
pZCAG SCARS1/ZrCENA; G418 resistance Z. rouxii centromeric vector derivative of pZCA; ScURA3 marker This work

(G418®); LaczZ; AmpR

gene was replaced with kanMX cassette (G418%) from pUG6
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pSR1 vyeast replicon; ScURA3; cre,

Z. rouxii expression vector derivative of pZEU; cre gene under the

PZCRE (AM697668) pScGAL1; Amp®; no LacZ S. cerevisiae GAL1 promoter (pScGAL1) Pribylova etal., 2007a
C. glabrata centromere and
autonomously replicating sequence Derived from pCg2XpH-N: the two pHluorins are replaced with cre
PGRCRE (ARS)-based plasmid, containing S. recombinase under the S. cerevisiae GAL1 promoter; the URA3 This work
cerevisiae PGK1 promoter, marker gene was replaced with a nourseothricin resistance gene
nourseothricin resistance gene (ClonNATR) amplified from YEp352-SAT1

(ClonNATR), cre, pScGAL1
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Table 6. Primer used for plasmid construction and gene disruption cassette. PCR insert containing

cre gene under S. cerevisiae GAL1 promoter is referred to as pScGAL1+cre. Abbreviation: Sc, S.

cerevisiae.

Primer Sequence (5’->3’) Description

pZEU/pZCA common forward.
DZEU/pZCA-  GTGAGTTTAGTATACATGCATTTACTTATAATACAGTTTTat  UPPercase:  region homologous  to
URA3-NAT-F  ggacgatggtatgttttagtttage PZEU/pZCA ScURA3; lowercase: region

homologous to YEp352-SAT1 upstream

satl

pZEU specific reverse. Uppercase: region
pZEU-URA3-  CTTAACCCAACTGCACAGAACAAAAACCGGAAACGAAGAT homologous to pZEU ScURA3; lowercase:
NAT-R AAATCttaggcgtcatcctgtgceteecg region homologous to YEp352-SAT1

downstream sat1

CCCAACTGCACAGAACAAAAACATGCAGGAAACGAAGATA PZCA specific reverse. Uppercase: region

pZCA-URA3- AATCttaggcgtcatectgtacteecg homologous to pZCA ScURA3; lowercase:
NAT-R region homologous to YEp352-SAT1

downstream satl

pPZEU/pZCA common forward.
PZEU/PZCA- ot o AGTTTAGTATACATGCATTTACTTATAATACAGTTTTtte  UPPercase:  region  homologous  to
URA3- PZEU/pZCA ScURA3; lowercase: region
kanMX-F gtacgctgcaggtegac homologous to pUG6 upstream [oxP—

kanMX—loxP

pZEU-specific reverse. Uppercase: region
pZEU-URA3-  CTTAACCCAACTGCACAGAACAAAAACCGGAAACGAAGAT homologous to pZEU ScURA3; lowercase:
kanMX-R AAATCgcataggccactagtggatctg region homologous to pUG6 downstream

kanMX

pZCA-specific reverse. Uppercase: region
pZCA-URA3- CCCAACTGCACAGAACAAAAACATGCAGGAAACGAAGATA homologous to pZCA ScURA3; lowercase:
kanMX-R AATCgcataggccactagtggatctg region homologous to pUG6 downstream

kanMX

Uppercase: region homologous to
CRE-pGRB- GCGCGCAATTAACCCTCACTAAAGGGAACAAAAGCTGGAG  pCg2XpH-N upstream Sacl restriction site;
Sacl-Xbal-F1  CTCgaattcgagctctagtacggat lowercase: region homologous to pZCRE

upstream pScGAL1+cre

Uppercase: region homologous to
CRE-pGRB- CTCTGTTTGTGTGATTTCTATGTGTACGTTATATATATAtggc  pCg2XpH-N downstream Xhol restriction
Sacl-Xbal-R1  taatcgccatcttcca site; lowercase: region homologous to

pZCRE downstream pScGAL1l+cre

Uppercase: 80-bp-long region
MATal/2cp  CATGTTTGAACGAGTGTTTTGTTCATTGGTTTGGAATAAAC homologous to MATa 5'-flanking region
2-kanMX-F-  AGGTCTTCGACGTTTAGCCATGTCGAGGATTTAAACGTTTG (between DICI1 and X region); lowercase:
80nt ACAttcgtacgctgcaggtcgac sequence homology to amplify /oxP-

KanMX-loxP cassette in pUG6

Uppercase: 80-bp-long region
MATal/2cp  CAACCGGTAAGTGTTCTTTCAATAAGTCAGTTGTGCAATGA homologous to MATa 3’-flanking region
2-kanMX-R-  AGTGGCAAGTCAGTTTTTAAGCAACACACCGCACGTACCG  (between Z region and SLA2); lowercase:
80nt gcataggccactagtggatctg sequence homology to amplify /oxP-

KanMX-loxP cassette in pUG6
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Construction of loxP-kanMX-loxP disruption cassette and gene deletion

The loxP-kanMX-loxP cassette containing the 80-bp-long target sequence homologous to the MATo
expression cassette (DIC1-MATa-SLA2) was PCR-amplified from pUG6 (Gildener et al., 1996) using
MATal/2cp2-kanMX-F-80nt and MATal/2cp2-kanMX-R-80nt (Table 6). After PCR product
purification, 0.3 ug of deletion cassette was used to transform ATCC 42981. Transformation mixture
was incubated for 2 h in YPD at 30°C, before plating on selective YPDA medium supplemented with
200 pg/ml of G418. Targeted integration of loxP-kanMX-loxP cassette was verified by full-length, 5’-
and 3’-end diagnostic PCR analyses (Fig. 1), using primers detailed in Table S1. The resulting

deletants were named according to Table 1.

Figure 1. Outline of the diagnostic PCR strategy used to verify the targeted integration of /oxP-
kanMX-loxP disruption cassette in ATCC 42981 genome. Full-length, 5 and 3’ approaches are
shown. Abbreviations: wt, wild type; cp, copy; HR, homologous recombination; kanMX, kanamycin

resistance gene; MATacp2, MATa copy 2 expressed cassette.

peeceeeeefulllength PCR
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Plasmid loss test

ATCC 42981 MATaA transformants with pGRCRE plasmid were grown with shaking in 20 ml YPD at
28°C for 72 h. Cultures were ten-fold diluted and spread on YPD plates to obtain single colonies
(approximately 200 colonies per plate). Colonies were replica-plated on YPD supplemented with 5.0
ug/ml of ClonNAT and after 3 days ClonNAT-sensitive colonies were selected and further submitted

to at least two additional plasmid loss assays.

RNA extraction, cDNA synthesis and RT-PCR

RNA was extracted from ATCC 42981 wild type and deletion mutant cells cultured in YPD and
harvested in stationary phase (Gietz and Schiestl, 2007; Solieri et al., 2016). RNAs were reverse
transcribed using 0.5 uM oligo (dT) and RevertAid H Minus Reverse Transcriptase (Thermo Scientific,
Waltham, USA) according to the manufacturer's instructions. cDNAs (25 ng) were amplified using

DreamTaq polymerase and cre and SOD2 gene-specific primers listed in Table S1.

Results

Antibiotic sensitivity tests

The first issue concealing the ATCC 42981 genetic manipulation was that this strain is prototrophic
for the main amino acids used as markers in auxotrophic complementation experiments. This
hampered the usage of main plasmids available for Zygosaccharomyces (Pribylova et al., 2007a) and
the related species C. glabrata (Zordan et al., 2013), which contain nutritional markers instead of
antibiotic-resistance markers. To avoid the search for auxotrophic mutants derived from ATCC
42981, we tested the sensitivity towards two antibiotics, namely G418 and ClonNAT. We found that
ATCC 42981 cells were sensitive to G418 and ClonNAT at the minimal concentrations of 200 ug/ml
and 5-10 pg/ml, respectively (data not shown). This result indicates that G418 and ClonNAT were

suitable as selection agents for ATCC 42981 genetic manipulation.
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Protocols optimization for S. cerevisiae and Z. rouxii transformation

Before plasmid construction by HR, we tested both electroporation and alkali cation-based methods
to transform S. cerevisiae strains Y13925 and BW31a using either YEp352-SAT1 or pCg2XpH-N as
plasmid testers. Strain BW31a overcame Y13925 in transformation efficiency and was therefore
selected for the next manipulation steps (data not shown). For each protocol the transformation
efficiency was calculated (Table 7). Although all tested protocols resulted in high transformation
efficiency, we selected the protocol n°4, which allowed a faster cell growth compared with the other
methods and decreased the background of small colonies which presumably arise from abortive
transformation events. The selected protocol was also positively tested to transform S. cerevisiae

cells with pCg2XpH-N (E:=9520), giving fluorescent cells (data not shown).

Table 7. Comparison of transformation results in S. cerevisiae. Ny indicates number of cells before
transformation; N:, number of transformants; ug pDNA, the quantity of plasmid DNA used; E;,
calculated efficiency of transformation; background, the presence of false positive colonies under

ClonNAT selection; growth rate cells before transformation.

Protocol n° Nio N pDNA +(ug) E: Background Growth Rate
1 2 x 10%° uncountable 0.1 / High Low
2 2 x 10% 1586 0.1 15860 High Low
3 1x 108 2960 0.1 29600 High Low
4 1x 108 91 0.1 910 Low High

Differently from S. cerevisiae, Zygosaccharomyces cells are not as easy to transform. Furthermore,
Pribylova and colleagues (2007a) observed a different response to transformation between the two
most studied Z. rouxii strains, namely CBS 732" and ATCC 42981, and hypothesized that a different
organization in the glucan-chitin-cell wall proteins network is responsible for the higher resistance
to transformation observed in ATCC 42981 compared to CBS 732. In order to bypass this obstacle,
an electroporation-based method should be preferred over the standard lithium acetate methods
to transform Zygosaccharomyces cells (Watanabe et al., 2010). We modified the standard
electroporation-based protocol described for Zygosaccharomyces haploid strains by Pribylova and
Sychrova (2003), in order to improve the ATCC 42981 transformation. The transformation procedure

was optimized using pCg2XpH-N, which harbours sat1 gene encoding for ClonNAT resistance (ReuR
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et al., 2004) and two green fluorescent reporter genes, encoding for pH-sensitive ratiometric
pHIluorins (Llopis-Torregrosa et al., 2016). The ATCC 42981 transformants were positively selected
on YPD plates supplemented with either 5 pg or 10 pg/ml ClonNAT. However, ClonNAT
concentration of 10 pg/ml strongly reduced the transformation efficiency (data not shown). The
majority of screened colonies were positive to the 5’ and 3’ diagnostic PCR assays (data not shown)
and were intracellularly fluorescent (Fig. 2). Fluorescence intensity is susceptible to pH variation, as
pHIluorins are reporters of pH dynamics in living cells and can be tagged for organelle specificity
(Ullah et al., 2013). In future ATCC 42981 cells transformed with pCg2XpH-N can be exploited to test

how Zygosaccharomyces yeast varies intracellular pH in response to environmental cues.

Figure 2. Modified electroporation-based protocol produces fluorescent ATCC 42981 cells when
transformed with pCg2XpH-N vector. Intracellularly fluorescent ATCC 42981 transformants (B) are

compared to cells microscopically observed with optical microscope under Nomarski contrast (A).

Construction of Z. rouxii episomal and centromeric plasmids containing G418-resistance cassette

To date, no Z rouxii episomal and centromeric plasmids harbouring antibiotic selection marker has
been available. To develop a first set of G418® marked vectors, we used pZEU and pZCA as
backbones with ScURA3 auxotrophic marker. pZEU is an episomal vector containing the Z. rouxii
pSR1 replicon as ori (Araki et al., 1985), while pZCA is a centromeric plasmid replicable in Z. rouxii
owing to Z rouxii CEN A sequence in combination with S. cerevisiae ARS1 (Fig. 3, panel A). G418-
resistance cassette was successfully amplified from pUG6 with the chimeric primers pZEU/pZCA-

URA3-kanMX-F/pZEU-URA3-KanMX-R  and  pZEU/pZCA-URA3-kanMX-F/pZCA-URA3-kanMX-R,
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respectively (Fig. 3, panel B). The resulting 1,763 bp-long PCR amplicons contain tails homologous
to ScCURA3 upstream and downstream regions in pZEU and pZCA, respectively. In both cases, PCR
products encompassed the complete loxP-kanMX-loxP module, including two loxP flanking regions,
pPAgTEF, kanMX ORF from E. coli transposon Tn903 and tAgTEF (Wach et al., 1994; Gildener et al.,
1996). S. cerevisiae BW31a was suitable to replace ScURA3 in pZEU and pZCA with the corresponding
loxP-kanMX-loxP modules by HR. The resulted plasmids, termed pZEG and pZCAG respectively, were
validated by restriction analysis with endonuclease Aval, diagnostic 5’- and 3’-end PCRs (Fig. 3,
panels C and D, respectively), as well as sequencing (data not shown). The structures of pZEG and
pZCAG are drawn in Figure 3, panel A. To test the functionality of the novel plasmids, Z. rouxii ATCC
42981 and CBS 732" were transformed with pZEG and pCAG, and, in both cases, G418-resistant

transformants were successfully isolated (data not shown).

Figure 3. Construction of episomal and centromeric vectors conferring G418 resistance. A) HR
strategy was used to build episomal and centromeric vectors pZEG and pZCAG, respectively.
Schematic maps of both novel dominant drug resistance marker plasmids were drawn. In both /oxP-
kanMX-loxP modules loxP regions were represented as red arrows, while 40-bp long pZEU and pZCA
target sequences as light and dark grey blocks, respectively. B) PCR construction loxP-kanMX-loxP
modules for ScURA replacement in pZEU and pZCA, respectively. Lanes 1 and 2 represent PCR
products obtained with chimeric primers pZEU/pZCA-URA3-kanMX-F/pZEU-URA3-KanMX-R and
PZEU/pZCA-URA3-kanMX-F/pZCA-URA3-kanMX-R, respectively. C) Aval-digestion of plasmids pZEG
and pZCAG and the corresponding native plasmids pZEU and pZCA. D) Validation of pZEG and pCAG
with 5’- and 3’- diagnostic PCR assays. Sizes of PCR fragments (in Kb) are given on the left side of the
agarose gels. For each plasmid, at least two clones were analysed. M, molecular weight marker

GeneRuler 1 Kb DNA Ladder (Thermo Scientific, Waltham, MA).
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pZEU
4,799 bp

Clal linker

5,180bp

5'-PCR 3'-PCR
001000
FAXAFAY

n NPY

Construction of Z. rouxii episomal and centromeric plasmids containing ClonNAT-resistance SAT1

gene

Nourseothricin (ClonNAT) is an aminoglycoside glycopeptide (nucleoside peptide) antibiotic of the
Streptothricin class which inhibits protein biosynthesis and induces miscoding. Chemically it is a
mixture of Streptothricins C, D, E, F (D + F >85%) which differ for number of B-lisine residues (n = 1-
7). ClonNAT resistance is conferred by sat or nat marker genes. natl and nat2 genes are from
Streptomyces krusei (Krigel et al., 1983), while sat1 gene from bacterial transposon Tn 1825 (Heim
et al., 1989). In S. cerevisiae natl gene was joined to the TEF gene promoter and terminator at 5’-
and 3’-end, respectively, resulting in natMX resistance cassettes (plasmids pAG25, pAG35 and
pAG36; Goldstein et al., 1999). Similar synthetic constructs are not functional in Z. rouxii. In C.

albicans sat1 gene from pELSAT plamid (Garraway at al., 1997) was fused in frame with 501 bp of
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upstream sequences and the first 15 codons including the intron of the C. albicans ACT1 gene. The
construct was also joined to the transcription termination sequence of the C. albicans URA3 gene,
leading to the final CaSATI marker (ReuR et al., 2004). CaSAT1 was succefflully cloned in YEp352 by
HR in S. cerevisiae, resulting in YEp352-SAT1 (Krauke and Sychrova, 2011). During pCg2XpH-N
construction CaSAT1 from YEp352-SAT1 was shortened in the promoter and terminator sequences
and found to be functional in conferring ClonNAT resistance to C. glabarata, which is a Z. rouxii
closely related species (Llopis-Torregrosa et al., 2016). We firstly amplified CaSAT1 from YEp352-
SAT1, resulting in several aspecific PCR fragments (data not shown). Results from Llopis-Torregrosa
et al. (2016) suggested that regulatory elements upstream and downstram satl gene were not
necessary to confer ClonNAT resistance. Thus, the chimeric primer pairs were designed to include
ACT1 exon 1 and the subsequent intron as well as the full-lengtht sat1 ORF (Table 6). PCRs resulted
in two specific 1, 407bp PCR fragments (Fig. 4, panels A and B). These minimal SATI markers were
used to succesffully replace URA3 gene both in pZEU and in pZCA, as showed by restriction analyses
and diagnostic PCRs (Fig. 4, panels C and D). The resulting plasmids, termed pZEN and pZCAN, were
used to transform ATCC 42981. We found that a recovery step for 3h at 30°C in YPD was required

to express SAT1 gene (Fig. 5).

Figure 4. Construction of episomal and centromeric vectors conferring nourseothricin resistance.
A) HR strategy was used to build episomal and centromeric vectors pZEN and pZCAN, respectively.
Schematic maps of both novel dominant drug resistance marker plasmids were drawn. In both cases
C. albicans ACT1 exon 1 and intron are depicted as brawn block ad black line, respectively, while 40-
bp long pZEU and pZCA target sequences as light and dark grey blocks, respectively. B) PCR
construction of minimal SAT1 markers for SCURA replacement in pZEU and pZCA, respectively. Lanes
1 and 2 represent PCR products obtained with chimeric primers pZEU/pZCA-URA3-NAT-F/pZEU-
URA3-NAT-R and pZEU/pZCA-URA3-NAT-F/pZCA-URA3-NAT-R, respectively. C) Aval- and BamHl|
digestion of plasmids pZEN and pZCAN and the corresponding native plasmids pZEU and pZCA.
pZEU_und. indicates undigested pZEU. D) Validation of pZEN and pZCAN with 5’-end diagnostic PCR
assay. The sizes of the PCR fragments (in Kb) are given on the left side of the agarose gels. For each

plasmid, at least two clones were analysed.
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Figure 5. Selection of ATCC 42981 ClonNAT® transformants obtaining by electroporation of ATCC
42981 cells with 0.1 pg pZEN.

Nourseothricin
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PGRCRE construction

To construct the first Z. rouxii plasmid harbouring cre gene and ClonNATR as selectable marker, we
cloned cre gene under the control of the inducible pScGAL1 promoter in pCg2XpH-N (Llopis-
Torregrosa et al., 2016) by HR in S. cerevisiae (Fig. 6, panel A). Firstly, PCR amplification of pZCRE
plasmid (Pribylova et al., 2007a) with chimeric primers CRE-pGRB-Sacl-Xbal-F1 and CRE-pGRB-Xhol-
Xbal-R1 resulted in a pScGAL1+cre PCR insert with the expected size of 1,600 bp (Fig. 6, panel B).
Double digestion of pCg2XpH-N plasmid with endonucleases Sacl and Xhol resulted in two
electrophoretic bands of 6,180 and 2,572 bp, respectively (Fig. 6, panel B). Fragment corresponding
to pHluorin genes was discarded, while the 6,180 bp fragment corresponding to the pCg2XpH-N
linearized plasmid was successfully gel-purified and used for HR procedure together with
pScGALl+cre (Fig. 6, panel B). The resulting novel plasmid, named pGRCRE, contained pScGAL1+cre
module instead of double copy of pHluorin genes (Fig. 6, panel A). S. cerevisiae ClonNAT-resistant
clones were screened by colony PCRs. Fragment orientation was checked by amplifying the 5’ and
3’ ends of the construct with one primer annealing on pCg2XpH-N backbone and the other on
pScGALl+cre fragment. Out of the 7 colonies screened, 5 clones were postivie to both diagnostic
PCRs, indicating that pScGAL1+cre construct was correctly inserted into pGRCRE plasmid (Fig. 6,
panel C). pDNA was extracted from BW31a ClonNAT® clones and Sanger-sequenced in order to
confirmed that the pScGALl+cre PCR insert was instead of the original pHluorin genes (data not

shown).

Figure 6. pGRCRE construction. A) HR strategy was used to build the centromeric vector pGRCRE
containing pScGAL1+cre insert and ClonNATR selectable marker. Schematic maps of pCg2XpH-N and
the novel pGRCRE plasmid were drawn. C. albicans ACT1 exon 1 and intron in-frame fused with sat1
gene are depicted as brawn block ad black line, respectively, while 80-bp long pCg2XpH-N target
sequences as light grey blocks (HR). C. albicans ACT1 promoter (pCaACT1) and terminator (tCaACT1)
are partial compared to the corresponding regulatory elements in YEp352-SAT1 (Krauke and
Sychrova, 2011) and SAT1-flipper plasmid AY524979 (ReuR et al., 2004). B) Gel electrophoresis steps
of pGRCRE construction: pScGALl+cre insert was PCR-amplified from pZCRE; pCg2XpH-N was
linearized with Sacl and Xhol enzymes and the pCg2XpH-N backbone without pHfluorins was gel-
purified before transformation in BW31a. C) 5’- and 3’-ends diagnostic PCR assays of nourseothricin-

resistant BW31a clones harbouring pGRCRE. Sizes of PCR fragments (in Kb) are given on the left side
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of the agarose gels. N, negative control; M, molecular weight markers GeneRuler 1 Kb or 100bp Plus

DNA Ladders (Thermo Scientific, Waltham, MA).

A C. glabrata CEN/ARS C. glabrata CEN/ARS

pCg2XpH-N
8,752 bp

M

XpH-N M pCg2XpH-

-

Construction of ATCC 42981 MATaA mutants

DICI1-MAT-SLA2 arrangement characterizes the expressed MAT cassette in all the pre-WGD species
(Gordon et al., 2011). ATCC 42981 genome contains one DICI-MATa-SLA2 locus, which was selected
as target of gene disruption strategy. In order to achieve this goal, we designed one primer pair for
the HR between loxP-kanMX-loxP and the target cassette DICI-MATa-SLA2 (Table 6). S. cerevisiae
is very prone to micro-homologous recombination and only 40 bp of target sequence homology are
enough to assure high efficiency in targeting deletion (20 - nearly 100% depending on the targeted
locus; Baudin et al., 1993). Pribylova and colleagues (2007a) reported that loxP-kanMX-loxP cassette
containing 80-bp-long target sequence homology was more effective than that containing 40-bp-
long target sequence homology in replacing the target sequence in Z. rouxii UL4 haploid strain (a
derivative from CBS 7327). Therefore, we decided to use 80 bp-long target sequence homology for
target gene deletion in allodiploid ATCC 42981 too. In particular, the forward primer MATal/2cp2-
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kanMX-F-80nt had 80 bp-long upstream sequence homologous to the intergenic region between
DIC1 and MATa2 copy2 genes outside the X region, while the reverse primer MATa1/2cp2-kanMX-
R-80nt contained a 80 bp-long sequence homologous to SLA2 gene downstream the Z region (Table
6). The resulting chimeric primers were used to PCR-amplified the loxP-kanMX-loxP cassette from
pUGH plasmid, giving the PCR amplicon of expected XX size (data not shown). Strain ATCC 42981
was transformed by electroporation with the PCR-generated loxP-kanMX-loxP cassette. Several
G418R transformants were selected on YPD supplemented with 200 pug/ml G418. Four ATCC 42981
MATaA mutants, namely clones_6, clone_65, clone_74 and clone_177, were confirmed by 5’- and
3’-end diagnostic PCR analysis, as well as by a full-length PCR approach spaning the entire loxP-
kanMX—loxP module (Fig. 7). In particular, panel B shows that PCR reactions with primers on DIC1
and SLA2 MAT-flanking genes gave the expected 2,164 bp-long PCR amplicon signal in all deletants,
compared to the 2,889 bp-long PCR amplicon obtained for wild type ATCC 42981.

Figure 7. Validation of ATCC 42981 MATaAd mutants by 5’, 3’ and full-length PCR reactions. Panel
A reports the 5’ and 3’ PCR products, which indicate the presence of the kanMX cassette in the
deletion mutants and the absence in the ATCC 42981 wild type-strain. Panel B reports full-length
MATa copy 2 (2,889 bp) and kanMX (2,164 bp) PCR products in the wild type and the mutant cells,
respectively. Numbers from 1 to 4 indicate deletion clones 6, 65, 74, and 177, respectively.
Abbreviations: M1, molecular weight marker GeneRuler 100 bp DNA Ladder (Thermo Scientific,
Waltham, MA); M2, molecular weight marker GeneRuler 1 Kb Plus DNA Ladder (Thermo Scientific,

Waltham, MA); wt, wild type; NTC, no template control.

5’ PCR 3’ PCR
M1 1 2 3 4 wtNIC 1 2 3 4 wtNIC

1000 bp -
500 bp -

M2 1 2 3 4 wtNTC
5000 bp -
1500 bp -

500 bp -

Full-length PCR
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Recycle of kanMX-loxP module

In S. cerevisiae, the kanMX—loxP module can be removed by Cre recombinase-mediated
recombination between the two loxP sites, when cells are grown in presence of galactose, as cre
gene is under the control of the S. cerevisiae pScGAL1 promoter from the pSH47 plasmid (Gildener
et al., 1996). This promoter should belong to the inducible promoters, i.e. they enable the up-
regulation of gene expression via the addition of an inducer chemical at the desired processing time.
In particular, shifting the cells from glucose to galactose-containing medium induces cre gene
expression and, consequently, kanMX-loxP module excision (Glldener et al., 1996).

To validate the Cre recombinase from pGRCRE for marker recycling in Z. rouxii protrophic strains,
we transformed the previously obtained ATCC 42981 MAToA mutants with pGRCRE by
electroporation. Out of four MATaA mutants, ATCC 42981 A74 and ATCC 42981 A177 were
successfully transformed with pGRCRE, giving transformants capable to grow on 5.0 pg/ml of
ClonNAT. The pGRCRE presence in ATCC 42981 transformants was further demonstrated by 5’ and
3’-ends diagnostic PCRs (data not shown; diagnostic primers listed in Table S1). However, we
noticed that ATCC 42981 MATaA cells transformed with pGRCRE were resistant to ClonNAT, but lost
the G418R phenotype (data not shown). This result suggested that, differently from S. cerevisiae, in
strain ATCC 42981 cre gene was constitutively expressed under pScGAL1 promoter. According to
our results, Pribylova and colleagues (2007) found that in medium with glucose pScGAL1 was only
slightly repressed in comparison with medium with galactose. Galactose is also reported to be an
ineffective carbon source for Z. rouxii strain CBS 732" and galactose assimilation is a variable trait in
this species (Kurtzman et al., 2001). Similarly, a leaky glucose repression of the pScGAL1 promoter
was also observed in K. lactis (Steensma and Linde, 2001).

To confirm the removal of kanMX-loxP module without any galactose induction, we designed two
diagnostic PCRs. In 3’-end PCR approach forward primer annealed on kanMX cassette and reverse
primer on 3’ MATa-flanking gene SLA2. We expected negative result for all the G418-sensitive
clones. In full-length PCR approach, primers on DIC1" and SLA2" genes flanking the loxP-kanMX-loxP
cassette should give a 700 bp-long product in clones without kanMX-loxP module, while it should
result in a 2,166 bp-long amplicon in G418% MATaA cells which still contained the kanMX marker.
Finally, a 2,889 bp-long amplicon was expected for the wild type-strain harbouring the native MATa
locus surrounded by DIC1™ and SLAZ2P, respectively. Figure 8 showed that ClonNAT-resistant and

G418-sensitive MATaA clones have lost the kanMX-loxP module. Sanger sequencing of the 3’-end
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PCR product confirmed that 34 bp-long loxP scar remained after kanMX-loxP removal (data not
shown). Overall these data demonstrated that pGRCRE can be successfully employed for selectable
marker recycling, but the constitutive cre gene expression makes necessary to lose pGRCRE after

marker recycling, in order to carry out further genetic manipulations.

Figure 8. PCR-validation of kanMX-loxP removal from ATCC 42981 MATaA clone_74. 3’-end and
full-length diagnostic PCRs were performed with primer pairs listed in Table S1. Lanes from 1 to 4
represent G418-sensitive ATCC 42981 MATaA transformants. Abbreviations: M, molecular weight
marker Gene Ruler 1 Kb Plus DNA Ladder (Thermo Scientific, Waltham, MA); NTC, no template

control, wt, wild type.

3' PCR Full-length PCR
gDNA gDNA
gDNA gDNA
M 1 2 3 4 A74 wt NTC M 1 2 3 4 A74 wt NTC

5000 bp

1500 bp

500 bp

PGRCRE plasmid loss assay

Clones that excised the kanMX marker were grown on unselective medium for several generations
and then screened for ClonNATR phenotype by replica plating in ClonNAT-containing medium, in
order to gather ClonNAT sensitive clones. After three rounds of plasmid loss assays, we obtained
two ClonNAT sensitive candidates for both ATCC 42981 _A74 and ATCC 42981 A177 (data not
shown). RT-PCR with specific primers annealing on pScGAL1+cre insert validated the pGRCRE loss

(Fig. 9). Cre-specific amplicons generated from cDNAs sampled before transformation with plasmid
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PGRCRE, after transformation and after loss plasmid assay, showed that, apart from a slight

background expression, cre transcript signals significantly decreased after plasmid loss assay.

Figure 9. cre gene expression in ATCC 42981_A74 and ATCC 42981_A177 mutants before and after
PGRCRE plasmid loss assay. Mutants resulted negative to cre transcripts before transformation and
positive after pGRCRE transformation. After plasmid loss assay cre gene expression decreased. The
+ or - indicates cDNA synthesis reaction with or without reverse transcriptase, respectively. SOD1
was used as housekeeping gene. gDNA and pDNA (pGRCRE) were used as positive PCR controls.
Abbreviations: M, molecular weight marker Gene Ruler 100 bp Plus DNA Ladder (Thermo Scientific,

Waltham, MA); WT, wild type; NTC no template control.

| pre-trasformation | post-trasformation loss candidates

A74  A177 A74  A177 A74  A177

bp M - . 5 -

3000 -

100 -

3000 -

100 -

Concluding remarks

In the present work, we constructed four plasmids containing drug resistance dominant markers,
namely pZEG, pZEN, pZCAG, pZCAN, and build a Cre/loxP recombination system for their recycling.
These new bio-bricks will be useful for recursive genetic manipulations of industrially relevant Z.
rouxii strains, which are generally prototrophic. The new plasmid pGRCRE harboured cre

recombinase under pScGAL1 promoter and the satl gene conferring ClonNAT® phenotype as
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dominant marker. We demonstrated that this plasmid is effective in kanMX marker rescue and that
it can be lost during recursive cultivation under unselective conditions. We also provided compelling
evidence that, differently from S. cerevisiae, in Z. rouxii pSCGAL1 is not leaky in glucose-containing
medium, suggesting that when cre gene is under pScGAL1, the loss of the loxP-flanked marker takes
place without any preliminary galactose induction. This result indicates that promoter element
transferability between S. cerevisiae and Z. rouxii is not as high as occurs in other non-conventional
yeasts, and suggests that appropriate inducible promoters should be specifically selected for Z

rouxii.
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CHAPTER 7: EVALUATION OF EXTRACTION METHODS FOR HIGH-QUALITY
DNA EXTRACTION SUITABLE FOR NANOPORE SEQUENCING AND DE NOVO
HYBRID ASSEMBLY OF ZYGOSACCHAROMYCES ROUXII ATCC 42981 AND
ZYGOSACCHAROMYCES SAPAE ATB301" GENOMES

Bizzarri M., Cassanelli S., Leszek L. P, Gawor J., Gromadka R., and Solieri L. Draft genome sequences
of the highly halotolerant strain Zygosaccharomyces rouxii ATCC 42981 and the novel allodiploid
strain Zygosaccharomyces sapae ATB301" obtained using the MinlON platform. (2018).
Microbiology Resource Announcements. 7(4), e00874-18. doi: 10.1128/MRA.00874-18.

Abstract

Over the recent years, third generation sequencing technologies (3GS) have revolutionized scientific
research with their applications to high-throughput analysis of biological systems. Among them,
long-read MinlON sequencing from Oxford Nanopore Technology (ONT) is transforming our ability
to de novo sequencing highly complex genomes, greatly improving assembly contiguity, since the
long reads expand into problematic or repetitive regions peculiar of highly heterozygous genomes.
Realising MinlON full potential requires high quality, pure and intact high molecular weight (HMW)
genomic DNA (gDNA) from the organisms of interest. Here, we established a workflow for MinION
genome sequencing of two non-conventional allodiploid yeasts, namely Zygosaccharomyces rouxii
ATCC 42981 and Zygosaccharomyces sapae ABT301'T, which are important halotolerant and
osmotolerant biocatalyzers used in food fermentation and spoilage agents. In particular, we
evaluated four different DNA extraction procedures to determine the most effective one for
extracting HMW gDNAs from these yeasts. Moreover, we compared Covaris g-tube and BluePippin
electrophoresis as DNA shearing and size selection systems for obtaining a 20 Kb template
preparation. Following the workflow illustrated, we obtained >6 Gb of long reads sequencing data
for both strains, with a mean read length of 26 Kb and 28 Kb as well as a read length N50 of 33 Kb
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and 38 Kb for ATCC 42981 and ABT301", respectively. We envision that our workflow for establishing
MinlION library preparation and sequencing, including the illustration of potential strengths and
weaknesses, will be useful to others who plan to set-up long-read sequencing of challenging
allodiploid genomes. Finally, we illustrated the flow-chart of the hybrid assembly approach adopted
for both target strains that combines short reads from lllumina platform and long reads from
MinlON sequencing. Sequencing results revealed genome sizes of 20.9 and 24.7 megabase (Mb) for
ATCC 42981 and ABT301', respectively. We are confident that this information will be useful for
deciphering the genetics of hybrid adaptation to high salt and sugar concentrations in non-

conventional yeasts.

Keywords: Zygosaccharomyces, draft genome announcement, MinlON, nanopore sequencing,

hybrid assembly, heterozygosity, gDNA extraction, method evaluation.

Introduction

The revolution of genome sequencing is continuing after the next generation sequencing (NGS)
technology. The third-generation sequencing (3GS) technology, led by Pacific Biosciences (PacBio),
is progressing rapidly with the release in 2014 by Oxford Nanopore Technologies (ONT), of the
MinlON, the first commercial sequencer using Nanopore technology (Giordano et al., 2017). MinION
identifies DNA bases by measuring the changes in electrical conductivity generated as DNA strands
pass through an engineered pore across a chemical gradient (Jain et al., 2016). This sequencing
platform is characterized by portability, affordability and great speed in data production and it is
capable of producing long sequencing reads with average fragment lengths of over 10,000 base-
pairs and maximum lengths reaching 100,000 base-pairs. This technology can sequence DNA
fragments of varied lengths, from a few hundred bases to over a Mb, which compares favourably to
sequencing by synthesis (e.g. lllumina), which is limited to hundreds of bases (Leggett and Clark,
2017). Compared to NGS short reads, MinlON long reads have a number of important applications.
They greatly improve assembly quality and quantity, since long fragments, despite having higher
error rates at the base level, are able to expand into problematic or repetitive regions that are
particularly abundant in diploid genomes, in which the extent of heterozygosity can vary
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dramatically across chromosomal regions, leading to more fragmented assemblies. MinlON library
preparation is similar to that for other NGS applications, requiring DNA shearing, end repair, adaptor
ligation and size selection. Library preparation takes about half a day and is of comparable
complexity and cost to library preparation for other platforms. More recently, improvements in the
protein pore (a laboratory-evolved Escherichia coli CsgG mutant named R9.4), library preparation
techniques (1D ligation and 1D rapid), sequencing speed (450 bases/s), and control software
allowed the usage of Nanopore sequence data, in combination with other sequencing technologies,
for assemblies of eukaryotic genomes, including fish (Read et al., 2017), yeasts (Istace et al., 2017;
Jansen et al., 2017), fungi (Dutreux et al., 2018), and human (Jain et al., 2018). In short, Nanopore
sequencing solves the technical challenges of reading long DNA fragments, while still having room
for improvement in terms of accuracy. One of the main remaining challenges is to extract highly
concentrated, pure and intact long gDNA fragments from the target organisms that have to be
sequenced. This democratization of sequencing forces every laboratory to establish the sequencing
platform and, more important, new DNA extraction and library preparation procedures. This can be
challenging and time consuming.

Here, we present the workflow we applied to set up MinlON sequencing using Zygosaccharomyces
yeasts as a case study. They find relevant applications in food spoilage and fermentation (Dakal et
al., 2014) and exhibit high diversity in response to high solute concentration, tendency to
hybridization and ectopic recombination at the mating-type loci, leading to ploidy and karyotype
variation (Watanabe et al., 2013; Bizzarri et al., 2016). Z rouxii ATCC 42981 is an allodiploid strain,
isolated from Japanese miso, which grows at NaCl and dextrose concentrations up to 3.0 M and 70%
w/v, respectively (Solieri et al., 2014a). Zygosaccharomyces sapae represents a novel species, firstly
described in high-sugar traditional balsamic vinegar (TBV), for which ABT301" (= CBS 12607" = MUCL
540927 = UMCC 1527) is the type-strain (Solieri et al., 2013b). ABT301" is a sugar-resistant and slow-
growing strain more sensitive to salt than ATCC 42981. Under standard conditions, ATCC 42981
produces more glycerol than ABT301" and better retains it into the cell under salt stress (Solieri et
al., 2016). ATCC 42981 was supposed to evolve by hybridization between two divergent parents
(Bizzarri et al., 2016; James et al., 2005; Gordon and Wolfe, 2008; Watanabe et al., 2017), while no
evidences about origin are available for ABT301".

The objective of this work was to sequence and assembly the genome of the allodiploid strain ATCC

42981 and the Z sapae strain ABT301" by exploiting a de novo hybrid strategy, which combined
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MinION long and Illumina short reads. Preliminarily, we reported reliable and repeatable ways of
measuring DNA purity and integrity to optimize input for the MinlON sequencer.

In particular, we evaluated four different methods for HMW gDNA extraction from
Zygosaccharomyces yeast cells, which are reported to have a different cell wall composition
compared to the model species Saccharomyces cerevisiae (Pribylova and Sychrova, 2003).
Moreover, we discussed important consideration about the extraction methods, showing that small
alterations or modifications in sample preparation protocols can dramatically alter DNA fragment
lengths, and compared size selection methods using electrophoresis versus DNA shearing. Overall,

we can conclude that our workflow is applicable well beyond the case of study presented here.

Materials and Methods

Yeast cultures

Yeast cells were grown on YPD (1% yeast extract, 2% peptone, 2% glucose) medium. Single-colony
isolates were obtained from the Unimore Microbial Culture Collection (UMCC) of the University of
Modena and Reggio Emilia, Italy. Z. rouxii ATCC 42981 is our in-house stock culture that comes from
the ATCC culture collection, while Z. sapae ABT301" was isolated from a TBV sample in May-June

2004 (Solieri et al., 2006).

DNA extraction methods

Total genomic DNA (gDNA) was isolated from stationary phase culture (~12.0 ODeoo) derived from a
single colony. Lyticase from Arthrobacter luteus, activity 233 kat/mg protein (Sigma, cat. no. L2424)
and Zymolyase 20T, activity 1.7 kat/mg protein (Seikagaku America, cat. no. 120491-1) were used
as lysing enzymes. Genomic DNA for lllumina sequencing platform was extracted according to
Hoffman and Winston (1987), which is a standard phenol-chloroform based extraction protocol
containing mechanical cell lysis with acid-washed glass beads (Sigma, G8772). For long-read
sequencing with MinlON platform, the following extraction methods were tested: (1) Hoffman and
Winston (1987) phenol-chloroform based with beat beads lysis (PC_B); (2) Hoffman and Winston

(1987) modified with enzymatic cell lysis (FC_L); (3) Wizard® Genomic DNA Purification Kit
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(Promega, Madison, WI, USA) according to the manufacturer’s instructions (W); (4) a slightly
modified Teeny Prep protocol (Boeke et al., 1985) detailed in Table 1 (TeP_L). For each extraction
method and for each strain gDNA was extracted in four replica. Genomic DNA was eluted in 50 pl

with 10mM Tris-HCI pH 8.0.

Table 1. Modified Teeny Prep protocol tested to isolate gDNA from yeast samples. Protocol was
modified from Boeke et al. (1985). Main modifications are in red. Abbreviations: conc.,

concentration; Rxn, reaction.

Step Description

Genomic DNA isolation

1 For each sample, use a total of 12 ODggo to prepare gDNA
2 Add 1 ml of 1M Sorbitol/0.1M EDTA to the cells

3 Spin at top speed for 10 min. to collect pellet

Cell lysis

Resuspend pellet in 300 ul of 1M Sorbitol/0.1M EDTA+14 mM 2-Mercaptoethanol (b-ME)+0.5

1 mg/ml Lyticase. The mixture is prepared as follows:
Stock reagent Volume (pl) Final conc.
1M Sorbitol/0.1M EDTA 300 ~1M Sorbitol/0.1M EDTA
14.3M b-ME 0,35 14mM b-ME
8 mg/ml Lyticase (Sigma, cat. no. L2424) 19 300U/pl
) Incubate at 37°C for 1h for Lyticase treatment. Spheroplasted yeast cells look much darker at
the microscope than unspheroplasted yeast cells.
3 Spin at top speed for 30 sec. Resuspend in 400 pl of 1M TE pH 8.0. If spheroplasting worked,
the pellet is very steacky and difficult to resuspend.
a Add 100 pl of lysis buffer to each tube. Mix by inversion ten times. The lysis buffer is prepared
as follows:
Lysis Buffer Volume for 26 Rxn (ml) Volume per Rxn (ul) Final conc;lilr]rcEluding 400
0.5M EDTA pH 8.0 1,5 55,5 55 mM
2M Tris-HCl pH 8.0 0,6 22,2 89 mM
10% SDS 0,6 22,2 0.44%
5 Incubate at 65°C for 30 min.
6 Add 100 pl of 5M potassium acetate pH 4.8, mix well and incubate at 4°C for 1h
7 Before centrifuging, add 50 pl of chloroform to each reaction. Mix well.
8 Spin at top speed for 15 min. at 4°C. Transfer supernatant (~600 pul) to a new tube
9 Add equal volume (~600 pl) of 100% ethanol. Spin at top speed for 10 min. at 4°C
10 Wash in 70% ethanol. Incubate at RT for 5 min. Resuspend in 400 ul of 1M TE buffer pH 8.0
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RNase treatment and ethanol precipitation of genomic DNA

Add 2,5 pl of 10 mg/ml RNase A (Sigma). Incubate at 37°C for 30 min. and overnight at 4°C

Extract with equal volume (400 pl) of phenol:chloroform:isoamyl alchol (25:24:1)

Extract with equal volume (400 pl) of chloroform

Precipitate with 120 pl of 7.5M ammonium acetate and 1 ml of 100% ethanol

Spin at top speed for 15 min. at 4°C. Wash in 70% ethanol. Air dry

Resuspend in 50 pl of 10mM Tris-HCI pH 8.0

1
2
3
4
5 Set at-20°C for 1h
6
7
8

Determine the concentration of gDNA

Resolve 2-3 ul of gDNA on a 0.4% agarose gel to determine the quality of the preparation. The

9 ) . . .
entire gDNA preparation should run as one discrete band larger than 20 Kb in size

Evaluation of genomic DNA extraction methods

To compare the different extraction protocols described above the quantity and quality of gDNA
were evaluated using spectrophotometrical, fluorimetrical and electrophoretical methods. DNA
guantity and quality was measured by reading the whole absorption spectrum (220-750 nm) with
NanoDrop ND-1000 device (Thermo Scientific, Waltham, MA) and calculating DNA concentration
and absorbance ratio at both 260/280 and 230/260 nm. Quantity of gDNA was also assessed using
Qubit®3.0 double stranded DNA (dsDNA) BR and HS Assay Kits (Invitrogen, Life technologies),
according to the manufacturer's instructions. Qubit fluorimeter calculates concentration based on
the fluorescence of a dye, which binds to dsDNA (Simbolo et al., 2013). This is a quantification
system relying on dyes that produce fluoresce only when bound to specific molecules, such as
dsDNA, ssDNA or RNA. DNA integrity and size were assessed by conventional and pulse field gel
electrophoresis (PFGE). In the first case, 1 pl of gDNA sample was loaded in a 0.4% agarose gel
containing 0.5% ethidium bromide and prepared in 0.5X TBE buffer, and run at 80V for 4 h before
visualization under UV light. In PFGE, DNA samples (4 pl) embedded in agarose plugs were separated
on a 1.0% agarose gel in 0.5X TBE buffer chilled to 14°C on a Bio-Rad CHEF DR-Ill system. The DNA
was separated in four subsequent 14 h runs at 6V/cm, using a 120° angle and a constant switching

time of 1-6 sec. The gel was afterwards stained with ethidium bromide and imaged.
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DNA shearing and target size selection

We evaluated two DNA shearing and size-selection tools for MinlON library preparation. Firstly,
gDNAs were sheared to 20-Kb fragments using the Covaris g-tube, which uses centrifugal force to
pass the DNA sample through a finely engineered ruby shearing orifice, and then captures the
fragmented DNA sample in an integrated collection chamber. In particular, 4 ug of gDNA in 150 pL
of deionized water was loaded into the Covaris g-tube and spin twice at 6,000 rpm in an Eppendorf
5424 for 1.5 min. To quality check DNA shearing, 5.0 ul and 2.0 pl of sheared and unsheared gDNA
samples were loaded and for standard gel electrophoresis, while 5.0 ul and 0.5 ul for PFGE,
respectively. Alternatively, gDNA was size-selected using the high-pass BluePippin size selection
system (Sage Science, Beverly, MA, USA), that features an alternating field power supply capable of
size-fractionating DNA fragments as large as 50 Kb. Fragments > 20 Kb were selected for both ATCC
42981 and ABT301T strains. Each sample was prepared according to the BluePippin gel cassette
manufacturer’s protocol (PAC30KB 30-40 Kb 0.75% DF Marker U1l high-pass 30-40 Kb v3). In
particular, for each strain, we totally loaded 20 pg of each gDNA divided in four wells. The
concentration of gDNA recovered from BluePippin was measured with Qubit 3.0 dsDNA HS assay kit
(ThermoFisher, Wilmington, DE, USA). Finally, the recovered gDNA was further concentrated using
Amicon® Ultra-4 10K centrifugal filter devices (Merck Millipore Ltd.) by centrifugation for 10 min at
5,000 rpm in the high-speed Eppendorf centrifuge 5804R, and quantified by Qubit 3.0 dsDNA BR
assay kit (ThermoFisher, Wilmington, DE, USA).

lllumina library preparation and sequencing

llumina libraries were prepared with an average insert size of ~“600 bp and sequenced in paired-end

mode on MiSeq instrument using v3 600-cycle chemistry kit.

MinION 1D sequencing library preparation

MinlION libraries were constructed using 1D Ligation Sequencing Kit (SQK-LSK108), including the
NEBNext FFPE DNA repair step, with the modifications reported in the One-Pot ligation manual
(dx.doi.org/10.17504/protocols.io.k9acz2e). In particular, manufacturer-recommended library

preparations involving DNA repair and end-prep are optimized for 0.2 pmol of input DNA with an

170



Part Il Results: Chapter 7

average fragment size of 8 Kb, which in turn requires 1 ug of double-stranded DNA. The DNA mass
for 0.2 pmol was calculated using the Promega Biomath calculator
(http://www.promega.com/a/apps/biomath/) by setting the average fragment range to 20 Kb. The

ideal output of long fragments was ~2.64 pg.

MinION flow cell preparation and sample loading

Libraries were loaded onto an R9.0 flow cell (FLO-MIN107, ONT) according to manufacturer’s
instructions. All sequencing runs were performed on MinlON Mk1b devices for 48 h and, when
possible, sequencing time was extended to 72 h. All sequencing runs used MinKNOW software
(version 1.2.8). All flow cells used for sequencing underwent the standard MinlON Platform QC for

analysis of overall quality and number of functional pores.

Basecalling and ssembly assessment

The fast5 reads from 1D MinlON runs were base-called using ONT’s Albacore v2.1.7 basecaller that
converts the raw signal data from the MinlON into DNA sequence data in fastg format. Long reads
were quality trimmed with PoreChop v0.2.1 (https://github.com/rrwick/Porechop) and error-
corrected with Canu v1.7 (Koren et al.,, 2017). Quast was used to assess quality of genome

assemblies (Gurevich et al., 2013).

Results and Discussion

Genomic DNA extraction methods comparison

The impact of DNA molecule length for 3GS, appears to be crucial, in order to assure long reads
sequencing. The first step of this work was to optimize extraction protocol to yield highly intact and
high purity DNA suitable for MinlON sequencing. We evaluated the suitability of four extraction

methods, namely PC_B, PC_L, W, and TeP_L in HMW gDNA recovery. These protocols mainly
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differed in the method (mechanical or enzymatic) used for cell lysis. Zymolyase and Lyticase are the
main enzymes used to generate yeast spheroplasts. In literature, only few studies investigated the
susceptibility of Z. rouxii cell wall to these lysing enzymes. Pribylova and colleagues (2007) found
that Zymolyase was more aggressive in lysing Z. rouxii type-strain CBS 732" and the allodiploid ATCC
42981 than Lyticase, reducing the spheroplast survival compared to Lyticase. In particular, ATCC
42981 strain was more sensitive to Zymolyase than CBS 7327. Moreover, Solieri et al. (2008) also
observed that Lyticase was the more efficient than Zymolyase to generate Z sapae spheroplasts.
Based on these observations, in TeP_L protocol, we incubated ATCC 42981 and ABT301" cells with
Lyticase for 1 h, instead of adopting treatment with Zymolyase for 30 min conventionally used for
S. cerevisiae spheroplast generation. Increasing the incubation time allowed us to lyse the ATCC
42981cell wall more efficiently since it is more rigid due to a higher content of chitin and cell wall
polymer compared to CBS 7327,

To compare the different tested extraction methods, we firstly evaluated DNA quality and quantity
by NanoDrop and Qubit 3.0®, which uses fluorochromes specifically binding dsDNA. For the
NanoDrop spectrophotometric measurement, a descriptive statistics relative to all four methods is
summarized in Table 2. A low 260/280 nm ratio is indicative of contamination with proteins, which
could inhibit downstream applications and hamper DNA-banking (Wilson, 1997). A low 260/230 nm
ratio is indicative of contamination with organic compounds, like phenol or guanidine, which
negatively affect downstream MinlON sequencing (Salonen et al., 2010). According to the 260/280
nm absorbance ratio values, PC_B and PC_L protocols did not extract pure DNA suitable for
Nanopore sequencing. This result could be attributed to the organic compounds, such as phenol-
chloroform used for the extraction. Although TeP_L method also included the use of phenol-
chloroform, it gave more satisfactory spectrophotometric measurements than PC_B and PC_L. This
could be due to the two precipitation steps included in TeP_L, that allow the salting-out of proteins
with 5M potassium acetate and gDNA precipitation with 7.5M ammonium acetate and ethanol.
Overall, these results indicate that TeP_L protocol yielded the purest DNA for both

Zygosaccharomyces strains, followed by W, FC_L, and FC_B, respectively.
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Table 2. Descriptive statistics of the Nanodrop measurements used to evaluate the respective

purity of DNA extracted with four methods. Abbreviation: SD, standard deviation.

ATCC 42981 ABT3017
Method 0D 260/280 0D 260/230 0D 260/280 0D 260/230
Median Range SD Median Range SD |Median Range SD Median Range SD
FCB 174 134208 037 211 3 oaal 203 2% o006 217 208230 011
2.40 2.12
FC_L 1.8  1.34-2.07 0.37 202 3 039] 203 9% o008 217 216230 008
2.03 2.07
W ] 1.09- 1.91- ]
1.81 1.81-2.12 0.21 1.63 o 45 068( 204 0 009 152 152226 043
TeP_L 209 198210 0.05 2.45 12‘75%' 0.29 | 2.09 22'(1‘;' 0.03 219 2.12-2.35 0.09

Concentration and total yield of extracted gDNAs were also assessed using the Qubit Platform v3.0,
which is the method of choice for accurate estimation of DNA quantity for 3GS techniques (Simbolo
et al., 2013). Generally Qubit DNA estimations were lower than Nanodrop, but more reliable for
dsDNA gquantification since they are minimally affected by interference from RNA, protein, single
stranded DNA (primers) or other common contaminants (O’Neill et al., 2011). According to these

values, FC_L and TeP_L methods provided enough gDNAs for de novo Nanopore sequencing (Table

3).

Table 3. Total DNA yields measured with Qubit assay. Concentration measured for one
representative replica for each extraction method was reported. For each protocol, total DNA yield
extracted with each protocol was calculated by multiplying DNA concentration measured with the

Qubit platform with final elution volume.

DNA concentration (ng/pl)

Method

ATCC 42981 ABT301"
FC_B 70 19
FC_L 76 179
w 42 80
TeP L 117 104
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Finally, DNA integrity and size were assessed by agarose gel electrophoresis and PFGE (Fig. 1, panel
A and B), respectively. DNA extracted with FC_B protocol showed an evident smear for both strains
(Fig. 1, panel A), suggesting that mechanical cell disruption with beat beading reduces gDNA
integrity and decreases the length of fragments. Although PFGE showed that all the DNA samples
are quite fragmented, TeP_L protocol assured higher DNA integrity compared to the other
protocols, with the majority of DNA fragments in the 48-38 Kb size range (Fig. 1, panel B).

In conclusion, the evidences supported TeP_L as the most suitable method for yielding HMW gDNA

for Nanopore sequencing.

Figure 1.lllustration of the impact on DNA extraction procedures on DNA fragment length.
Representative results from standard gel electrophoresis (A) and PFGE analysis (B) of gDNAs from
ABT301" and ATCC 42981 samples extracted by four methods. Lanes from 1 to 4 represent FC_B,
FC_L, W, and TeP_L, respectively. Abbreviation: M, molecular weight markers ZipRuler Express DNA
Ladder Set (A) and Lambda Mix Marker, 19 (B) (ThermoFisher, Wilmington, DE, USA).

A B

2. sapoe ABT3OLY 2. rowdi ATCC 42981
XM 1 2 34 12 3 4 MK Kle2341234M

Z. sapae ABT301T  Zrouxii ATCC 42981

48
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DNA shearing and size selection

We next assessed the effect of DNA shearing and gel-based size-selection procedures on read length
distribution. We defined the optimal gDNA fragment length for MinION platform input of 20 Kb. The
Covaris g-tube and the Sage BluePippin system provide a simplified and complementary workflow
for the optimization of HMW gDNA fragmentation and size-selection. In the majority of protocols,
g-tube and BluePippin systems were combined for producing tight DNA fragment distributions in
the 8-12 Kb size range (Wang et al., 2015a). When gDNA sample extracted with TeP_L protocol was
shared by Covaris g-tube, DNA fragments shifted to smaller size values compared with unsheared
DNA (Fig. 2). Therefore, we decided not to perform DNA shearing. The negative result could be due
to the low DNA purity because the opening of g-TUBEs can be blocked by particles, resulting in
inconsistent performance and occasionally considerable sample loss. Additionally, we tested the
effect of removing DNA fragments below 20 Kb by size selection using the BluePippin system in the
high-pass mode (20-80 Kb range). We observed a sample recovery of app. 20% and standard gel
electrophoresis confirmed DNA fragment distribution around 20 Kb (data not shown). Therefore,
we decided to use BluePippin size-selected DNAs for downstream sequencing, since it allowed us to

perform target size selection with improved accuracy and sample recovery.

175



Part Il Results: Chapter 7

Figure 2. The impact of DNA shearing by Covaris g-tube on DNA fragment distribution. DNA
fragmentation was assessed by PFGE. Lanes 1 and 2 represent Covaris g-tube sheared and
unsheared gDNAs, respectively. Abbreviation: M, molecular weight marker Lambda Mix Marker, 19

(ThermoFisher, Wilmington, DE, USA).

ABT301T  ATCC 42981
kb M 1 2 1 2 M Kb

lllumina sequencing and MinlON real time run quality checks

The first NGS sequencing using lllumina platform generated a total of 2,234,027 and 2,649,084 short
paired-end reads for ATCC 42981 and ABT3017, respectively.

Before genome assembling, FASTQ files were preprocessed for quality control and cleaning
(adapters cutting and low quality base called trimming) by fastp tool (v0.19.5) using default
parameters (Chen et al., 2018). Table 4 reported a general summary of the Illlumina sequencing
metrics for both Zygosaccharomyces strains. An example of fastp output about ATCC 42981 quality
score per base position before and after filtering is reported in Figure 3.

MiSeq sequencer produced good quality short reads for both genomes, since more than 82% of the

reads had a Q20 quality score. The short reads preprocessing further improved the base score
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quality (Q20>85%) with a negligible loss of sequence amount (more than 88% of the reads passed
the quality filtering).

MinION (ONT) sequencing, on the other hand, produced a total of 260,559 and 226,374 raw long
reads for ATCC 42981 and ABT301", respectively.

The software MinKNOW (ONT) makes it possible to perform a real time monitoring during the
MinlON sequencing run. Interpreting the pore signal statistics and the length graph during the first
two hours of sequencing gave us a clear idea if the run should be continued or stopped (Schalamun
et al., 2018). According to pore occupancy detected by MinKNOW software, we stopped and re-
started the run when the value decreased below 70%. Usually, low throughput runs are due to
insufficient DNA molecules being ligated to sequencing adapters during library preparation
(Schalamun et al., 2018). To ensure sufficient adapter ligated DNA, we started library preparation
with at least 2,5 ug of high quality size selected starting DNA. An example of real time analysis of
ATCC 42981 MinlON sequencing run after 19 hours via the MinKNOW software is presented in
Figure 4, which showed a satisfactory length distribution with a high concentration of long reads in
the range from 11 Kb to 22 Kb. This result was consistent with the size selection range setted with

BluePippin system (Fig. 2).

Table 4. ATCC 42981 and ABT301" sequencing metrics summary. The comprehensive information
on quality-profiling results, with both pre-filtering and post-filtering data, is provided by fastp web
tool (Chen et al., 2018). Abbreviations: M, million; G, giga.

ATCC 42981 ABT301'

General

Sequencing

paired end (301 cycles + 301 cycles)

paired end (301 cycles + 301 cycles)

Mean length before filtering

300bp, 300bp

300bp, 300bp

Mean length after filtering

299bp, 299bp

300bp, 300bp

Duplicaton rate 0.85% 0.66%

Insert size peak 506 508

Before filtering

Total reads 4.468054 M 5.298168 M

Total bases 1.343151 G 1.592764 G

Q20 bases 1.106055 G (82.34%) 1.369078 G (85.96%)
Q30 bases 907.556471 M (67.57%) 1.157899 G (72.69%)
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GC content 40.09% 40.17%

After filtering

Total reads 3.933094 M 4.952802 M

Total bases 1.176180 G 1.486096 G

Q20 bases 1.005206 G (85.463653%) 1.304287 G (87.76%)
Q30 bases 840.319082 M (71.44%) 1.114287 G (74.98%)
GC content 39.90% 40.04%
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Figure 3. Quality score across all positions for ATCC 42981 lllumina sequencing provided by fastp (v0.19.5). Panel A depicts the quality score across

all positions of read1 before filtering, while panel B reports how quality score changes after filtering.
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Figure 4. Real time analysis of ATCC 42981 sequencing run via the MinKNOW graphical user interface. Panel A illustrates an excellent read length
distribution (11-21 Kb) after 19 hours and 14 minutes of sequencing. Panel B shows a satisfactory sequencing run with good pore occupancy (light

green) and most pores still available for sequencing.
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After running the two flowcells, we used ONT’s Albacore v2.1.7 to produce sequencing_summary.txt
files, which contained a summary of every sequencing read that was used as input file to produce
some statistics analysis of the runs. To analyse sequencing data, we used NanoPack
(https://github.com/wdecoster/nanopack), a set of tools developed for visualization and processing
of long read sequencing data from ONT and Pacific Biosciences (De Coster et al., 2017). In particular,
NanoStat was used to produce a comprehensive statistical data summary of ATCC 42981 and
ABT301" sequencing runs (Table 5) and NanoPlot web tool (http://nanoplot.bioinf.be/) allowed us
to visualize long read sequencing data by generating informative QC graphs displaying multiple

aspects of the running (Figs. 5 and 6).

Table 5. NanoStat general statistics output generated for sequenced yeast strains.

ATCC 42981 ABT301"
Active channels: 342 Active channels: 496
Mean read length (bp): 26,527.3 Mean read length (bp): 28,014.1
Number of reads: 260,559 Number of reads: 226,374
Mean read quality: 9.6 Mean read quality: 9.3
Median read length (bp):  25,210.0 Median read length (bp):  26,970.0
Median read quality: 9.9 Median read quality: 9.7
Read length N50: 33,563 Read length N50: 38,024
Total bases: 6911916550 Total bases: 6341657185

For both sequenced strains, we were able to obtain output long reads of exceptional mean length
(Figs. 5 and 6, panels A) and characterized by an uncommon high quality level. In particular, the
bivariate plots comparing log transformed read lengths with their mean quality score (Figs. 5 and 6,
panels B) showed that the majority of reads can be identified at lengths of 50 Kb and quality scores
of 11 by the color intensity of the hexagonal bins, with a subgroup of low quality short reads. The
heat maps of the physical layout of the MinION flow cell (Figs. 5 and 6, panels C) showed that most

of the nanopores started to be saturated after 24 hours running.
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Figure 5. Z. rouxii ATCC 42981 plots provided by NanoPlot. (A) NanoPlot histogram of log transformed read lengths in bins of 100 bp, the read

length N50 value is showed (B) Bivariate plot of log transformed read length against base call quality with hexagonal bins and marginal histograms

(C) Flow cell activity heat map showing number of reads per channel.
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Figure 6. Z. sapae ABT301" plots provided by NanoPlot. (A) NanoPlot histogram of log transformed read lengths in bins of 100 bp, the read length

N50 value is showed (B) Bivariate plot of log transformed read length against base call quality with hexagonal bins and marginal histograms (C) Flow

cell activity heat map showing number of reads per channel.
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Hybrid genome assemblies

ATCC 42981 and ABT301" genomes are allodiploid, combining haplotypes from unknown parents.
High heterozygosity and span repetitive regions represent the greatest technical challenges during
the assembly of complex non-haploid genomes (Treangen and Salzberg, 2012; Del Angel et al.,
2018). The recently released assembler DBG2OLC allows to efficiently assembly large genomes using
long erroneous reads such as MinlON (Ye et al., 2016). This hybrid assembly approach reduces both
NGS and 3GS sequencing requirements, since Illumina and MinlON reads are combined
compensating for each other and, therefore, reducing the high error rates of long erroneous reads.
As depicted in Fig. 7, the hybrid strategy used to de novo assemble the ATCC 42981 and ABT301T
genomes exploited DBG2OLC (Bizzarri et al., 2018). In particular, Platanus v1.2.4 (Kajitani et al.,
2014) was used to assemble initial Illumina contigs, which were subsequently scaffolded with
corrected MinlON reads using DBG20OLC (Ye et al., 2016). Finally, scaffolds were polished with long
reads using Racon v1.2.0 (Vaser et al., 2017), with short reads using Pilon v1.22 (Walker et al., 2014),
and reduced using Redundans v.014 (Pryszcz et al., 2016).

A preliminary gene prediction and functional annotation was performed by homology to the closest
haploid relative Z rouxii CBS 732" (Souciet et al, 2009) using Exonerate v2.2.0
(http://www.ebi.ac.uk/~guy/exonerate/) (Slater and Birney, 2005). Assembly completeness was
assessed by Benchmarking Universal Single-Copy Orthologs (BUSCO) v3.0.2 (Simdo et al., 2012)
using saccharomycetales_odb9 data set.

Comparison with haploid type-strain CBS 732" showed that the ATCC 42981 and ABT301" assembled
genomes had a 2.14 and 2.53 times larger assembly size and contained a 2.11 and 2.46 times higher
number of protein-coding genes, respectively (Table 6). For both genomes, we dissected three
haplotypes. The first haplotype was identical to that of the reference haploid type-strain CBS 7327
(identity cutoff, 0.92), therefore we named it haplotype T according to Gordon and Wolfe (2008).
The second one resembled Z pseudorouxii NCY3042 and therefore we called it haplotype P.
According to Gordon and Wolfe (2008), these two parental genomes are quite divergent (averaging
about 85% nucleotide sequence identity) but two lines of evidence indicate that the hybridization
event that formed allodiploid ATCC 42 981 happened relatively recently. Unfortunately, no data are
available regarding the origin of the new species Z. sapae ABT301" (Solieri et al., 2013b). We found

an additional third haplotype, named N (new) in both sequenced strains.
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We successfully separated ATCC 42981 and ABT301" contigs/chromosomes into parental
haplotypes using the reference haploid genome of CBS 7327 and the script fasta2split.py included in
Redundans pipeline (Pryszcz et al., 2016). In ATCC 42981, 9,967,252 contigs were assigned to
haplotype T (39.08% GC) and 10,942,807 contigs were splitted in 9,967,959 from haplotype P
(40.40% GC) and 974,848 from haplotype N (37.75% GC). In ABT301" genome 8,851,027 contigs
derived from haplotype T (39.26% GC) and 15,874,077 from haplotype P. Interestingly, ABT301"
haplotype P can be further split into 7,729,369 contigs from haplotype P itself (40.26% GC) and
8,144,708 from haplotype N (39.25% GC).

These data suggest a recursive hybridization model for both sequenced strains, in which they
derived from at least two hybridization events between three divergent parental genomes (Dakal
et al., 2016). Unfortunately, the recovery of the third new haplotype was particularly challenging for
ATCC 42981 since parts of that are still missing from the current assembly, revealing that it probably

lost most of the haplotype N following rearrangement events during evolution.
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Figure 7. Box flow-chart that outlines the strategy used to perform ATCC 42981 and ABT301"

genomes hybrid assembly. Abbreviation: hap, haplotype.
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Table 6. Assembly metrics and annotation completeness by BUSCO using universal fungal genes

(fungi_odb9) dataset.

Strains

Features

CBS 7327 ABT301" ATCC 42981
Assembly size (bp) 9,764,635 24,741,993 20,910,059
No. of scaffolds 7 52 33
G+C content (%) 39.13 39.57 39.65
Nso contig size (bp) 1,496,342 1,409,619 1,393,912
Ngo contig size (bp) 1,114,666 146,869 400,395
Gaps 1,269 0 0
Longest scaffold (bp) 1,865,392 1,913,612 1,903,919
No. of genes 4,991 12,300 10,524

BUSCO complete genes

BUSCO duplicated genes

285 (98.28%)

0 (0%)

282 (97.24%)

240 (85.11%)

285 (98.28%)

264 (92.63%)

Concluding remarks

In this work, Z. rouxii hybrid ATCC 42981 and the allodiploid Z. sapae ABT301" strains were used as
study models to establish a MinlON (ONT) genome sequencing workflow, which could be
generalized to other allodiploid or highly heterozygous species. In particular, four extraction
protocols were examined for their effectiveness and efficiency in extracting and purifying HMW
gDNA, suitable for de novo 3GS with the recently released MinlON sequencing platform.

In general, DNA requirements for Nanopore sequencing cannot easily be met with the use of most
of the commercially available extraction kits. In our case of study, we chose a quantity of, at least,
2.6 pg of 20 Kb fragmented gDNA as input. The most common problem with blood, animal tissue,

plant tissue, yeast, Gram-positive and Gram-negative bacteria extraction kits, is that, in many cases,
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less than the required concentrated DNA is extracted (<50 ng/ul). Three tested protocols, namely
PC B, PC_L and TeP_L, were able to provide very high quantities of pure gDNA at a relatively low
cost compared to the W protocol, based on the commercial kit Wizard® Genomic DNA Purification
Kit (Promega, Madison, WI, USA). The protocol PC_B represents the standard and consolidate
Winston and Hoffman (1987) method for yeast gDNA extraction, which provides high DNA amount,
but with low purity due to the presence of just one precipitation step after phenol-chloroform
extraction. Moreover, it is not suitable for Nanopore sequencing purpose since it generates highly
fragmented DNA after the mechanical lysis of yeast cells with silica beads. When this mechanical
lysis was replaced with a softer enzymatic treatment with Lyticase, the resulting DNA was less
fragmented but still not enough pure. The TeP_L protocol appeared to be the most efficient DNA
extraction method, capable to provide high gDNA yields with better quality and integrity compared
with the other ones. In particular, DNA fragmentation overcame the initial desired score of 20 Kb
for both Zygosaccharomyces strains.

This method of choice is relatively low cost without being excessively laborious, thus it could be
appropriate for whole-genome large-scale applications. As 3GS applications will become routine in
the near future, the TeP_L method might provide very handy solutions. In addition, extracting quite
higher gDNA quantities than needed for present applications and creating DNA banks can be very
useful for follow-up or parallel research projects.

Since the TeP_L method produces poorly fragmented DNAs, we found that BluePippin
electrophoresis target size selection overcame Covaris g-tube DNA shearing method to provide
suitable HMW DNA sample for 1D library preparation. Therefore, we included BluePippin
electrophoresis downstream TeP_L DNA extraction and QC steps in our workflow.

Another very challenging question in ONT sequencing is the high error rate of MinlON long reads,
which makes assembly imprecise and computationally expensive, since repetitive regions are often
longer than the read length. On the other hand, long reads could be very useful in resolving high
levels of heterozygosity and span repetitive regions, which represented the greatest technical
challenges during the previously lllumina assembly of complex Zygosaccharomyces non-haploid
genomes. In the case of the allodiploid ATCC 42981, distinguishing between homeologous
sequences is further challenging as only the haploid type-strain Z. rouxii CBS 732" genome is
available to guide homologous scaffold assembly. The high error rate associated to long Nanopore
fragments made necessary to polish MinlON reads with Illumina-derived reads, resulting into

DBG2O0LC-driven hybrid de novo genome assembly.

188



Part Il Results: Chapter 7

Overall, the reported ATCC 42981 and ABT301" assemblies, even if they represent just an initial step,
will assist us in deciphering how hybridization, followed by functional genome stabilization, may

offer a rapid speciation and adaptation strategy in non-conventional yeasts.

Data availability

The BioProject has been deposited in GenBank under number PRIEB26771. All sequencing reads of
Z. rouxii ATCC 42981 and Z sapae ABT301" have been deposited at EMBL/GenBank under the
accession numbers UEMZ01000001 to UEMZ01000033 and UEGL0O1000001 to UEGL01000052,

respectively.
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CHAPTER 8: RESOLVING ATCC 42981 MAT Locl BY NANOPORE
SEQUENCING AND SYNTHETIC BIOLOGY

Bizzarri M., Cassanelli S., Bartolini L., Pryszcz P. L., Duskovd M., Sychrovad H., Solieri L. Interplay of
chimeric mating-type loci impairs fertility rescue and accounts for intra-strain variability in
Zygosaccharomyces rouxii interspecies hybrid ATCC42981. Paper accepted for publication in

Frontiers in Genetics.

Abstract

The pre-whole genome duplication (WGD) Zygosaccharomyces clade comprises several allodiploid
strain/species with industrially interesting traits. The salt-tolerant yeast ATCC42981 is a sterile and
allodiploid strain which contains two subgenomes, one of them resembling the haploid parental
species Z. rouxii. Recently, different mating-type-like (MTL) loci repertoires were reported for
ATCC42981 and the Japanese strain JCM22060, which are considered two stocks of the same strain.
MTL reconstruction by direct sequencing approach is challenging due to gene redundancy, structure
complexities, and allodiploid nature of ATCC42981. Here, DBG20OLC and MaSuRCA hybrid de novo
assemblies of ONT and lllumina reads were combined with in vitro long PCR to definitively solve
these incongruences. ATCC42981 exhibits several chimeric MTL loci resulting from reciprocal
translocation between parental haplotypes and retains two MATa/MATa expression loci, in contrast
to MATa in JCM22060. Consistently to these reconstructions, JCM22060, but not ATCC42981,
undergoes mating and meiosis. To ascertain whether the damage of one allele at the MAT locus
regains the complete sexual cycle in ATCC42981, we removed the MATa expressed locus by gene
deletion. The resulting MATa/- hemizygous mutants did not show any evidence of sporulation, as
well as self- and out-crossing fertility, probably because incomplete silencing at the chimeric HMLa
cassette masks the loss of heterozygosity at the MAT locus. We also found that MATa deletion

switched off a2 transcription, an activator of a-specific genes in pre-WGD species. These findings
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suggest that regulatory scheme of cell identity needs to be further investigated in Z rouxii
protoploid yeast.
Keywords: mating-type, MinlON, sexual cycle, Zygosaccharomyces, chimeric loci, interspecies

hybridization, yeast.

Introduction

Polyploidization, a state resulting from doubling of a genome within a species (autopolyploidy) or
the merging between different species (allopolyploidy) (Campbell et al., 2016), is an important
evolutionary force which shapes eukaryotic genomes (Albertin and Marullo, 2012), triggers
speciation, and can result in phenotypic changes driving adaptation (Ohno, 1070). A whole-genome
duplication (WGD) event occurred approximately 100-200 Mya in the common ancestor of 6 yeast
genera in the family Saccharomycetaceae, including Saccharomyces cerevisiae (as reviewed by
Wolfe et al.,, 2015). WGD was recently proposed to be a direct consequence of an ancient
hybridization between two ancestral species (Marcet-Huben and Gabalddn, 2015), followed by
genome doubling of initially sterile hybrid to regain fertility, ie the ability to undergo meiosis and
produce viable spore (Wolfe, 2015).

Different mechanisms can contribute to hybrid infertility, such as chromosomal missegregation
caused by meiosis | non-disjunction (Boynton et al., 2018), chromosomal rearrangements (Liti et al.,
2006; Rajeh et al., 2018), and Dobzhansky—Muller gene incompatibilities either between nuclear
genes (Bizzarri et al., 2016) or between mitochondrial and nuclear genes (Lee et al., 2008).
Specialized loci, called the mating-type (MAT)-like (MTL) cassettes, regulate mating between
haploid cells with opposite MATa and MATa idiomorphs, as well as meiosis in diploid a/a cells. In
diplontic yeast S. cerevisiae MAT locus on chromosome Ill contains either the al or the al and a2
genes in Ya and Ya segments, respectively, surrounded by X and Z regions at the left and right sides.
In haploid a cells, al activates the a-specific genes (asgs), while a2 represses a cohort of a-specific
genes (asgs), which a cells transcribe by default (Haber, 2012). Finally, diploid a/a cells are meiosis
but not mating-competent, because the al-a2 heterodimer positively regulates IME1 (Inducer of
Meiosis) expression and represses the expression of haploid-specific genes (hsg) required for mating
responses. S. cerevisiae cells also have extra copies of MAT genes at the HMRa and HMLa loci
located close to telomeres of chromosome Ill and silenced by a combination of the Sirl—4 proteins

(Hickman et al., 2011). These extra copies serve as donors during the mating-type switching, which

191



Part Il Results: Chapter 8

enables MATa cells to convert into MATa cells, or vice versa, and to mate each other. This
autodiploidization event is triggered by a site-specific endonuclease called HO, which induces
double-strand break at Z region of the MAT locus. In Saccharomyces interspecies hybrids,
experimental deletion of one MAT locus or elimination of the entire chromosome carrying one MAT
locus yielded fertile allotetraploids (Greig et al., 2002; Pfliegler et al., 2012; Karanyicz et al., 2017).
More recently, the MAT locus damage was proposed to be the most plausible evolutionary route,
which enables natural interspecies hybrids of the Zygosaccharomyces bailii complex to rescue
mating and meiosis (Ortiz-Merino et al., 2017; Braun-Galleani et al., 2018).

In the Saccharomycetaceae lineage, Zygosaccharomyces rouxii stands on the crossroad where
different and relevant evolutionary events take their way (Dujon and Louis, 2017). This evolutionary
route involves ancient allopolyploidization between two parental lineages, one of which was close
to Z. rouxii and Torulaspora delbrueckii (ZT) clade (Marcet-Huben and Gabalddn, 2015). Z. rouxii
represents the early branching species before WGD that recruits HO from a LAGLIDADG intein to
catalyze the first step of mating-type switching (Fabre et al., 2005). Furthermore, Z. rouxii exhibits
the triplication of MTL loci, which is a genomic landmark of the Saccharomycetaceae family, but, in
contrast to S. cerevisiae, it lacks of MAT-HMR linkage. Whereas the route of asg regulation appears
to be conserved, the regulatory circuit of asgs has been extensively rewired across the
Saccharomycotina clade. Instead of the negative regulatory circuit widespread in post-WGD species,
several pre-WGD species activate asgs by an HMG-domain protein (a2) that is encoded by MATa
(Tsong et al., 2003). Conventionally, Z. rouxii displays haplontic life style, where heterothallic haploid
cells with opposite mating-type mate each other or, alternatively, homothallic haploid cells switch
mating-type and subsequently undergo mating between mother and daughter cells. In both cases,
the transient diploid zygote should sporulate to restore the haploid state. Alternatively, stable
allodiploid strains arose from mating between divergent haploid parents. One parental haplotype
(called T-subgenome) resembles Z. rouxii and was 15% different from the other parental haplotype
(called P-subgenome) (Gordon and Wolfe, 2008; Bizzarri et al., 2016; Watanabe et al., 2017; Bizzarri
et al., 2018).

Both haploid and allodiploid strains show highly variable gene arrangements around MTL,
suggesting that these loci are recombination hotspot during error-prone mating-type switching
events (Watanabe et al., 2013; Solieri et al., 2014). Structural rearrangements are so rampant in
these regions that different stock cultures of the same haploid (Watanabe et al., 2013) or allodiploid

(Bizzarri et al., 2016; Watananbe et al., 2017) strains can display distinct MTL repertoires. For
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instance, differences in MTL loci were recently found between two sub-cultures of the allodiploid
strain ATCC42981. In our previous work, we found 7 MTL loci in in-house stock of ATCC42981
(termed ATCC42981 R for convenience) (Bizzarri et al., 2016), while Watanabe et al. (2017)
detected 6 MTL loci in strain JCM22060, the Japanese stock of ATCC42981. Ectopic recombination
between MTL-flanking regions from divergent parental haplotypes yields chimeric arrangements
hardly to resolve both by targeted long PCR approaches (Bizzarri et al., 2016) and by genome
sequencing technologies based on short reads (Watanabe et al., 2017).

In 2014, the MinlON sequencing device (Oxford Nanopore Technology, ONT) was released and
initially exploited to sequence and assemble PCR products or microbial genomes (Jain et al., 2016).
Recent improvements in protein pore (a laboratory-evolved Escherichia coli CsgG mutant named
R9.4), library preparation techniques (1D ligation and 1D rapid), sequencing speed (450 bases/s),
and control software enabled the usage of Nanopore sequence data, in combination with other
sequencing technologies, for assembling eukaryotic genomes including yeasts, nematodes and
human (Istace et al., 2017; Yue et al., 2017; Jansen et al., 2017; Jain et al., 2018). The main advantage
of ONT is that reads can reach tens of kilobases (Jain et al., 2016), making more easy to resolve
repeat regions and to detect structural variation. Recently, the genome of allodiploid strain
ATCC42981 R was sequenced and assembled through a de novo hybrid strategy which combined
MinION long and lllumina short reads (Bizzarri et al., 2018).

Here, we took advantage from the newly released genome of ATCC42981_R (Bizzarri et al., 2018),
in order to resolve incongruences in the highly dynamic MTL loci. Furthermore, we deleted the
expressed MATa" locus in ATCC42981_R to test whether the loss of MAT heterozygosity can induce

genome doubling and rescue fertility in allodiploid cells of the ZT clade.

Materials and Methods

Strains, plasmids, and culture conditions

Yeast strains and plasmids used in this study are listed in Table 1. Yeast cells were routinely
propagated at 28°Cin YPD (1% yeast extract, 2% peptone, 2% glucose) medium with 1.5% agar when
necessary. Stock cultures were stored at -80°C with glycerol at final concentration of 25% (v/v) for
long-term preservation. For sporulation and mating assays, MEA (5% malt extract, 2% agar) with

and without 6% NaCl, and YM (0.3% yeast extract, 0.5% peptone, 0.3% malt extract, 1% dextrose,
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1.5% agar) media were used. Zygosaccharomyces parabailii strain G21C was used as control for

conjugated asci formation after growth on MEA medium. When required, YPD medium was

supplemented with G418 (100 mg/ml, MP Biochemicals, Germany) to the final concentration of 200

ug/ml.

Table 1. Yeast strains and plasmid used in this work. ATCC 42981 R represents in-house stock

culture of strain ATCC 42981. Other codes indicate the name of strains in other culture collections.

Genotype reports Y sequence from the putatively expression active mating-type locus (MAT). T and

P superscripts indicate Ya or Ya sequences from T- or P-subgenomes, respectively. Abbreviations:

na, not available.

Strains Other Relevant characteristics References
codes
Z. parabailii
G21C na Isolated from balsamic glaze this work
Z. rouxii strain
ATCC 42981_R JCM22060 MATa"/MATo? Solieri et al., 2008;
Bizzarri et al., 2017
CBS4837 NCYC1682; MATa? Solieri et al., 2008;
NBRC1876 Sato et al, 2017;
Watanabe et al., 2017
CBS4838 NBRC1877 MATa? Solieri et al., 2008;
Watanabe et al., 2017
Transformants

ATCC 42981 MAToA clone_6
ATCC 42981 MAToA clone_65
ATCC 42981 MAToA clone_74

ATCC 42981 MAToA clone_177

na

na

na

na

MATaP A::loxP-KanMX-loxP; MATa"
MATaP A::loxP-KanMX-loxP; MATa"
MATo" A::loxP-KanMX-loxP; MATa"

MATo A::loxP-KanMX-loxP; MATa"

this work

this work

this work

this work

Plasmids

pUG6

loxP-KanMX-loxP module

Gildener et al., 1996
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DNA manipulations

DNA manipulations were performed according to standard protocols (Sambrook et al., 1989).
Genomic DNA from yeast cells were isolated according to Hoffman and Winston (1987), plasmid
DNA from E. coli was isolated using the GenEluteTM Plasmid Miniprep Kit (Sigma). DNA quantity
and quality were evaluated electrophoretically and spectrophotometrically using a NanoDrop ND-
1000 device (Thermo Scientific, Waltham, MA). Zymoclean™ Gel DNA Recovery and DNA Clean &
Concentrator™-5 Kits (Zymo Research, Orange, CA, USA) were used for the isolation of DNA
fragments from agarose gels and for PCR amplicons purification, respectively. Long PCR
amplifications were carried out with rTAQ DNA polymerase (Takara Bio, Shiga, Japan) according to
manufacturer’s instructions. For colony PCR 1 ul of DNA extracted with lithium acetate-SDS method
(Looke et al., 2011) was amplified with DreamTaq polymerase (Thermo Scientific, Waltham, MA)
according to the manufacturer’s instructions in 20 pl reaction volume. All PCR amplifications were
carried out in a T100 Thermalcycler (Bio-Rad). All primers used in this study are listed in

Supplementary Table S1.

Genome re-assembly

Hybrid assembly of ATCC 42981_R genome from Oxford Nanopore and lllumina reads was released
to the European Nucleotide Archive under the accession number PRIEB26771 (Bizzarri et al., 2018).
In the deposited assembly, Platanus contigs were scaffolded into 33 scaffolds with corrected
MinlON reads using DBG20OLC (Ye et al., 2016). These scaffolds were submitted to two-step polishing
with long reads using Racon v1.2.0 (Vaser et al., 2017) and with short reads using Pilon v1.22 (Walker
et al., 2014), and, finally, reduced using Redundans v.014 (Pryszcz et al., 2016). Here, both long and
short reads were assembled jointly with the alternative assembly algorithm Maryland Super-Read
Celera Assembler v.3.2.2 (MaSuRCA) (Zimin et al., 2017) with default settings. Gene identification
and annotation were carried out through the Yeast Genome Annotation Pipeline (YGAP)
(http://wolfe.ucd.ie/annotation/) without frameshift correction (Proux-Wéra et al.,, 2012).
Assembly completeness was assessed by Benchmarking Universal Single-Copy Orthologs (BUSCO)

v3.0.2 (Simdo et al., 2012) using saccharomycetales_odb9 data set.
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MTL loci search and Sanger-based validation

Search for MITL loci on scaffolds generated by DBG20OLC and MaSuRCA hybrid assemblies was carried
out with a custom BLAST server built using the Sequenceserver software package (Pryiam et al.,
2015). Ya and Ya sequences and MTL flanking genes from haploid reference genome of Z. rouxii CBS
7327 (Souciet et al., 2009) were used as queries.

The in silico MTL arrangements were in vitro validated by PCR and Sanger sequencing. Specific
primer sets were built on MTL locus flanking regions outside of the X and Z regions (Table S1). For
putatively active MATa" cassette, walking strategy was adopted to cover ~ 1 Kb downstream and
upstream Ya (Wang et al., 2011). According to the nomenclature adopted by Watanabe et al.,
(2017), MTL and flanking genes were marked with T and P superscripts when they shared >99%
identity with Z. rouxii CBS 732" or with P-subgenome from allodiploid NBRC110957 (Watanabe et
al., 2017), respectively. N superscript was used to identify gene variants divergent from both T and
P counterparts (identity % lower than 99). The 5" MTL-flanking gene ZYROOF18524g was named as
CHA1, for brevity. Sequences were aligned with Clustal Omega (Sievers and Higgins, 2014) and
viewed using Jalview (Waterhouse et al., 2009). Neighbor-joining tree was built using MEGA v.6

software (Tamura et al., 2013).

Deletion cassettes construction and yeast transformation

Deletion of the active MATa locus from P-subgenome (abbreviated as MATa") was performed with
the reusable loxP-kanMX-loxP cassette as described previously (Glldener et al.,, 1996). The
MATal/2cp2-kanMX-F-80nt and MATal/2cp2-kanMX-R-80nt primers contained ~80 bp homology
sequences outside the X ad Z regions of MATa" locus, respectively, and were used to amplify the
kanMX deletion cassette from pUG6. After purification, the resulting PCR product was used to
transform Z. rouxii cells by electroporation with a modified protocol from Pribylova and Sychrova
(2003) Briefly, cells were grown (28°C; 180 rpm) in 80 ml of YPD medium supplemented with 300
mM NaCl until the exponential phase (corresponding to ODeoonm Of 0.7-0.8). After washing with
ddH;O0, cells were resuspended into 16 ml of TE buffer (Tris-hydrochloride buffer, pH 8.0, containing
1.0 mM EDTA) supplemented with 25 mM dithiothreitol and 20 mM LiAc, and incubated at 30°C for
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30 min with gently shaking. Cells were centrifuged at 6,000 g for 5 min at 4°C, and washed twice by
resuspension in 20 mL of ice-cold 1M sorbitol. Finally, cells were washed in 5 ml of ice-cold 1M
sorbitol and resuspended in 800 pl of ice-cold 1M sorbitol. One hundred microliter of competent
cell suspension were transferred into a pre-chilled 2-mm electroporation cuvette (Molecular
Bioproducts Inc., San Diego, CA, USA) and 1 pg of loxP-kanMX-loxP deletion cassette was added
before the electroporation at 2250 V/cm for 5 ms (Eporator, Eppendorf, Germany). Immediately
after electroporation, 100 pl of ice-cold 1M sorbitol were added to electroporation mixture. Before
plating on selective YPDA medium supplemented with G418, the transformation mixtures were
incubated for 2 h in 5 ml of YPD at 30°C. In G418R clones, targeted gene disruption was confirmed

by full-length, 5’-, and 3’-end diagnostic PCRs (Fig. S1).

RNA extraction, cDNA synthesis and RT-PCR

RNA was extracted from ATCC 42981 wild type and deletion mutants cultured in YPD and harvested
at stationary phase, as previously reported (Solieri et al., 2016). RNAs were reverse transcribed using
0.5 uM oligo (dT) and RevertAid H Minus Reverse Transcriptase (Thermo Scientific, Waltham, USA)
according to the manufacturer's instructions. cDNAs (25 ng) were amplified using DreamTaq
polymerase with primers specific for different variants of MATal, MATal and MATa2 genes, as well

as for T and P variants of asg AGA2, STE2, and STE6 (Table S1).

Results

Inventory of ATCC42981_R MTL cassettes

To unambiguously characterize MTL loci in our stock culture, we exploited the new available ATCC
42981 R draft genome (Bizzarri et al., 2018). This draft genome deals with the hybrid DBG20LC
assembly of MinlON ultra-long and lllumina MiSeq short reads to resolve high heterozygosity and
span repetitive regions, which represent the greatest technical challenges during the assembly of
complex non-haploid genomes (Treangen and Salzberg, 2011; Del Angel et al., 2018). Custom BLAST
searches using SequenceServer identified 6 scaffolds harboring 8 MTL loci (2 MTLa', 4 MTLa®, and
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2 MTLa) (Table 2). As this pattern matched only partially either with our previous results or with the
JCM22060 set of MTL loci, we took into account the possibility of misassembled loci, mainly
considering that reference genomes from the parental haplotype P is not available for ATCC
42981 _R. This problem is even more burdensome for MTL loci, which contain the long non-tandem
repeated X and Z sequences enriched in homopolymeric stretches. To circumvent these caveats, we
validated the MTL cassettes found in DBG20OLC assembly in silico by using the alternative assembler
MaSuRCA, as well as in vitro by direct PCR and Sanger sequencing. With appropriate caution,
agreement between the assemblies — which are completely independent in assembly algorithms —

and among assemblies and Sanger sequencing can confirm the integrity of MTL cassettes.

Table 2. Overview of the MTL cassettes confirmed by hybrid de novo genome assemblies and PCR
approach. MTL cassettes were found by BLAST searching Ya and Ya coding DNA sequences from Z
rouxii CBS 732" reference genome against DBG20OLC and MaSuRCA assemblies and then they were
validated by long PCR and Sanger sequencing. Gray shadow indicates MTL cassettes found in both
the assemblies. JCM66020 MTL cassettes were described based on flanking genes according to
nomenclature reported by Watanabe et al., (2017). Briefly, numbers 1 to 6 indicate 5’-flanking genes
DIC1T, CHA1,", CHA1", DIC1P, CHA1,?, and CHA1P, respectively. Capital letters A to F indicate 3’-
flanking genes SLA2T, ZYROOF18634g', ZYROO0C18392g', SLA2°, ZYROOF18634g® and
ZYRO0C18392gP, respectively. NBRC110957 MTL cassettes were derived from BioProjects
PRIDB4974 (Watanabe et al., 2017). Abbreviation: r.c, reverse complement.

198



Part Il Results: Chapter 8

Assembler Cassette Scaffolds Coordinates PCR JCM22060
DBG20LC  Ya'
DIC1P-MTLa"™-ZYROOF18634g" UEMZ01000028.1 45,980...56,093 + 4B
CHA1."-MTLa"-ZYROOF18634g" UEMZ01000013.1 263,261...275,557 + B
Ya©
DICI™-MTLaP-SLA2" UEMZ01000013.1  35,683...40,522 + 1D
CHA1,"-MTLaP-SLA2® UEMZ01000003.1 11,848...18,890 (r.c) + 2D
CHA1,>-MTLa"-ZYROOF18634g” UEMZ01000003.1 241,988...250,941 (r.c.) + SE
DIC1™-MTLaP-SLA2N UEMZ01000007.1 1,444,839..1,449,671 (r.c.) - -
Ya
DICIN-MTLaN-SLA2T UEMZ01000008.1 1,427,380...1,431,846 + -

CHAI™-MTLa'-ZYROOC18392g" UEMZ01000015.1 1,296,432...1,304,606 (r.c.) * 3C

MaSuRCA  Ya'

DICI*-MTLa™-ZYROOF18634g"  jcf7180000000244 822,883...832,993 (r.c.) + 4B
Yo
DICI™-MTLaP-SLA2P jcf7180000000243 2,467,548...2,467,412 (r.c.) * 1D

CHAL"-MTLoP-SLA2P jcf7180000000243  2,697,258...2,697,258 (r.c) * 2D

CHA1,P-MTLa-ZYROOF18634g" 2,920,342..2,929,342 (r.c) ¥ SE

Ya
CHA1P-MTLaf-ZYRO0C18392g"
CHA1™-MTLa™-ZYRO0C18392g"

jcf7180000000243

+

jcf7180000000321 6F

jcf7180000000315

1,284,293...1,291,457 (r.c.)
1,417,152...1,425,321 + 3C

MaSuRCA assembly resulted in an assembled genome size of 21.09 Mb distributed across 59
scaffolds with Nso of 1.34 Mb (Table 3). In our previous analysis, 10,524 predicted genes were
estimated by Exonerate (http://www.ebi.ac.uk/~guy/exonerate/) (Bizzarri et al., 2018). Here, gene
number was re-calculated both for DBG20OLC and MaSuRCA assemblies using YGAP software. YGAP
was developed for fungal genomes and exploits the existence of a large number of gene sequences
(“pillars”) conserved among fungal species and maintained in the Yeast Gene Order Browser (YGOB)
database (as well as the syntenic arrangement of coding regions among a large number of fungi.
Based on this analysis, DBG20OLC and MaSuRCA displayed roughly the same number of predicted
genes (Table 3). Moreover, BUSCO 3.0 toolkit was employed to assess genome based on the

conservation of a curated set of Saccharomycetales lineage-specific single-copy orthologs. The
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analysis revealed a high degree of completeness in both assemblies (>98.0%), even if MaSuRCA was

able to retrieve more duplicated orthologs than DBG20LC.

Table 3. Assembly metrics and annotation completeness obtained by using BUSCO universal

fungal genes (saccharomycetales_odb9) data set.
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Feature Assembler
DBG20OLC MaSuRCA
Assembly size (bp) 20,910,059 21,093,102
No. of scaffolds 33 59
G+C content (%) 39.65 39.95
Nso contig size (bp) 1,393,912 1,337,761
Ngo contig size (bp) 400,395 638,558
Gaps 0 0
Longest scaffold (bp) 1,903,919 2,966,114
No of genes 10,678 10,362

BUSCO complete genes

BUSCO duplicated genes

1,687 (98.6%)

1,491 (87.1%)

1,692 (98.9%)

1,582 (92.5%)

Four MaSuRCA scaffolds contained 6 MTL loci identical to those previously found in JCM22060
(Table 2; Table S2). Like in DBG20OLC, MTL cassettes are especially present at the MaSuRCA scaffold
edges, confirming difficulties in scaffolding over repeated X and Z sequences shared among multiple
and partially divergent MTL-flanking regions. Five MaSuRCA supported MTL cassettes were also
found in DBG20OLC assembly, while one was specific for MaSuRCA assembly and three were specific
for DBG20OLC assembly. Direct in vitro PCR validated 8 MTL arrangements (Table 2; Fig. 1).
Moreover, MaSuURCA consensus sequences were often more consistent with Sanger sequencing
compared to DBG2OLC. Probably, this discrepancy resulted from a more aggressive DBG20LC
approach enabled to reduce the genome fragmentation, but at the price of local assembling

accuracy.
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Figure 1. Final ATCC 42981 R MAT-like cassettes organisation resulting from DBG20OLC and
MaSuRCA assemblies. Picture depicts full-length PCR results (left) and the corresponding inferred
MTL arrangements (right). Genes from T and P-subgenomes are marked with T and P superscripts,
respectively. SLA2 truncated variant is marked with Tr superscript, while DIC1 and MATa2 new
variants with N superscript. Blue shading denotes the X and Z regions. Dot arrows indicate P-variants
of MAT flanking genes, while full arrows stand for T-variants. Variable MATa2 3’-end tags are
indicated as coloured tips. Capital letters from A to H refer to primer pairs listed in Table S1.

Numbers on the right of gel electrophoresis images indicate PCR product length in Kb.
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5.0 CHALT ' Z SLA2P
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MTLaP cassettes

Congruently with our previous data (Bizzarri et al., 2016), the DBG20LC assembly of ATCC 42981 R
genome supported the cassettes DICI™-MTLa’-SLA2® and CHA1."-MTLaP-SLA2", which were also
present in JCM22060 (Watanabe et al., 2017). MaSuRCA assembly and PCR approach confirmed
these arrangements. Pairwise comparisons showed that DIC1" and CHA1," were 100% identical to
the Z rouxii CBS 732" counterparts. In cassette DICI"-MTLaP-SLA2", the 3’-flanking gene SLA2P
diverged from CBS 7327 counterpart (83.65% identity), and resembled SLA2 found in allodiploids
NBRC110957 and NBRC1876 (99.58% identity) (Sato et al., 2017; Watanabe et al., 2017). In CHA1,'-
MTLaP-SLA2P cassette, DBG20OLC assembly reported mismatches compared to SLA2” in NBRC110957
(93.12% identity), which were not supported by MaSuRCA. Sanger sequencing did not support the
consensus sequence built with DBG20OLC assembly and confirmed the accuracy of MaSuRCA
assembling (Fig. S2).

According to the model of T- and P-subgenomes, DICI"-MTLaP-SLA2? and CHA1,"-MTLaP-SLA2?
should be chimeric cassettes with a” mating-type, arisen from rearrangements involving the X
regions. Intriguingly, NBRC110957 also contains a similar chimeric arrangement with a Ya® sequence
(Watanabe et al., 2017; Supplementary Table S2), suggesting that recombination could be frequent
upstream the Y sequence. Thus, the X region could represent specific ‘fragile’ chromosomal location
susceptible to double strand breakage (DSB). Recombinant sites at the MAT locus were documented
in several Saccharomyces lager yeasts (Bond et al., 2004; Hewitt et al., 2014). Breakpoints frequently
occurred at the right of the MAT locus resulting in hybrid S. cerevisiae-S. eubayanus chromosomes
lll. These chromosomes contain S. eubayanus sequences in the W region and S. cerevisiae in the Y
region hitch-hiking downstream genes or viceversa (Monerawela and Bond, 2017). In lager yeast
WSs34/70 a possible location for the recombination event is a 9-bp insertion in the S. eubayanus X
region compared to S. cerevisiae. We found a similar indel between X regions of DIC1 variants found
in ATCC 42981 _R (Fig. S3).

Novel sets of P-subgenome-specific primers confirmed an additional MTLa" locus (CHA1,>-MTLaP-
ZYROOF18634g®) which escaped our previous reconstruction (Bizzarri et al., 2016). Based on

Watanabe et al., (2017), this locus should be a cryptic HML cassette, which did not affect the proper

202



Part Il Results: Chapter 8

cellidentity. This cassette had a truncated SLA2 sequence downstream the Z region, confirming DNA
erosion on the right side of MAT locus (Gordon et al., 2011). Interestingly, in both DBG20OLC and
MaSuRCA assemblies this cassette is linked to CHA1,"-MTLaP-SLA2® on the same scaffold (Fig. S4).

MTLa cassettes

DBG20LC and MaSuRCA assemblies failed to congruently reconstruct MTLa' loci (Table 2).
DBG20LC scaffold UEMZ01000013.1 contains CHA1,"-MTLa"-ZYROOF18634g" linked to the chimeric
cassette DICI"-MTLaP-SLA2®, while another MTLa' locus (DIC1P-MTLa'™-ZYROOF18634g") lies on the
scaffold UEMZ01000028.1. MaSuRCA assembly did not report CHA1,"-MTLa"-ZYROOF18634g", but
only DIC1P-MTLa™-ZYROOF18634g" on scaffold jcf7180000000244. DIC1"-MTLa-SLA2® was linked to
CHA1."-MTLaP-SLA2® and CHA1,”-MTLaP-ZYROOF18634g” (scaffold jcf7180000000243) (Fig. S4). PCR
approach supported both MTLa' cassettes from DBG20OLC assembly, while scaffold comparison

suggests that MaSuRCA collapsed the CHA1," flanking regions into a single locus (Fig. S4).

MTLa cassettes

Blast search against the DBG20OLC assembly revealed two MTLa cassettes. The arrangement CHA1'-
MTLa"™-ZYRO0C18392g" was supported by MaSuRCA and PCR approach, and was also congruent with
our previous reconstruction (Bizzarri et al., 2016) and with JCM22060 (Watanabe et al., 2017) (Table
S2). The second MTLa locus resolved by DBG20OLC, DICIN-MTLa™-SLA2T", contained a'1 and a novel
aV2 gene variant (indicated with N superscript) which was 97.99% identical to MATa2 from
NBRC110957 DIC1P-MTLa"™-ZYROOC18392" cassette (Fig. 2). PCR approach and Sanger sequencing
demonstrated that this cassette really exists in ATCC 42981_R genome, even if it was missing both
in MaSuRCA assembly and in JCM22060. Like in case of SLA2" from CHA1.™-MTLaP-SLA2P, DBG20OLC
MATa2 sequence showed some indels in homopolymeric stretches compared to the Sanger-
sequence data (98.54% pairwise identity), resulting in a prematurely interrupted ORF (data not
shown). The neighbor genes at the 5’ and 3’ sides were a novel DIC1 variant (nhamed DICIN) and the
SLA2" gene, respectively. Noteworthy, the DICI-MAT-SLA2 arrangement is retained around the
transcriptionally active MAT loci in almost all the pre-WGD species (Gordon et al., 2011). Therefore
DICIN-MTLaN-SLA2" cassette could be a good candidate to be the active MATa cassette in ATCC

42981_R.
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Finally, PCR approach with haplotype P-specific primers identified a third MTLa locus (CHA1P-MTLaP-
ZYRO0C18392g") which was present in JCM22060 (Table S2) and in MaSuRCA assembly (Table 2).
Blast search for CHAI1P gene revealed that DBG20OLC assembler did not extend scaffold
UEMZ01000005.1 beyond this gene.

Figure 2. Multiple sequence alignment and phylogenetic analysis of MATa2 proteins. Panel (A)
depicts the alignment involving 9 MATa2 amino acid sequences. The amino acid identities were
coloured according to Clustal Omega colour scheme (Sievers and Higgins, 2014). In panel (B)
dendrogram was inferred using the Neighbor-Joining method. The percentages of replicate trees in
which the associated taxa clustered together in the bootstrap test (1000 replicates) are shown next
to the branches, when > 50%. The evolutionary distances were computed using the p-distance
method and are in the units of the number of amino acid differences per site. All positions containing

gaps and missing data were eliminated. Red triangles and blue squares marked T and P variants.
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(A)

T. delbrueckil XP_003662568.1 MyEW 66
NBRC110857 DIC1T-MTLaP-SLA2P M 87
NBRC110957 DIC1P-MTLaT-ZYROOC18392T M 67
ATCG42081_R DIGIN-MATAT-8LA2T M 67
Z. roui XP 002496430.1 M o7
Z. sapae CDM&7352.1 M o7
ATGG42981 R CHATP-MATaP-ZYRODG13392P M o7
ATCC42381 R CHA{T-MTLaT-ZYROOF18634T M 67
NBRC 110857 CHATT-MTLaP-SLAZT M &7

70 80 a0 130

T. delbrueckii XP_D03652588.1 TL ITRPRNGF | | L IHRY | v FELLSQF 134
NBRC110957 DIC1T-MTLaP-SLAZP ITRPRNCF | | IFHNY | v FELLSQF 135
NERC110957 DIC1P-MTLaT-ZYROOC16292T | | TRPRNCF | | IFHNY | v FELLSQF 135
ATCCA2881_R DIGIN-MATaT-SLA2T I 1| TRPRNGF | | IFHNY | v FELLSQF 135
Z. rouxii XP_002488430 1 | 1 TRP| Fll IFHNY | M FELLSQF 136
Z. sapae CDM&7352.1 | | TRPRNGF | | IFHNY | v FELLSQF 135
ATCC42081 R CHA1P-MATaP-ZYRODC18332P 1 TRP| Fll IFHNY | v FELLSQF 135
ATCC42881_R CHA1T-MTLaT-ZYRODF 186347 | 1TRPRNGF | | TEHNY | v FELLSQF 135
NBRC110857 CHATT-MTLaP-SLAZT ITRPRNGF | | TFHNY | v FELLSQF 135

200

180
T. delbrueckil XP_003682558.1 LEG I LTFPVAS AADTAVDATAAAE Lo
NBRC110857 DIC1 T-MTLaP-SLAZP LEBIL ILPPAHPR - - - - - - - - .-
NBRC110857 DIC1P-MTLaT-ZYROOC15392T LEDILILPPA 191
ATCC42981 R DICIN-MATaT-SLAZT LEDIL ILPPA 191
Z. rouxii XP_002496430.1 L ILILPPA 191
Z. sapae CDM87352.1 LEDIL ILPPA 191
ATCC42981_R CHA1P-MATaP-ZYROOC18392P LEDILILPPA 191
ATCCA2981_R CHAIT-MTLaT-ZYROOF 18634T LEDILILPPA 191
NBRC110957 CHATT-MTLaP-SLAZT LEDILILPPA
220 230 24D 250 270

T. delbrueckil XP_DO3682583.1 PTAAEPF! FILSF QIGVN.Q S REQHR] VINST\/RVG’DQ FAlPQERK FEALHNERP 270
NBRC110957 DIC1 T-MTLaP-SLAZP P LRRPAAAA - AARA PARPAPPAT - NAE - - RNA 245
NBRG110857 DIC1P-MTLaT-ZYROOC18202T PALRRPAAAA - AAKA AI:I I PAAPAPP AE - - RNA 245
ATCC42081_R DICIN-MATAT-SLA2T PALRRPAAAAALAAKA ... - - Al PAAPAPPA AE - - RNA 237
Z. rouxii XP_D02405430.1 PALRRPAAAAAAAKA AGATAG PAAPAPP AE - - RNA 246
Z. sapae COM&7352.1 PAAAAAAAKADAD - - - - - - - PAAPAPPAT- NAE - - RNA 237
ATCC42881 R CHAP-MATaP-ZYRODC18302P P AAAAAAMKA PAAPAPPAT - NA A 245
ATCCA42881_R CHA{T-MTLaT-ZYROOF 18834T P AAAA - AAKA AI:I I PAAPAPP, AE - - RNA 245
NBRC 110857 CHATT-MTLaP-SLA2T PARAA - AAKA PAAPAPPAT - NAE - - RNA 245

280

w

T. delbrueckii XP_D03682588.1 WDDGRUNR - - - - - - ETLCH RIKFGLPKRNGRSLLS LKR 315
NBRG110857 DIC1T-MTLaP-SLA2P P4 PG| P LFIPNG----------
NBRC110957 DIC1P-MTLaT-Z YROOC16392T PAPGG) LACQTFKSPTWLNVEDLFVPNTS

ATCG42981_R DIGIN-MATAT-SLA2T PAPGG IACATFKSPTWLNVEDLFYPNTS

Z. rouxii XP_002496430.1 PAPGG IACATFKSSTWLNVEDLF IPNO

Z. sapae COME7352.1 PAPGG I ACEITF K8 LFIPNC -

LKELLILOTKLVHTSFEDMMI YD -
IAFFEMFHOONFNTPRESFTV YS -
IAFFERFHOONENTPRESERV YS

ATGG42981 R GHA1P-MATaP-ZYRODG18392P
ATCG42981 R CHA1T-MTLaT-ZYROOF 18634T
NBRC110857 CHAIT-MTLaP-SLA2T

P4 PG|
PAPGE
PAPGG

T delbrueckii XP_003682588.1

NBRC110957 DIG1T-MTLaP-SLAZP
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Reconstruction of MITL structure

Analysis of regions around MTL loci assisted us to reconstruct the putative MTL structure

ATCC42981 R. NBRC1130" culture retains ancestral MTL arrangement compared to CBS732T
(Watanabe et al., 2013) and was used as reference strain. In this strain, chromosome C contains
MAT and HML loci flanked by sets of genes which were also conserved around ATCC42981 R MTL
cassettes. In particular, MAT locus was flanked on the left by PEX2 and CBP1 and on the right by
SUI1 and CWC(C25, while HML cassette was flanked by VAC17 at the left side and by FET4 and COS12
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at the right side (Fig. 3). Blast analysis of DBG20OLC scaffold UEMZ01000008.1 indicated that the first
1,427,380 bp was almost collinear to NBRC1130 chromosome C and that genes upstream and
downstream the MATaN cassette were P and T-type, respectively. Congruently, MATaN cassette
retained the synteny with PEX2” and CBP1" at 5’- and SUI1" and CW(C25" at 3’-end (2). However, 3-
end side was interrupted at RAD50". Scaffold UEMZ01000003.1 (rc) linked CHA1,"-MTLa’-SLA2" and
CHA1,P-MTLaP-ZYROOF18634g® cassettes (Fig. 3). Reciprocal translocation between chromosomes
C from T and P haplotypes led to a similar arrangement in CBS4837 (Watanabe et al., 2017). As
result, in CBS4837 the MATo" expression cassette is linked to CHA1."-MTLa’-SLA2” and CHA1,"-
MTLoP-ZYROOF18634gP. In ATCC42981 R, flanking gene analysis also supported a linkage between
MATa" and CHA1.-MTLa’-SLA2P/CHA1,°-MTLaP-ZYROOF18634g” cassettes, suggesting that
scaffolds UEMZ01000008.1 and UEMZ01000013.1 contributed to the chimeric chromosome C. Like
in CBS4837, this chromosome C could arise from a reciprocal translocation between two ancestor T
and P chromosomes C (Watanabe et al., 2017).

Scaffold UEMZ01000028.1 was chimeric with P-type (PEX2 and CBP1) and T-type (FET4 and COS12)
genes upstream and downstream the cassette DICIP-MTLa"-ZYROOF18634g" (Fig. 3). The loss of
gene block between MAT and HML cassettes suggested that a deletion between MAT and HML
cassettes led to this arrangement, similar to that described in strain NBRC0O686 (Watanabe et al.,
2013; Fig. S5). Alternatively, in CBS4837 a similar arrangement resulted from reciprocal
translocation leading to chimeric chromosome C (Watanabe et al., 2017).

DBG20LC scaffold UEMZ01000013.1 exhibited T-type flanking genes around DICI"-MTLaP-SLA2P
and CHA1,"-MTLa"™-ZYROOF18634g'. Overlapping region with scaffold UEMZ01000007.1 suggested
that scaffolds UEMZ01000013.1 and UEMZ01000007.1 could contribute to the T-type chromosome
Cin ATCC42981 R (Fig. 3).

NBRC1130" strain has the HMRa locus on chromosome F. SIR1 and a set of genes including PUT4,
CYB2, C0OS12, and PEP1 are upstream and downstream to HMRa, respectively (Fig. S5).
ATCC42981 R DBG20OLC assembly exhibited two scaffolds retaining this synteny, namely 5 and 15
(rc). Scaffold 5 contained P-type genes, including S/IR1P (Fig. 3). Unfortunately, DBG20OLC assembler
interrupted scaffold 5 after CHA1P. However, MaSuRCA assembly retained PUT4?, CYB2®, COS12°,
and PEP1? downstream to HMRa, suggesting that ATCC42981 R has a P-type chromosome F
collinear to NBRC1130 chromosome F. Syntenic relationships and Blast analysis supported scaffold

UEMZ01000015.1 as the T-type version of NBRC1130" chromosome F (Fig. S5).
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Figure 3. Inferred gene organization around the MTL loci in ATCC42981_R. Scaffold (sc) numbers
referred to the DBG20OLC genome assembly deposited in European Nucleotide Archive under
accession number PRJIEB26771 (Bizzarri et al., 2018); for brevity each scaffold is identified by the
last number of ENA code (i.e. UEMZ01000028.1 in short sc28). Solid and dotted lines referred to T
and P-subgenomes, respectively. Genes from T and P-subgenomes are marked with T and P
superscripts, respectively, while DICI and MATa2 new variants with N superscript. Red and black
rectangles defined MAT and HML/HMR loci, respectively. Scaffold lengths are not in scale.

Abbreviation: r.c., reverse complement.
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Disclosing the true cell identity

Watanabe et al., (2017) identified two MTL patterns: strains with pattern A, such as NBRC110957,
exhibit two active MAT loci, namely DICI™-MATP-SLA2P and CHA1™-MTLP-SLA2", while strains with
pattern B have DIC1™-MATP-SLA2P as active MAT locus, even if they also actively transcribed genes
from CHA1,"-MTLP-SLA2P. JICM66020 belonged to this last group, exhibited a MATa” idiomorph and,
congruently, mates only the tester strain a (CBS4838). Conversely, ATCC 42981 _R displays another
pattern of putatively active MAT loci, namely, DIC1™-MATa"-SLA2" and DICIN-MATaN-SLA2T, in
addition to the CHA1,"-MTLP-SLA2P cassette. RT-PCR analysis confirmed that a”1, a2, aV2 and a"1
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genes were expressed, while a’1 gene encoded by CHA1P-MTLP-ZYRO0C18392g" cassette was silent
(Fig. 4). Interestingly, a'1-specific RT-PCR resulted in two PCR amplicons compatible with alternative
spliced intronic sequence.

Genome comparison with other pre-WGD yeasts indicates that HMLa silent cassettes are generally
5’-flanked by CHA1, (Gordon et al., 2011). Conversely, strains with pattern B actively transcribed
MTL genes from CHA1,-MTL-SLA2" cassette without that these transcripts affect cell identity
(Watanabe et al., 2017). This is evident for strain CBS4837, where genes encoding opposite a’ and
a” idiomorphs are both expressed by DICI"-MAT’-SLA2® and CHA1,"-MTLP-SLA2” cassettes,
respectively. In JCM22060 (encoding a” genes at both these loci), outcross experiment with CBS4837
and gamete segregation support that cell identity was determined by DICIT-MAT?-SLA2” cassette.
To establish which cassette contributes to cell identity in ATCC 42981 _R, we deleted a idiomorph
genes by replacing all segment including a”1, a2 encoding genes and intergenic region from DIC1-
MATaP-SLA2P with loxP-kanMX-loxP module. From approximatively 300 colonies we obtained four
G418-resistant MATaA candidates. PCR approaches showed that these clones contained loxP-
kanMX-loxP surrounded by DIC1T SLA2® instead of MATo" locus (Fig. S1).

Gene deletion of DIC1™-MATaP-SLA2P cassette should abolish the heterozygosity at the MATa/a
active loci and results in an allodiploid partially resembling a haploid cell with a mating-type.
Conversely, we still observed a1 and a2 gene expression in ATCC 42981 R MATo"A transformants
(Fig. 4). These mRNAs could be only transcribed by the not completely silenced cassettes CHA1,'-
MTLaP-SL21° or by DICIP-MTLaP-ZYROOF18634g".

Since allodiploid lacking one MAT active locus might behave like haploid with opposite mating-type,
we expected to detect both al and a2 transcripts in ATCC 42981 _R MATaPA mutants. In some
haploid pre-WGD species, a2 gene encodes a transcription activator of asg, while al should not
affect asgin a cells (Tsong et al., 2003, 2006; Baker et al., 2012). Unexpectedly, RT-PCR showed that
MATaP deletion switched off a2 but not al gene expression (Fig. 4). By contrast, ATCC 42981 R wild
type both transcribed both al and a2 genes. Preliminary end-point RT-PCRs showed that the asg
AGA2, STE6 and STEZ2 are transcriptionally active in both ATCC 42981 _R and MATaPA clone_74 (data

not shown).

Figure 4. Gene expression at the MAT loci of ATCC 42981_R wild type and MATa’A deletion
mutants. cDNA was amplified from total RNA extracted from stationary growing cells. Plus or minus

indicates with or without reverse transcriptase in cDNA synthesis reaction, respectively. Gene
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variants from T and P-subgenomes are indicated with T and P superscripts, while divergent MATa2
gene variant from DICIN-MATaN-SLA2" cassette with N superscript. Capital letters from A to E refer

to primer sets listed in Table S1. Abbreviations: wt, wild type; gDNA, genomic DNA.

ATCC42981_ Rwt MAToPAclone_6 MATaPA clone_65 MATaPA clone_74 MATaPA clone_177
RT + - gNA + - gDNA + - gDNA + - gDNA + - gDNA bp

. 367
c all 315
p

Mating and sporulation competence assays

To test whether the MATa" deletion rescues the mating competence in ATCC42981_R, we carried
out self- and out-cross fertility assays of the wild type strain and the MATa’A transformants as
monoculture or in mixture with CBS4837 (a) or CBS4838 (a) mating testers, respectively. If MATo"A
transformants behave as homothallic haploid, they should produce shmoo and conjugated asci as
monoculture, while, if they are like heterothallic haploid, they should mate and sporulate in mixture
with CBS4837 or CBS4838. We used three media reported in literature to promote zygote formation
and conjugated asci of Zygosaccharomyces cells, as proved for Z parabailii G21C (Fig. 5). In
particular, 5-6% NaCl addition was reported to increase sporulation occurrence (Mori and Onishi,
1967). Like the wild type strain, MATa”A mutants did not show any evidence of conjugative bridge
and/or conjugative asci either as monoculture or in mixture with the mating testers (Fig. 5). The
composition of three test media did not affect the inability to mate or to undergo meiosis. Overall,
these evidences indicate that the deletion of active MATa" locus did not make ATCC42981 R cells

phenotypically heterothallic or homothallic haploids.

Figure 5. Self- and out-cross fertility assays of ATCC 42981_R wild type and MATa’A deletion

mutant. Panel (A) shows the scheme of self- and out-cross fertility assays involving ATCC 42981_R
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wild type and MATaA clone_74, while panel (B) depicts representative phase contrast microscopic
images of control strain Zygosaccharomyces parabailii G21C grown in YPDA and MEA media. Panel
(C) shows selected phase contrast microscopic images of representative ATCC 42981 R MATaA
clone_74 grown as monoculture and in mixture with ATCC 42981 R wild type, CBS4837 (a) and
CBS4838 (a). Phase contrast microscopic images of ATCC 42981 R wild type, CBS4837 and CBS4838
monocultures were reported for comparative purposes. The scale bar represents 11 um and was
reported in one picture for brevity. Capital letters from A to E indicate abortive shmoo, conjugated
asci with ascospores, conjugative bridge, giant cells, and abnormal conjugative tube, respectively.

All cells were photographed after 7 days on incubation on MEA medium at 27°C. Abbreviation: wt,

wild type.
(A) , -~ (B)
ATCC42981_R MATaA CBS4837 (MATaP)
MATaN
L= LL -
MATa?
MATaN
ATCC42981 R wt — CBSA4838 (MATa")
M_ATaN
e ATCC42981_R MATGFA  MATa®
(C) MAToA clone_74 ATCC42981_R wt CBS4837 CBS4838
MATaA clone_74
ATCC42981_R wt
CBS4837
CBS4838
Discussion
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Our study is the first to combine the Nanopore whole-genome sequencing to conventional PCR-
based methods in order to survey MTL lociin a Z. rouxii allodiploid genome. This yeast is particularly
prone to outbreeding and provides a particularly appealing platform to study genome re-shaping
after the merging of two parental subgenomes. Recombination and introgression between the two
subgenomes have been rampant in hybrid yeasts, resulting in loss of heterozygosity and gradual
genome reduction (Sipiczki, 2008). In Z. rouxii MTL loci markedly contribute to this genomic plasticity
(Watanabe et al., 2013; Solieri et al., 2014b). As consequence, this species frequently undergoes
chromosomal translocations at the MTL loci, which make hard the understanding of true cell
identity. For example, haploid Z. rouxii strain CBS 732" switched mating-type at the CHA1-MAT-SLA2
locus (Bizzarri et al., 2018), suggesting that CHA1 gene flanks the actively transcribed MAT locus
instead of DIC1. Several combinations of different flanking gene variants and distinct idiomorph
encoding genes make challenging and laborious to resolve the complex genetic MTL architecture by
PCR targeted approaches. For these reasons, we generated a high-quality genome assembly in order
to dissect complex rearrangements at the MTL loci that were not fully resolvable from the earlier
survey based only on long-range PCR amplification (Bizzarri et al., 2016). One of the major
advantages of the ONT is the possibility of sequencing very long DNA fragments, which span the
entire MTL cassettes. This strategy assures to accurately reconstruct gene order around different
MTLs. On the other hand, using noisy ultra-long reads for self-correction and assembling of highly
heterozygous genomes can affect the consensus sequence accuracy and the parental haplotypes
sorting. In the case of ATCC 42981 _R, distinguishing between homeologous sequences is further
challenging as only the Z rouxii parental genome is available to guide homeologous scaffold
assembly. Error rate made necessary to polish MinlON reads with lllumina-derived reads, resulting
into DBG2OLC-driven hybrid de novo genome assembly (Bizzarri et al., 2018). However, our result
showed that a single “best assembler” does not exist to resolve highly heterozygous and highly
repeated MTL regions. DBG20OLC assembly suffers from poor performance in certain sequence
contexts such as regions with low coverage or regions that contain short repeats. Besides, the new
assembly generated with MaSuRCA showed higher accuracy compared to DBG20LC, but loses some
MTL cassettes. Combination of both assemblies facilitated the elucidation of complex
rearrangements around MTL loci in ATCC 42981 R and allowed the capture of MTL cassettes
divergent from the expected T- and P-subgenomes. As bottom-end validation step, Sanger
sequencing was used to discard artificial MTL arrangements arisen from flawed contig assemblies.

This integrated strategy should allow the resolution of controversies over the extent of MTL loci in
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ATCC 42981 R genome derived from the analysis of the Japanese stock JCM22060 (Watanabe et al.,
2017).

Reconstruction of MTL structure indicates that ATCC42981_R resembles CBS4837 for the exception
of an additional scaffold containing DICI"-MTLaP-SLA2® linked to CHA1,"-MTLa"-ZYROOF18634g'
(Fig. 3). This assessment was congruent with previous PFGE-Southern blotting which showed two
signals for MATa-specific probe (Bizzarri et al., 2016).

The most significant difference between ATCC 42981 R and JCM22060 is that ATCC 42981 R
harbors the transcriptionally active MATaN cassette in addition to the expected MATaP. Differently
from Z. parabailii (Ortiz-Merino et al., 2017), MATaN cassette of ATCC 42981 R contains MATal
gene. This means that Z. rouxii retains the ancestral regulatory circuit based on al—-a2 heterodimer
as diploid cell sensor (Booth et al., 2010). Watanabe et al., (2017) showed that strain JCM22060,
which contains only MATa”, mates the tester strain a in a medium containing Shoyu-koji extract. By
contrast, we did not find any evidence of meiosis or mating in ATCC 42981 R (Bizzarri et al., 2016),
when grown on the media reported in literature to promote Z. rouxii mating and sporulation (James
and Stratford, 2011). Watanabe et al., (2017) argued that difference in medium composition could
account for the phenotypic discrepancy between ATCC 42981 R and the sister stock JCM22060. As
the Shoyu-koji extract is difficult to gain in western countries, we cannot rule out this hypothesis.
Otherwise, heterozygosity at the MAT locus could significantly contribute to the allodiploid
infertility. In particular, the hybrid heterodimer with divergent al and a2 subunits brings the cell in
an ‘haploid-diploid intermediate’ functional state which hamper the meiosis commitment and the
responsiveness to mating stimuli (Bizzarri et al., 2016).

In Saccharomyces clade, experimental deletion of one MAT locus leads to allotetraploids suitable to
undergo meisosis (Greig et al., 2002; Pfliegler et al., 2012). Based on this consideration, Z. parabailii
and Z. pseudobailii hybrid strains ATCC60483 and MT15 were recently supposed to be fertile due to
the accidental breakage of 1 of the 2 homeologous copies of the MAT locus (Ortiz-Merino et al.,
2017; Braun-Galleani et al., 2018). A prediction of this model is that artificial deletion of one MAT
locus in Zygosaccharomyces cells should override the arrest in mating commitment. In our model,
ATCC 42981 _R cells did not behave as haploids with idiomorph a, when the MATa® locus was
deleted. This suggests that mechanism underpinning the cell identity in Z. rouxii could be different
from those involved in cell identity regulation of the sister species Z. parabailii and Z. pseudobailii.

Compared to ATCC60483 and MT15, ATCC 42981 R exhibits more complex sex determining loci, as
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it harbors opposite idiomorphs at the MAT loci and retains the ancestral al-a2 circuit which
prevents mating competence in allodiploids.

Gene deletion of transcriptionally active MATa® locus did not rescue the ability to produce
conjugated asci in ATCC 42981 R, while the persistence of al and a2 transcripts suggests that
silencing of HMLa was leaky in ATCC 42981_R. Consequently, a” genes either from CHA1,"™-MTLa’-
SLA2” or CHA1.,P-MTLaP-ZYROOF18634g" are transcriptionally active in MATo’A mutants. Strain
NBRC110957, which does not have the CHA1,"-MTLaP-SLA2® cassette, uses CHAI1,°-MTLa’-
ZYROOF18634g® as donor during switching from a” to a” (Watanabe et al., 2017). This suggests that
CHA1,P-MTLaP-ZYROOF18634g® cassette is most likely silenced and that a” could be expressed by
the CHA1,"-MTLaP-SLA2" in ATCC 42981_R. To support this, in strain CBS4837 the CHA1,"-MTLaP-
SLA2® cassette is actively transcribed. These findings make less probable the alternative hypothesis
that MATa" deletion induces HMLa cassette de-silencing. Abnormal expression of cryptic HMR/HML
loci has been described in Vanderwaltozyma polyspora, the Z. rouxii closest relative that branched
after the WGD (Roberts and Van der Walt, 1959). Consequently, V. polyspora haploid cells behave
as a/a diploid and appear mating-incompetent for many generations only to subsequently restore
silencing. Significantly, V. polyspora lacks of Sirl histone deacetilase, which mediates the HM loci
silencing in S. cerevisiae together with the SIR complex (Sir2/Sir3/Sird). In S. cerevisiae failure to
recruit Sirl is thought to account for the instability of subtelomeric silencing relative to HM loci
(Chien et al., 1993). Like V. polyspora, C. glabrata is another species close to Z. rouxii, which lacks of
a SIR1 ortholog (Gabaldon et al., 2013). The defection of a complete silencing system lead to the
expression of MATa gene in C. glabrata MATa cells (Muller et al., 2008) and makes HML more prone
to HO cleavage at the Y/Z junctions (Boisnard et al., 2015). Z. rouxii has the archetypal member of
the SIR1 family, KOS3 (Kin of Sirl 3) (Gallagher et al., 2009). In pre-WGD species Torulaspora
delbrueckii KOS3 located ~1 Kb away from the copy of HMR and plays a key role in HML/HMR
silencing (Ellahi and Rine, 2016). Strikingly, in ATCC 42981 _R two KOS3 copies, KOS3™ and KOS3",
were found upstream the CHA1" and CHA1P genes flanking HMRa" and HMRa® loci, respectively. In
addition, Sirl and the components of SIR complex have been reported to rapidly evolve in the
Saccharomycetaceae species. This could potentially jeopardize the efficiency of the silencing
machinery in interspecific hybrids. For example, Sirl, Sir4 and the cis-acting silencer sequences are
incompatible in S. cerevisiae x S. uvarum hybrids (Zill et al., 2012; Zill et al., 2010). In ATCC 42981 R,
heterochromatin formation across silent loci could be less effective due to the incompatibility in the

silencing machinery between the T- and P-subgenomes. Watanabe et al., (2017) suggest that
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chimeric MTL cassettes could be particularly prone to perturbation of cell-to-cell gene expression
due to incompatibility among elements of silencing machine. This could produce allodiploid cells
undergoing epigenetic silencing at one of MAT loci. According to this model, only inappropriate
silencing of MAT locus should lead to fertility restoration. Our results suggest that the lapses in HML
silencing mask the loss of heterozygosity at the MAT locus induced by gene deletion in ATCC
42981 R.

Strikingly, MATa® locus deletion also revealed that the depletion of a”1 and a2 genes switched off
the a2 but not the al gene transcription. Moreover in both deleted and wild type-strains two al
alternative spliced isoforms, one of them compatible with the retention of first intron. In S.
cerevisiae exon-intron structure is conserved and the retention of first intron resulted in a functional
al transcriptional factor that prevents mating (Ner and Smith, 1989). Since al activates the asgs in
the ancestral circuit of yeast cell identity (Baker et al., 2011), we rule out the possibility that al is
involved in a2 gene repression. In S. cerevisiae, a2 represses asg by binding asg cis-regulatory
sequences cooperatively with a MADS-box transcription regulator, Mcm1 (Tsong et al., 2003). Z
rouxii, which branched from the S. cerevisiae lineage prior to the loss of the a2 gene, should maintain
both the a2 activation and the a2 repression of asgs (Tsong et al., 2006; Baker et al., 2012). In
Lachancea kluyveri haploid cells, a2 deletion induces the transcription of the asgs AGAI1 and AGA2,
while a2 deletion decreases the asg transcript levels (Baker et al., 2012). However, to the best of
our knowledge, no evidence has been provided until now about the consequences of a2 gene
deletion in diploid cells which retain a2 gene. As al is still expressed in Z. rouxii MATaA/MATa
hemizygous cells, we speculate that a2 silencing could be a promoter-driven event directly or
indirectly regulated by a2. Furthermore, in our MATaA/MATa model, the ags were expressed even
when a2 was switched off by the MATa2 deletion, supporting the existence of an asgs hybrid

regulatory network in Z. rouxii.

Concluding remarks

This study recharges the pattern of MTL loci in the allodiploid strain ATCC 42981 R. By taking
advantage from ONT technology, we captured a novel MATa cassette which did not correspond to
the expected T and P counterparts, providing preliminary evidences that a third haplotype

contributes to this genome. The differences between ATCC 42981 R and JCM22060 support that
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MTLs are a root source of genetic variation, leading to novel chimeric MTL cassettes, to different
cell identities and, consequently, to distinct phenotypic behaviors. While further researches are
required to investigate mechanisms responsible of this extensive MTL reshaping, our results confirm
that these yeast stocks are genetically unstable (Watanabe et al., 2013; Bizzarri et al., 2018). We
also demonstrated how HMR/HML silencing is crucial to establish the cell identity, as leakage in HML
silencing prevents allodiploid cells deleted for the MATa® locus, to behave like haploids. How
allodiploid cell modulates a2 expression via a2 transcriptional factor represents an unexplored

regulatory circuit that has to be investigated in future.
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CHAPTER 9: ATCC 42981 GENE PREDICTION AND FUNCTIONAL
ANNOTATION

Introduction

Interspecies hybridization between two haploid parental species, which results in sterile
allodiploids, may represent the first step in yeast speciation when genome duplication allows the
recovery of fertility and mating competence (Marcet-Houben and Gabaldon, 2015).

Previous studies suggested that inside the Zygosaccharomyces rouxii clade, the ATCC 42981 strain
was an allodiploid formed after hybridization between two strains of Z. rouxii and Z. pseudorouxii,
since ribosomal RNA gene sets and several Z. rouxii genes responsive for the peculiar osmo- and
halo-tolerance (sodium membrane pumps and enzymes involved in glycerol production and
accumulation) were duplicated (Gordon and Wolfe, 2008). Random sequencing reads from a
genomic plasmid library showed a limited nucleotide divergence between the putative parental
genomes (4%-15%). Nevertheless, fertility and mating assays revealed that ATCC 42981 was unable
to sporulate (Bizzarri et al., 2016). Different cytological and molecular mechanisms could be
responsible for this phenotypic inability, such as homeomologous chromosomes miss pairing and
the lack of interaction or the malfunctioning of interacting alleles derived from divergent genomes
(Bateson-Dobzhansky-Muller model) (Liti et al., 2006; Morales and Dujon, 2012).

Inferring genome-wide incompatibility at the molecular level requires the availability of ATCC 42981
whole genome sequence. The plasmid genome library covered just the 0.5% of ATCC 42981 genome
size that was previously estimated to be around 21.9 + 0.2 Mb by flow cytometry (Solieri et al.,
2008).

The recovery of parental haplotypes from heterozygous diploid genomes is a challenging task by
standard assembly pipelines, which use short-read sequencers output. The collapsing of
homozygous regions and multiple contig assignments of heterozygous sequences often result in
highly fragmented assembly. In the case of ATCC 42981 genome sequencing, we tried to circumvent

this caveat adopting a hybrid approach that uses high quality MiSeq short reads to correct errors in
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the MinlON long reads and an assembling pipeline specifically designed for resolving parental
haplotypes in hybrid genomes (Ye et al., 2016; Pryszc and Gabalddn, 2016; Bizzarri et al., 2018).

Frequently post-hybridization recombination events and loss of heterozygosity occurred after
interspecific mating. We took advantage of the released annotated genome of Z. rouxii haploid type-
strain CBS 7327, along with syntheny conservation in pre- and post-WGD species to reconstruct the
parental contribution to ATCC 42981 gene repertoire. To this aim, we integrated two annotation
pipelines, which exploited ab initio as well as evidence-based approaches for gene model prediction

and functional annotation.

Materials and Methods

Gene prediction and functional annotation

To perform gene prediction and annotation we used two alternative pipelines: the Yeast Genome
Annotation Pipeline (YGAP) (Proux-Wéra et al., 2012) and Funannotate pipeline
(https://github.com/nextgenusfs/funannotate) (Palmer, 2016). Pipeline annotations flow-chart is
outlined in Figure 1. Default parameters were set for YGAP, except for the status of the species,
which has been switched from pre- to post-WGD species with no frameshift correction.

Proteome from Z. rouxii CBS 732"and UniProt fungi dataset (uniprot.sprot.fungi.dat.gz) (The UniProt
Consortium, 2012) provided Evidence-based prediction for the Funannotate pipeline.

Ab initio gene predictor Augustus (Stanke et al., 2006) was trained with BUSCO2 orthologs for
Saccharomycetales (saccharomycetales_odb9.tar.gz) (Simao et al., 2012).

Functional annotation of predicted genes was performed including in Funannotate pipeline
InterProScan 5 (Jones et al., 2014), antiSMASH 3.0 (Weber et al., 2015), Phobius (Kall et al., 2005)
and EggNOG (Cepas et al., 2016).

Non-coding RNAs (ncRNA) were inferred with tRNAscan-SE (Lowe and Eddy, 1997) for transfer RNA
(tRNA) genes and with Blastn for ribosomal RNA (rRNA) genes using Z. rouxii CBS 732" rRNA genes
as query (XR_002648416, XR_002648417, XR_002648418, XR_002648419, XR_002648420,
XR_002648422, XR_002648423, and XR_002648424). Mitochondrial DNA (mtDNA) was annotated
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by Blastn using Z. rouxii CBS 732" COXII gene (AF442248.1) and full-length Zygosaccharomyces mellis
strain Y-12628 mitochondrial genome (KU920675).
Genome annotation metrics was produced by COGNATE v1.01 (Wilbrandt et al., 2017).

Figure 1. Flow-chart of the pipelines used for ATCC 42981 gene prediction and genome annotation.
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Orthologous cluster and GO terms annotation

Annotation datasets generated by both pipelines were exploited to identify orthologous clusters
between Z. rouxii type-strain CBS 732" and the allodiploid Z. rouxii ATCC 42981. Proteome from CBS
732" genome project (PRINA39573) was used as reference. OrthoVenn web server provided cluster

analysis among putative orthologs (with default E-value and Inflation value) (Wang et al., 2015b).
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OrthoVenn inferred putative functions of orthologous clusters in Venn diagram in overlapping

regions using fungi pre-computed GO Slim sets.

KEGG pathway mapping

KEGG Orthology (KO) for the five main categories (metabolism, genetic information processing,
environmental information processing, cellular process and human disease) was determined
exploiting the YGAP annotation dataset, which was more conservative than Funannotate annotation
dataset (Ogata et al., 1999). Z. rouxii CBS 732" orthologs were retrieved from YGAP annotation
pipeline, kindly modified by Ortiz-Merino and colleagues (UCD Conway Institute, School of
Medicine, University College Dublin, Ireland).

The associated KO terms were provided by BlastKOALA tool and mapped in pathways by KEGG
Mapper - Search Pathways (Kanehisa et al., 2015).

Gene products mapped on yeast meiosis pathway (ID: 04113) were manually curated by directly
blasting both ATCC 42981 annotations against Z. rouxii CBS 732" orthologs and amino acid identity
was calculated along with CBS 7327 : ATCC 42981 gene copy number ratio. To recover IME1 gene

product missing in CBS 7327 KO annotation, we performed blasting against S. cerevisiae proteome.

Syntheny map reconstruction

Syntheny block reconstruction between the reference CBS 732" chromosomes (genome project:
PRINA39573) and ATCC 42981 scaffolds was performed by SynChro (Drillon et al., 2014). SynChro
algorithm identifies the syntheny blocks relaying on a series of anchored Reciprocal Best Hits (RBH)
between putative orthologous, which co-localize along chromosomes and scaffolds in the two
compared annotation datasets. For CBS 732" the GenBank deposited proteome was compared with
annotated proteins in ATCC 42981, considering the two annotation pipelines separately. SynChro
was run with the highest syntheny block stringency by setting the A parameter to 2.

Colinearity among ATCC 42981 scaffolds was reconstructed using putative homeologs identified by
YGAP pipeline: gene products annotated as similar to the same CBS 732" orthologs were considered
homeologs. Relationships among ATCC 42981 scaffolds were represented using shinyCircos tool (Yu

and Yao, 2018).
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Results

Gene prediction and functional annotation

YGAP and Funannotate pipelines resulted in an equivalent number of protein-coding genes: 11,031
and 11,117, respectively. However, the detailed prediction metrics showed a different distribution
in genomic features between the two pipelines (Tables 1, 2). Generally, YGAP reported a wider
distribution of the genomic features compared to Funannotate. The average number of transcript
and CDS data per scaffold were similar (YGAP vs Funannoate: 334.27 vs 318.48 transcript/scaffold
and 670.21/410.72 CDS/scaffold). Transcripts predicted by Funannotate were, on average, longer
(1334.7 vs 1500.56). However, the mean individual length of CDS, exon and intron were higher in
genes predicted by YGAP (Tables 1, 2). The most evident discrepancy affected the mean protein
length (888.21 vs 488.45).

Among ncRNAs we annotated one complete set of rDNA genes (5S, 5.8S, 18S and 26S) on scaffold
05, while the second rDNA set on scaffold 22 lacked of the gene coding for 5S ribosomal subunit.
According to Gordon and Wolfe (2008), ATCC 42981 cloned rDNA from T (AM943656) and P
(AM943657) subgenomes differed for a single nucleotide polymorphism (SNP) in 5.8S and some
deletions in ITS1 and ITS2. Genotyping of the two assembled rDNA attributed rDNA set on scaffold
5to T subgenome and rDNA set harboured by scaffold 22 to P subgenome.

Based on YGAP annotation, we counted a total of 635 tRNAs; 14 of them were annotated as no true
tRNAs by the program tRNAscan-SE, owing to the lacking of a proper predicted secondary structure.
Each ATCC 42981 scaffold contained tRNA, with the exception of scaffold 30 (tRNA count range per
scaffold goes from 65 to 1). The scaffold with the highest tRNA densisty (i.e. tRNA counts/scaffold
length) was scaffold 29 with 59.7 tRNA/100,000 bp. While, scaffold 02 contained the lowest number
of tRNA (0.7 tRNA/100,000 bp). tRNA codons for Lysine (tK-cuu) and Glycine (tG-gcc) residues are
the most represented (36 and 40, respectively). tRNA codons for Isoleucine (tl-uau), Leucine (tL-gag)
and Arginine (tR-ccg) are the less abundant.

Concerning mitochondrial DNA (mtDNA), we annotated Z. mellis mtDNA on ATCC 42981 scaffold 32
(34,123..28,690) with a query coverage of 23.0% and an identity of 96.0%. The annotated mtDNA
spanned from the 3’ end of exon 1 to 5 end of exon 4 of COX/ gene. When we blasted the only

mtDNA available in GenBank for Z. rouxii CBS 732" (COXII gene), we annotated three copies: two of
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them on scaffold 29 (12056..12640; 45483..46067) with 100.0% identity and coverage, and the third
one was on scaffold 32 (4579...3995) with 98.1% identity and 100.0% coverage.

Table 1. YGAP ATCC 42981 genome functional annotation metrics summary. The open-source
command-line tool COGNATE v1.01 (Wilbrandt et al., 2017) produced the detailed description of
the respective gene and genome structure parameters. Individual lengths of genome features are

in nucleotide (nt) and aminoacids (aa). Abbreviations: st. dv., standard deviation; scaff, scaffold; wo,

without.
Genome .. . . .
Parameter Minimum Maximum Media Median St. dv.
feature
Transcript count per
2.00 977.00 334.27 206.00 321.56
. scaffold
Transcript data -
Transcript coverage
per scaffold ]
(added transcript 0.01 0.75 0.53 0.69 0.26
length/scaff lenght
CDS data per CDS count per
4.00 1962.00 670.21 414.00 644.84
scaffold scaffold
Exon data per Exon count per
2.00 985.00 335.94 208.00 323.28
scaffold scaffold
Scaffold 8827.00 1903919.00 633638.15 400395.00 597839.03
Transcript (genomic) 57.00 14841.00 1334.67 1071.00 1066.50
Individual Protein 38.00 9894.00 888.21 712.00 711.20
lengths CDS 17.00 14841.00 1321.78 1059.00 1067.09
Exon 17.00 14841.00 1320.10 1059.00 1067.00
Intron 55.00 552.00 146.31 83.00 133.22
CDS 17.00 14841.00 1330.69 1068.00 1068.08
Median lengths
R Exon 55.50 14841.00 1331.90 1068.00 1066.97
per transcript
Intron 27.50 276.00 73.95 41.75 66.97
Transcript 13.61 61.98 41.11 40.74 3.47
Transcript
Lo 13.61 61.98 41.11 40.74 3.47
(wo ambiguity)
CDS 13.61 61.98 41.13 40.76 3.52
Individual GC CDS (wo ambiguity)  13.61 61.98 41.13 40.76 3.52
content
Exon 13.61 61.98 41.13 40.76 3.52
Exon (wo ambiguity)  13.61 61.98 41.13 40.76 3.52
Intron 24.66 51.88 34.72 34.23 5.63
Intron (wo ambiguity)  24.66 51.88 34.72 34.23 5.63
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Table 2. Funannotate ATCC 42981 genome functional annotation metrics summary. The open-
source command-line tool COGNATE v1.01 (Wilbrandt et al., 2017) produced the detailed
description of the respective gene and genome structure parameters. Individual lengths of genome

features are in nucleotide (nt) and aminoacids (aa). Abbreviations: st. dv., standard deviation; scaff,

scaffold; wo, without.

Genome L. . ] .
Parameter Minimum Maximum  Media Median St. dv.
feature
Transcript count per
2.00 944.00 318.48 202.00 307.05
. scaffold
Transcript data -
Transcript coverage
per scaffold i
(added transcript 0.06 0.78 0.69 0.75 0.17
length/scaff lenght
CDS data per CDS count per
7.00 1093.00 410.73 280.00 329.48
scaffold scaffold
Exon data per Exon count per
7.00 1093.00 410.73 280.00 329.48
scaffold scaffold
Scaffold 8827.00 1903919.00 633638.15 400395.00 597839.03
Transcript
. 153.00 14781.00 1500.58 1212.00 1144.26
(genomic)
Individual Protein 50.00 4926.00 488.45 398.00 368.21
lengths
& CDS 3.00 14781.00 1138.59 882.00 1042.78
Exon 3.00 14781.00 1138.59 882.00 1042.78
Intron 18.00 2932.00 113.26 54.00 216.78
CDS 22.00 14781.00 1317.14 1062.00 1028.73
Median lengths
. Exon 22.00 14781.00 1317.14 1062.00 1028.73
per transcript
Intron 9.00 847.00 48.86 36.00 55.58
Transcript 8.21 59.28 40.93 40.58 3.26
Transcript
. 8.21 59.28 40.93 40.58 3.26
(wo ambiguity)
CDS 0.00 75.00 40.88 40.56 4.05
Individual GC CDS (wo ambiguity)  0.00 75.00 40.88 40.56 4.05
content Exon 0.00 75.00 40.88 40.56 4.05
Exon (wo ambiguity) 0.00 75.00 40.88 40.56 4.05
Intron 9.52 73.33 39.54 38.78 7.88
Intron (wo
- 9.52 73.33 39.54 38.78 7.88
ambiguity)
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Orthologous cluster and GO terms annotation

OrthoVenn identified 4813 orthologous clusters (including 17,246 sequences) shared between Z
rouxii CBS 732" and ATCC 42981, considering both annotation methods (Fig. 2). The clustered
sequences covered 97.1%, 56.53% and 59.77% of the input protein sequences from CBS 7327, ATCC
42981 annotated with YGAP and ATCC 42981 annotated with Funannotate, respectively.

A minimal fraction of annotated genes clustered separately for YGAP (0.62%) and for Funannotate
(0.57%). Five gene clusters did not find the corresponding putative orthologous in ATCC 42981,
regardless of the annotation approach. Best reciprocal blast between CBS 732" proteome and YGAP
ATCC 42981 in silico annotated gene products validated four out of five independently OrthoVenn
clustered proteins. OrthoVenn, using UniProt database, annotated 92.66% of orthologous clusters
(4,460). Top 20 GO terms, divided in biological processes, molecular function and cellular

component, are represented in Figures 3, 4 and 5.

Figure 2. Venn diagram showing the distribution of shared gene families (orthologous clusters)
among Z. rouxii CBS 732" and ATCC 42981, considering YGAP and Funannonate gene prediction

methods.
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Figure 3. Top 20 slimmed biological process GO. OrthoVenn assigned the GOSlim terms for
biological process category to the corresponding orthologous cluster. Orthologous cluster
annotation was made for the haploid reference type-strain Z. rouxii CBS 7327, ATCC 42981 genome
annotated with YGAP (Proux-Weira, 2012) and for ATCC 42981 genome annotated with

Funannotate pipeline (Palmer, 2016).

Top 20 slimmed biological process GO

m GO:0008150 = GO:0009987 = GO:0008152 G0:0044237 = G0O:0006807

m GO:0065007 = GO:0043170 = GO:0016070 = GO:0046483 = G0:0044238

m GO:0006725 = GO:0006139 = GO:0051179 = GO:0016043 GO:0006996
GO:0006810 = GO:0050896 = GO:0006793 = GO:0051641 = Others (<1,6%)
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Figure 4. Top 20 slimmed cellular component GO. OrthoVenn assigned the GOSlim terms for the
cellular component category to the corresponding orthologous cluster. Orthologous cluster
annotation was made for the haploid reference type-strain Z. rouxii CBS 7327, ATCC 42981 genome
annotated with YGAP (Proux-Weira, 2012) and for ATCC 42981 genome annotated with

Funannotate pipeline (Palmer, 2016).

Top 20 slimmed cellular component GO

m GO:0044464 = GO:0005622 = GO:0005575 G0O:0005634 = (G0O:0043229

= GO:0043226 = GO:0016020 = GO:0043234 = GO:0005739 = GO:0005783

m GO:0005684 = GO:0005794 = GO:0005856 = GO:0005773 G0O:0030529
GO:0005730 = GO:0005840 = GO:0043232 = GO:0005768 = Others (<0,6%)
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Figure 5. Top 20 slimmed molecular function GO. OrthoVenn assigned the GOSlim terms for
molecular function category to the corresponding orthologous cluster. Orthologous cluster
annotation was made for the haploid reference type-strain Z. rouxii CBS 7327, ATCC 42981 genome
annotated with YGAP (Proux-Weira, 2012) and for ATCC 42981 genome annotated with

Funannotate pipeline (Palmer, 2016).

Top 20 slimmed molecular function GO

3,31%

9,79%
7,72%
8.17% 9,16%

8,20%
= G0O:0043167 = GO:0000166 = GO:0003676 G0:0005488 w G0O:0016740 = G0O:0001832 = GO:0016787
® GO:0005215 = GO:0016491 = GO:0005515 = GO:0005198 = GO:0003674 = GO:0048037 = GO:0016874

G0:0030234 GO:0008233 = GO:0004386 = GO:0016829 = GO:0016853 = Others (<1%)

KEGG pathway mapping

The annotated sequences coding for proteins by YGAP pipeline were mapped on reference
canonical pathways contained in KEGG database. Out of 10,821 putative proteins, 6,364 (58.8 %)
were annotated on putative Z. rouxii CBS 732" orthologs and 4,301 (39.7%) were assigned to KO

terms.
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Among the main functional categories (excluding human diseases), KEGG Orthology analysis showed
that the most represented one was metabolism category (1,223), followed by genetic information
processing (859) (Fig. 6). In metabolism category, the amino acid metabolism associated KO terms

were prevalent, followed by carbohydrate (221) and lipid metabolisms (143).

Figure 6. KEGG metabolism pathway categories assigned to ATCC 42981 YGAP annotated gene

products.
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We focused on the analysis of yeast meiosis pathway and all the 79 KO terms previously mapped in
Z. rouxii CBS 732" were successfully mapped also in ATCC 42981 (Fig. 7). These 79 KO terms did not
include MAT loci and IME1. Therefore, we manually included the Imel putative protein (K12764)
that was not mapped in CBS 732" meiosis pathway. KO terms were assigned to a total of 205 protein
sequences and the majority of them was in a 1:2 CBS 732": ATCC 42981 gene copy ratio.

In this case, protein identity ranged from 72.4% to 100.0%. A few CBS 732" gene products had more
than two corresponding orthologs in ATCC 42981. In particular, Cdc15, SIk19, Cdc7 and Dbf4 had 1:3
gene copy ratio; PKA had 2:4 gene copy ratio, Glc7and Dcd1 had 3:6 gene copy ratio and Hxt had
4:9 gene copy ratio. In this case, protein identity ranged from 79.0% to 100.0% (Fig. 7).
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Figure 7. Graphical diagram representing the KEGG meiosis pathway in yeast. Coloured boxes represent putative gene products in ATCC 42981

annotated in KEGG pathway. Different colours indicate CBS 7327 : ATCC 42981 different gene copy ratios.
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Syntheny map reconstruction

SynChro exploited the RBH identification to map the ATCC 42981 scaffolds corresponding to the T
subgenome to CBS 732" chromosomes (from A to G). Both ATCC 42981 annotation datasets from
YGAP and Funannotate pipelines resulted in the same chromosomal painting representation. For
brevity, Figure 8 only shows the Funannotate scaffolds. Ten scaffolds, out of a total of 33, were
assigned to T subgenome. Among them, four scaffolds (numbered 01, 02, 04 and 07) covered almost
the corresponding CBS 732" whole chromosomes, while each of Z. rouxii chromosomes A, E and F
were fragmented into two ATCC 42981 scaffolds. The almost complete reconstruction of splitted
CBS 732" chromosomes was achieved by manual inspection of ATCC 42981 scaffold reciprocal

orientation.

Figure 8. Chromosomal painting representation of ATCC 42981 scaffolds mapped on reference Z.
rouxii CBS 732" chromosomes. CBS 732" chromosomes are indicated with capital letters from A to
G, while ATCC 42981 scaffolds are numbered from 01 to 33. Colours are in accordance to syntheny

blocks determined by RBH between the two proteome datasets.
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The syntheny map showed that inversions affected the ends of some scaffolds, due to putative
chromosomal rearrangements and/or to miss-scaffolding in ATCC 42981 (Fig. 9).

In particular, three inversion events are evident at the 5’ end of scaffold 07 (corresponding to
chromosome C), two at the 3’ end of scaffold 02 (corresponding to chromosome D), two at the 5’
end of scaffold 15 (corresponding to chromosome F), two at the 3’ end of scaffold 13 (corresponding
to chromosome F), and finally one inversion at the 3’ end of scaffold 01 (corresponding to
chromosome G). All the inversions involved non RBH linked orthologs.

ATCC 42981 homeomologs links representation showed that most of the genome assembly was
duplicated, suggesting a hybrid origin (Fig. 10). Most of the ATCC 42981 scaffolds showed
collinearity with at least one scaffold that SynChro mapped on CBS 732" chromosomes (T
subgenome), that are coloured in Figure 10. Only short sections at the end of scaffolds 06 and 16 (P
subgenome) displayed collinearity with scaffolds 09 and 10 (T subgenome), suggesting miss-
assemblies. ATCC 42981 shortest scaffolds (< 141.689 bp) lacked of or had a few homeologous
(scaffolds 19, 20, 21, 24, 25, 27, 28, 29, 30, 31, 32 and 33), except of scaffold 22.
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Figure 9. Detailed syntheny map among syntheny blocks with all homology relationships and syntheny breakpoints between CBS 7327

chromosomes (C, D, F and G) and ATCC 42981 scaffolds. In green are represented links between two RBH genes and in red between orthologs non

RBH linked.
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Figure 10. Circos plot of relationships among the Z. rouxii ATCC 42981 chromosomes. In the outer
arc, coloured segments represent scaffolds attributed to T subgenome from CBS 7327 by SynChro.

Arcs in the centre of diagram link homeomologs.
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Discussion

For the allodiploid Z. rouxii ATCC 42981 genome annotation, we tested two alternative annotation
pipelines mainly based on homology and syntheny conservation (YGAP) and ab initio and evidence-
based prediction (Funannotate). Both methods detected an equivalent number of genes: 11,031
and 11,117, respectively. The protein coding ORFs annotated by YGAP represented the 69.4% of
ATCC 42981 whole genome sequence. Protein coding genes provided with introns represented a
small fraction (0.95%). On the contrary, Funannotate produced a more fragmented gene structures:
genes provided with introns accounted for 14.5% with a genome coverage of 74.0%.

The sensitivity of the two pipelines in detecting the CBS 732" orthologs by cluster analysis (see
below) was similar. YGAP annotated gene products have been included in Funannotate pipeline as
evidence-based protein dataset. Therefore, the contribute of ab initio gene prediction in
Funannotate pipeline decreased the gene prediction quality, this could be due to a suboptimal self
and data set training of Genmark-ES and Augustus using Saccharomycetales database.

The analysis of protein identity of homeomologs gene products revealed a limited divergence
between T and P parental subgenomes. The Z. rouxii genome complement (T subgenome) and its
syntheny information are included as training data set in YGAP. The close phylogenetic distance
between T and P parental subgenomes probably makes YGAP pipeline, alone, enough accurate in
gene prediction, while the introduction of ab initio tools trained with a more divergent dataset
increased the background noise without any sensitivity improvement.

Cluster analysis of gene products by OrthoVenn showed that these two pipelines shared around
72% of the predicted genes. Among them, about the 44% represented putative homologs in the
haploid reference CBS 732" genome. Since the clustering was performed by setting the highest
stringency E-value (10°) and inflation value (1.5), the remaining fraction probably belongs to the
non Z. rouxii parental complement in agreement with the hybrid nature of ATCC 42981 genome, or,
alternatively, represents a small fraction of inaccurate gene annotations. Most of the shared
predicted genes received a GO functional annotation. Among the top 20 biological process terms,
two of the most represented were the nitrogen compound (G0O:0006807) and the heterocycle
(GO:0046483) metabolic processes (Fig. 3). Both of them are involved in the production of flavor
compounds in fermented foods, such as soy sauce and miso, by Valine, Leucine, Isoleucine and

Alanine degradation.
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The first degradation pathway (KEGG 1D:00280) exploites Valine, Leucine and Isoleucine as
precursors to generate secondary flavor compounds, such as isoamyl alcohol, isobutyl alcohol,
isobutanol, 2-methylpropanol, 2-methylbutanol and 2-phenylethanol (Jansen et al., 2003; Van der
Sluis et al., 2001). In Z. rouxii CBS 7327, this metabolic pathway includes multicopy genes: two copies
of ARO8 (ZYRO0C06028g), ARO9 (ZYRO0C06028g) and ADH1 (ZYROOB05940g) genes; three copies
of THI3 (ZYRO0A08426g), ARO10 (ZYROOF01606g), PDC1 (ZYROOA08426g), PDC5 (ZYROOA08426g)
and PDC6 (ZYROOA08426g). In CBS 7327, these genes are located on different chromosomes (Chr. A,
B, C, E, F and G). We also found single copy genes, such as BAT1 (ZYRO0G00396g) and SFA1
(ZYROOF11704g). YGAP annotation pipeline failed in retrieving S. cerevisiae ortholog to ADH4
aldeide dehydrogenase. Indeed, also in CBS 7327, as in other pre-WGD species included in YGOB
database, the function of this enzyme is shared with ADH1 and SFA1 genes.

The second degradation pathway involves Alanaine as precursor to generate 4-Hydroxy-2(or 5)-
ethyl-5(or 2)-methyl-3(2/f)-furanone (HEMF), which is a key antioxidant and flavour compound in
soy sauce (Sasaki et al., 1991, 1996; Ohata et al., 2007; Uehara et al., 2017). In CBS 7327, we found
only one copy of the gene coding for the secondary metabolic compound HEMF (ZYRO0G05984g),
to which no KO was assigned.

Overall, in accordance with the hybrid nature of ATCC 42981 allodiploid genome, we annotated two
orthologs for each gene. The protein identity range with CBS 732" for each ATCC 42981 ortholog
pair spanned on average from 82.0 to 100.0%. Accordingly, syntheny mapping with SynChro showed
that for each ortholog pairs, T subgenome harboured one copy and P subgenome contained the
second one.

Among the top 20 cellular components, the three GO terms associated to the nucleus (GO:0005634),
organelle (GO:0043226) and membrane (GO:0016020) are equally distributed, suggesting that the
genome annotation was not biased towards a particular cytological district (Fig. 4).

lon binding GO term (G0:0043167) resulted the most represented one in the top 20 molecular
functions (Fig. 5). This finding is consistent with the genome enrichment in ion membrane
transporter coding genes due to the high ATCC 42981 tolerance to solutes, weak organic acids and
xenobiotics and to its peculiar adhesive phenotype. In particular, ATCC 42981 multicopy genes
found orthologs for ABC transporters, plasma membrane multidrug transporters and flocculation in
CBS 7327 (XP_002497583, XP_002496702, XP_002494950, XP_002497211). A similar enrichment in
metal cation transporter encoding genes was observed in the extremely halotolerant black yeast

Hortaea werneckii (Lenassi et al., 2013).
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Most of gene products annotated by YGAP and Funannotate pipelines were mapped on KEGG
pathways: 63.1% and 62.0%, respectively. KO terms are equally distributed among the main KEGG
class pathways (Fig. 6). Concerning metabolism class, the most represented pathways were
carbohydrate and amino acid metabolisms. A high number of KO terms were attributed to
translation among the genetic information class. Considering the remaining pathways, signal
transduction, cell growth, death, transport and catabolism were particularly enriched in KO terms.

Another main trait of ATCC 42981 is the inability to produce gametes. Therefore, we focused on
KEGG meiosis pathway gene members in order to unravel possible molecular causes of this sterility.
KO annotation showed that the meiosis pathway in ATCC 42981 was complete, since all the CBS
7327 orthologs that mapped on this pathway were present. Each KO term was attributed to, at least,
two genes: one from T and the other from P subgenome. Nine KO terms were mapped on multicopy
ATCC 42981 genes (Fig. 7). Four of them were indeed multicopy also in CBS 732" with a gene copy
ratio between orthologs CBS 732T:ATCC 42981 2:4, 3:6 and 4:9. These findings suggest that probably
gene loss is not responsible for ATCC 42981 sterility, since all gene members of meiosis pathway are
present, at least, in two copies belonging to T and P subgenomes. It cannot be excluded that other
molecular mechanisms, such as gene products or cytogenetic incompatibilities could account for
post-zygotic barriers.

Reconstruction of syntheny blocks by RBH using SynChro identified scaffolds that mapped on T
subgenome. Both proteome data set from YGAP and Funannotate pipelines gave the same results.
Full representation of CBS 732" complement was achieved: chromosomes B, C, D, E and G were
covered by a single ATCC 42981 genome scaffold, while chromosomes A and F mapped mainly on
two scaffolds (Fig. 8). However, in these cases the detailed analysis of syntheny blocks allowed the
relative scaffolds orientation on reference chromosomes and the localization of the breakpoint
regions. For chromosome A, syntheny of ATCC 42981 scaffolds 09 and 10 was interrupted by genes
without RBH orthologs, which mapped on scaffold 11. For chromosome F, the loss of syntheny
between scaffolds 13 and 15 was due to inverted RBH orthologs. The left ATCC 42981 twenty four
scaffolds putatively belong to P subgenome or alternatively are too short (<10,000 bp) to provide
enough syntheny block length and/or harboured prevalently non protein coding genes.

P subgenome reconstruction was based on the identification of the homeomologs gene pairs
through YGAP annotation: two ATCC 42981 gene products were considered homeomologs when
mapped on the same CBS 7327 ortholog and were harboured by different scaffolds. Most of ATCC

42981 homeomologs, which mapped on T subgenome, formed collinear pairs with genes on

236



Partll Results: Chapter 9

scaffolds not assigned to Z. rouxii by reciprocal blast (Fig. 9). Moreover, sections of Z. rouxii-like
scaffolds are collinear with sections of P subgenome scaffolds. Relaying on homeomolog pairs, ATCC
42981 eleven scaffolds were attributed to P complement, while the assignment of the left shorter
scaffolds remained uncertain. The presence of false negative homeomologs was checked by
manually blasting the gene products harboured by these shorter scaffolds against ATCC 42981 and
CBS 732" proteomes. As a result, most of these ORFs displayed partial aa identity and query coverage
(on average >74%) with CBS 732" putative orthologs and ATCC 42981 putative homeomologs.
However, the subjects’ coverage was often less than 50% and a few of these proteins corresponded
to a CBS 732" multicopy genes. As a whole, these findings suggested that the homeomologs
detection, based on YGAP and cluster analysis, was sub-optimal owing to many fragmentary genes
and sequencing artefacts produced by the hybrid assembling approach and/or by the presence of

relics of a further divergent N (new) parental subgenome.

Concluding remarks

e YGAP pipeline, based on post-WGD gene homology and synteny conservation, was more
accurate than Funannotate pipeline in ATCC 42981 gene prediction and genome annotation.

e Orthologs cluster analysis, syntheny mapping and homeomologs identification confirmed
the hybrid origin of ATCC 42981 genome, which includes at least two parental haplotypes.

e The analysis of protein identity among putative orthologs with reference Z. rouxii type-strain
CBS 732" ranged was about 80-100%, suggesting that one of the two parentals was Z. rouxii-
like (named T subgenome) and the other one was phylogenetically close related (named P
subgenome).

e ATCC 42981 shorter scaffolds were enriched of ORFs coding for proteins with a higher level
of divergence than that between T and P subgenome gene products, suggesting the
occurrence of recursive hybridization events involving more than two parentals.

e Most of ATCC 42981 genome was duplicated in collinear subgenomes, supporting that the
hybridization event occurred recently with limited chromosomal rearrangements or gene

loss.
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In accordance to the high ATCC 42981 tolerance to environmental stresses, functional
annotation revealed a genome enrichment in genes belonging to ion binding, flocculation,
aromatic and heterocycle compounds GO terms.

Meiosis pathway analysis highlighted that parental subgenomes equally contributed to the
sex reproduction gene repertoire, since all pathway members were duplicated and, in a few
cases, extra copies were also detected. This finding supports that ATCC 42981 hybrid sterility

is not related to gene loss, but might be due to functional network incompatibility.
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Summarising Discussion

This thesis deals with the non-conventional yeasts belonging to the Z rouxii species complex.
Inhabiting stressful environmental and food-related niches, they represent promising
microorganisms for future development in bio-economy and industrial biotechnology and
encompass relevant species for fermentative bioprocesses and foodstuff spoilage.

We decided to focus the attention on non-conventional yeasts, since they are attracting increasing
attention in basic research and biotechnological applications. Due to their exceptional metabolic
pathways, they have been used in various biotechnological processes for producing foods or food
additives, drugs or a variety of biochemicals.

Among Z. rouxii strains, we chose ATCC 42981 allodiploid strain as a case of study, since it shows
interesting industrial features, such as great fermentative performance even at high salt and sugar
concentrations. However, despite these properties, ATCC 42981 cannot be used in strain
development due to its sterility, which precludes genetic analysis and prevents the application of
breeding programs.

Since the breeding system and lifestyle are crucial in shaping the biodiversity of yeasts, we
investigated the role of mating-type regions (MAT) and the MAT-encoded transcriptional factors in
governing downstream effectors involved in ATCC 42981 cell-type development, such as mating,
meiosis commitment and adhesive phenotype.

To investigate the genetic and molecular basis of hybrid sterility we developed synthetic biology
tools and genetically engineered approaches that will be useful for future analysis aimed to restore
complex phenotypic traits in hybrid and sterile yeasts, leading to improved industrial phenotypes.
Every chapter of this thesis has its own discussion section. Here | will summarize some broader
implications of my research, which can be grouped into three main categories: methodology,

genomics and functional study.
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Methodology: The methodological results span two information levels. Firstly, synthetic
tools and protocols were developed and validated to genetically manipulate Z. rouxii
allodiploid and prototrophic strains. These advances circumvent the paucity of selectable
markers, which, coupled with diploidy and variable transformation efficiency, makes Z. rouxii
knockout of a single or a few genes a considerable task. These improvements also promise
to expand our capabilities in the biotechnological exploitation of this non-conventional
species, which displays a variety of interesting but yet poorly explored industrial traits.
Secondly, we provided a comprehensive workflow, starting from HMW gDNA extraction to
hybrid de novo assembly, which circumvents the numerous challenges in sequencing the
highly heterozygous genomes. ATCC 42981 sequencing and assembly strategy relied on
MinION long reads and MiSeq short reads and allowed the assembling of hybrid genome into
a relatively reduced number of scaffolds in a reasonable amount of time and using limited

hardware resources.

Genomics: ATCC 42981 genome complements were successfully distinguished in a Z. rouxii-
like T subgenome and a divergent P subgenome through synteny mapping with Z. rouxii
reference haploid type-strain CBS 732". In addition, traces of a third haplotype were
recovered, suggesting an evolutionary model based on recursive hybridization. In
accordance to the peculiar ATCC 42981 adaptation to salt stresses, functional annotation
revealed a genome enrichment in genes belonging to ion binding and flocculation. Genes
coding for aromatic and heterocycle compounds were also found enriched in agreement
with the ATCC 42981 capability to produce aa-derived secondary metabolites. Comparative
genomics further revealed that most of the meiotic genes were duplicated in ATCC 42981,
indicating that in this strain post-zygotic barriers that hamper sporulation could be related
to transcriptional and/or post translational incompatibilities between T and P subgenomes,

rather than a mere gene loss.

Functional study: MTL loci turned out to be reasonable candidates for transcriptional and/or
post translational incompatibilities, which regulate cell identity and meiosis commitment in
the model yeast S. cerevisiae. Preliminary analysis of MTL loci in two stocks of the reference
strain Z. rouxii CBS 7327, demonstrated that these loci are recombination hot spots. Cells

undergone mating-type switching displayed different MATa2 copy variants, leading to intra-
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strain genetic and phenotypic variability. In ATCC 42981 MTL repertoire reconstruction was
particularly challenging and required a complex strategy that integrated two different
genome assemblies with long PCR in vitro validation. This strategy succeeded in
demonstrating that ATCC 42981 in-house culture retains a MATa/MATo genotype in contrast
to the sister Japanese stock JCM22060, which only displays MATa. These differences point
out that a chimeric al-a2 heterodimer accounts for ATCC 42981 hybrid sterility, while a
functional al activator of asgs accounts for the JCM22060 ability to mate and regain fertility.
In attempt to rescue ATCC 42981 ability to mate and sporulate, we deleted MATa locus in
ATCC 42981 and tested whether it behaved as MATa haploid. However, the resulting MATa/-
hemizygous mutants did not rescue fertility, as incomplete silencing of chimeric HMLa
cassette masked the loss of heterozygosity at the MAT locus induced by gene deletion.
Overall, these findings highlight the cutting-edge and yet unexplored role of HMR/HML

silencing in establishing or altering allodiploid cell identity.
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CONCLUSION

In this Thesis, we provide a comprehensive picture that enables to understand how the interplay of
at least two phylogenetically divergent haplotypes in ATCC 42981 genome shapes the MTL loci
genomic structure, unlocks the HML silencing mechanism and, consequently, modifies cell identify
circuits, leading to the inability to produce gametes.

Hybridization is an evolutionary force that shapes genome structure, triggers speciation and
modifies regulatory circuits, resulting in phenotypic novelties driving adaptation. The findings arose
from this work represent novel achievements in the field of genomic and functional aftermaths of
allodiploidization in a pre-WGD species, which stands on the crossroad where different and relevant
evolutionary events take their way. Our results improve the understanding of post-zygotic barriers
as relevant factors in determining sterility and provide tools and fruitful suggestions for future
studies on the mechanisms involved in cell identity determination and gene silencing in chimeric
genomes, where differently evolved haplotypes have to cooperate.

Overall, this work provides relevant and groundbreaking advances in the genetic investigation of
the non-conventional yeasts, a field of study still poorly developed and whose corresponding data

are few and dispersed.

The era of the non-conventional yeasts has just begun.

244



245



APPENDIX: LIST OF PUBLICATIONS

246



Appendix: List of publications

1. Cassanelli S., Bizzarri M., and Solieri L. (2016). Recent advances in understanding yeast
genetics of sex determination. Editorial Fungal Genomics & Biology. 6:€122.
doi:10.4172/2165-8056.1000e122

2. Bizzarri, M., Giudici, P., Cassanelli, S., and Solieri, L. (2016). Chimeric sex-determining
chromosomal regions and dysregulation of cell-type identity in a sterile Zygosaccharomyces
allodiploid yeast. Plos One. 11(4), e0152558. doi:10.1371/journal.pone.0152558

3. Bizzarri, M., Cassanelli, S., and Solieri, L. (2017). Mating-type switching in CBS 732" derived
subcultures unveils potential genetic and phenotypic novelties in haploid
Zygosaccharomyces rouxii. FEMS Microbiology Letters. 365(2). doi:10.1093/femsle/fnx263

4. Bizzarri, M., Cassanelli, S., Pryszcz, L. P., Gawor, J., Gromadka, R., and Solieri, L. (2018). Draft
genome sequences of the highly halotolerant strain Zygosaccharomyces rouxii ATCC 42981
and the novel allodiploid strain Zygosaccharomyces sapae ATB301"T obtained using the
MinlION platform. Microbiology Resource Announcements, 7(4). doi:10.1128/mra.00874-18

5. Bizzarri M., Duskova M., Sychrova H., Cassanelli S., and Solieri L. (In preparation).
Development of plasmids harbouring antibiotic resistance selection markers and Cre
recombinase for genetic engineering of non-conventional Zygosaccharomyces rouxii yeasts.

6. Bizzarri M., Cassanelli S., Bartolini L., Pryszcz L. P., Duskovd M., Sychrova H., and Solieri L.
(2018). Interplay of chimeric mating-type loci reconstructed by MinlON sequencing

determines yeast sexual incompetence. Paper accepted for publication in Frontiers in

Genetics.

247



SUPPLEMENTARY MATERIALS

248



Supplementary materials: Chapter 4

Supplementary materials

Chapter 4

Table S1. Yeast strains used in this work. Abbreviations: UMCC, Unimore Microbial Culture Collection.

. . Mating- . . N
Strain Stocks Code Species g. Spore  Ploidy Ratio Citation
type/thallism
UMCC, Reggio Emilia, Itay = CBS 732_R MAToa/homothallic
CBS 732"  Institute of Physiology, Z. rouxii - 1.3 Sacchetti (1932)
Academy of Sciences of CBS 732_P* MAToa/homothallic
the Czech Republic
. - Mosaic . Mori and Onishi (1967);
CBS 4837 UMCC, Reggio Emilia, Itay =~ CBS 4837 lineage MATa/heterothallic + 1.96 James et al., (2005)
. - Mosaic . Mori and Onishi (1967);
CBS 4838 UMCC, Reggio Emilia, Itay =~ CBS 4838 lineage MATo/heterothallic  + 1.90 Solieri et al., (2008)

*a gift from H. Sychrova

249



Supplementary materials: Chapter 4

Table S2. Composition of the media used in this study.

Media

Growth conditions

Usage Abbreviation Composition .
(temperature; time)

Routine
0, [v) 0,
growth YPD 1% w/v Yeast Extrao[:)té 1tfo\;ve/v Peptone, 2% w/v 28°C; 24-48 h
X
YNB5%G 1% w/v Yeast Extract, 5% w/v Dextrose, 6.7 g/I 28°C; 24-48 h
RNA ? Yeast Nitrogen Base
extraction
1% w/v Yeast Extract, 5% w/v Dextrose, 6.7 g/I
YNB5%G NaCl °C; 24-
>%G NaC Yeast Nitrogen Base, 116.8 g/l NaCl 28°C; 24-48 h
MEA 5% w/v Malt Extract, 1.5% w/v Agar 27°C; 14d
Morphology  co/NaCI-MEA 5% w/v Malt Extract, 1.5% w/v Agar, 60 g/I NaCl 27°C; 14 d
and fertility
assay 0,3% E 0,59 , 0,39
YM 4w/v Yeast Extract, 0,5% w/v Peptone, 0,3% 27°C: 14 d

w/v Malt Extract, 1% w/v Dextrose, 1.5% w/v Agar
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Usage Target Primer Sequence (5'->3') Description
CHA1-MAT-SLA2 locus
characterization
5' PCR-walking
MATa2 CHA1-F2 ACTCTTGACTACGTGCAGAAATATG  forward primer specific for CHA1 gene in CBS 732" genome
301_MATa2CP1R1 CTTGGTAATACAGGTAAAGAGGGT  MATa2 specific reverse primer
MATa2 copy 2  CHA1-F2 ACTCTTGACTACGTGCAGAAATATG  forward primer specific for CHA1 gene in CBS 732" genome
301_MATA2R4 GAAACCAACAGAGTTGCAGAAATA  MATa2 copy 2 specific reverse primer
MATal 301MATala2-cplFl TTCCTTCACCGCCAGAGGTTC MATal specific forward primer
SLA2-R1 GCATGTATTGTGTA ACCTGGGA reverse primer for SLA2 gene in CBS 732" genome
MATalcopy2 301_MATAI1F3 GTAGCTTCCACAAGGTCTTCAAGG MATal specific forward primer
SLA2-R1 GCATGTATTGTGTA ACCTGGGA reverse primer for SLA2 gene in CBS 732" genome
Colony PCR 301 MATA2F5cp2 GTAAACGGTAAAGCTGAAACGC forward primer designed on the intergenic region between

MATa2

301_MATa2CP1R1

CTTGGTAATACAGGTAAAGAGGGT

CHA1 gene and MATa2/a2 gene (at the 5' end of the X region)
MATa2 specific reverse primer

MATa2 copy 2

301_MATA2F5cp2

301_MATA2R4

GTAAACGGTAAAGCTGAAACGC

GAAACCAACAGAGTTGCAGAAATA

forward primer designed on the intergenic region between
CHA1 gene and MATa2/a2 gene (at the 5' end of the X region)

MATa2 copy 2 specific reverse primer

VATl 301_MATala2CplFl TTCCTTCACCGCCAGAGGTTC MATal specific forward primer
a

301_MATalR6 ACCCACACTTCGGCTTGACAAA MATal specific reverse primer
Non quantitative RT-PCR MATo2 301_MATa2CplF10 TTGCAGAACTACTTTACTCGTTCA MATa2 specific forward primer

301_MATa2CP1R1

CTTGGTAATACAGGTAAAGA GGGT

MATa2 specific reverse primer

MATal copy 2

301_MATA1F3
301_MATA1R1

GTAGCTTCCACAAGGTCTTCAAGG
GTCCTCTTTCTCTCAAATACACG

MATal copy 2 specific forward primer
MATal copy 2 specific reverse primer

MATa2 copy 2

301_MATA2F3
301_MATA2R4

ATTGGCGATGAGCGAAGAAG
GAAACCAACAGAGTTGCAGAAATA

MATa2 copy 2 specific forward primer

MATa2 copy 2 specific reverse primer

301_5'HOF1

CTACGTCGAGAGATCCATCATAG

5" HO specific forward primer

5'end HO
301_verylikeHOR3 CGCGAATCTACCGGTACTATT 5" HO specific reverse primer
3 end HO 301_verylikeHOF6 ATGGTGAAAAGCAAATTCCATCA 3" HO specific forward primer
en
301_very_likeHOR5 GGTGTACGACCGGCTAAATG 3" HO specific reverse primer
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Table S4. Results of MAT genotyping of CBS 732" stock colonies.

MAT genotyping (%)

Strain stock N° of colonies

MATa/a MATa MATo
CBS 732_R 36 58.3 39.0 2.8
CBS 732_P 50 36.0 2.0 62.0

Figure. S1 Expression pattern of CBS 732_R and CBS 732_P MAT genes. The figure shows amplified cDNAs
obtained with MAT specific primers. RNA was extracted from unstressed cells harvested at stationary phase
for CBS 732_R and CBS 732_P stocks. +/- indicate reverse transcription positive and negative controls. gDNA
amplification was used as positive PCR control. Abbreviations: M, molecular weight marker; R, CBS 732_R

stock; P, CBS 732_P stock.

346 bp

MATal MATa2 copy 2
R P R P
bp M + - + - gDNA
500 - B a
200 -
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Table S1. List of primers used in the present study.

Usage Target Primer Sequence (5'->3') Description
MTLa loci
characterization
MATa copy 1 301MAT02Cp1F10  TTGCAGAACTACTTTACTCGTTCA copyl-specific forward primer built on MATa2 codon stop
(referred to as aCp1_P in Fig. S1)
301MATal1R6 ACCCACACTTCGGCTTGACAAA reverse primer built on MATal (referred to as aCpl_P in Fig. S1)

MATa copy 2 301MATala2cp2Fl GTTTAGATGCCAGTGCTCTTCA 1;ci)grwsa1r)d primer built on UTR of MATa2 (referred to as aCp2_P in
301MATala2cp2R2 TGTCATCCACATTGAAATCATCTC Q,A:ZOS copy2-specific reverse primer (referred to as aCp2_P in
301MATa102Cp2F3 TTCCTTCACCTCCGGAGAACT 3'end M.Aqu copy 2-specific forward primer (referred to as

aCp2_Pin Fig. S1)

MATa copy 3 301MATalrouFl CCGCCGAAGAATTTACTTAGAG lngTsOS copy 3-specific forward primer (referred to as aCp3_Pin
301MATal1R6 ACCCACACTTCGGCTTGACAAA reverse primer built on MATal (referred to as aCp3_P in Fig. S1)
301MATala2cp2Fl GTTTAGATGCCAGTGCTCTTCA i?grwsalr)d primer built on UTR of MATa2 (referred to as aCp3_P in
301MATo2ROUR] TTAGGAGATAAAGGTAAGAATAGG 27;\7;05 copy 3-specific forward primer (referred to as aCp3_P in

MATal ORF
completion

SLA2 A CCAGTTAGTGTGTTATCGATAAGTC reverse primer specific for SLA2 gene in CBS 732" genome

reverse degenerate primer targeting FEFYADC conserved amino

StAZ D AD TTYGARTTYTAYGCNGAYTG acid sequence of Z. rouxii CBS 732" SLA2 gene

. o . -

ZYROOC18392 B TCTATTTCGTCCGTTITATCGTTGGT reverse primer specific for locus ZYRO0C18392g in CBS 732
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ZYROOF18634

MATal copy 1

MATal copy 2

301MATala2-cplFl

301MATala2Cp2F3

TCAGTACCAGAAGTGGTCTTTGAAA

TTCCTTCACCGCCAGAGGTTC

TTCCTTCACCTCCGGAGAACC

Supplementary materials: Chapter 5

reverse primer specific for locus ZYROOF18634g in CBS 7327
genome

MTLa copy 1-specific forward primer combined with A,B and C
reverse primers to complete MATal ORF (referred to as for-aCp1l
in Fig. S1)

3' end MATal copy 2-specific forward primer (referred to as for-
aCp2 in Fig. S1)

MTLa loci
characterization

ZsMATal ORF specific forward primer (referred to as Pal in Fig.

MATal 301_MATalF3 GTAGCTTCCACAAGGTCTTCAAGG s1)
301_MATa1R3 GTGTCCAATCTACTTGTCAGACCCA ii/)WATal ORF specific reverse primer (referred to as Pal in Fig.
MATa2 301_MATa2F2 ACAGGTCTTCGACGTTTAGC ii/)WATaZ ORF specific forward primer (referred to as Pa2 in Fig.
301_MATa2R2 CATGTGTCTGCAATCACTTCAC ii/)WATaZ ORF specific reverse primer (referred to as Pa2 in Fig.
MATa2 ORF
completion
CHA1 GCTACTCCCTCATTAGAACATGAAA forward primer specific for CHA1 gene in CBS 732" genome
DIC1 CGCATGATATGAAACGAAGATGCAA forward primer specific for DIC1 gene in CBS 732" genome
forward primer specific for CHA1 paralog (ZYROOF18524g) near to
CHAL 3 TACTTACTGGATGAATCTTCTGTGA HML silent cassette in CBS 732" genome
MATa2 301_MATa2R2 CATGTGTCTGCAATCACTTCAC 1,2 and 3 reverse primers to complete MATa2 ORF (referred to as

rev-a2 in Fig. S1)

System cassette
analysis

5' PCR-walking

MATa2 copy 1

MATa2 copy 2

MATa2
CHA1
DiIC1

CHA1,

301_MATa2CP1R1

301_MATalo2Cp2R1

301_MATa2R2
1
2

3

CTTGGTAATACAGGTAAAGAG GGT

GACACATTGCATTCTGTTAAACGT

CTCTTTCTCTCAAATACACGTTC
GCTACTCCCTCATTAGAACATGAAA
CGCATGATATGAAACGAAGATGCAA

TACTTACTGGATGAATCTTCTGTGA
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MATa2 copy 1-specific reverse primer (referred to rev-acplin S2
Fig)

MATa2 copy 2-specific reverse primer (referred to rev-acp2in S2
Fig)

MATa2-specific reverse primer (referred to rev-a in S2 Fig)
forward primer specific for CHA1 gene in CBS 732" genome
forward primer specific for DIC1 gene in CBS 732" genome
forward primer specific for CHA1 paralog (ZYROOF18524) located
near to the silent HMLcassette in CBS 732" genome
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3' PCR-walking MATal 301_MATa1F3 GTAGCTTCCACAAGGTCTTCAAGG MATal-specific forward primer (referred to for-a in S2 Fig)
MATol copy 1 301 MATalo2Cp1Fl  TTCCTTCACCGCCAGAGGTTC QiﬂgTal copy 1-specific forward primer (referred to for-acpl in S2
MATol copy 2 301 MATalo2Cp2F3  TTCCTTCACCTCCGGAGAACC QiﬂgTal copy 2-specific forward primer (referred to for-acp2 in S2
SLA2 A CCAGTTAGTGTGTTATCGATAAGTC reverse primer specific for SLA2 gene in CBS 732" genome
ZYROOC18392 B TCTATTTCGTCCGTTTATCGTIGGT ;(Z\:::;eeprimer specific for locus ZYRO0C18392 in CBS 7327
ZYROOF18634 C TCAGTACCAGAAGTGGTCTTTGAAA ;(Z\:::;eeprimer specific for locus ZYROOF18634 in CBS 7327
HO genes
characterization
HO copy 1 UpHOCBS 732F2 ACGAGTGGTGGTGGGATAGACTTA 5' UTR of CBS 732T HO-specific forward primer
301_verylikeHOR4 TCGTGGGCCACTGAACATT ZsHO copy 1-specific reverse primer
301_verylikeHOF6 ATGGTGAAAAGCAAATTCCATCA ZsHO copy 1-specific forward primer
DownHOCBS 732R2 ATCTGACGCTTTGGCCTCTTTGGA 3" UTR of CBS 732T HO- specific reverse primer
HO copy 2 301_likeHOR4 CTGATGTGCCACTGAGCACC ZsHO copy 2-specific reverse primer
301_likeHOF6 GATGGTGAGAAACAAATTCCATTG ZsHO copy 2-specific forward primer
DownHOCBS 732R1 TCACCAAGGCTATGTCTTCTCGCT 3" UTR of CBS 732T HO- specific reverse primer
Probe synthesis
in PFGE-Southern
blotting
MATal 301_MATalF2 GTTCGGAGAAGCCACTCAATTC MATal specific digoxigenin labeled probe
301_MATa1R3 GCTGGCACAAGCTTCTCAACTCTA
MATal 301_MATA1F3 CGAAGAAGCTGTTCGGAGAAGCCACTCAAT MATal specific digoxigenin labeled probe
301_MATA1R3 GTGTCCAATCTACTTGTCAGACCCA
HO copies 1 and 2 301_5'HOF4 CGCTGAGGACATCGATGAAA HO digoxigenin labeled probe
301_3'HOR2 CTTCAAATTCACCACGCAGTTCC
PCR-based sub-
genome
assignment of
MTL and HO
genes
HO copy 1 301_5'HOF1 CTACGTCGAGAGATCCATCATAG T-subgenome HO specific primers

301_verylikeHOR3 CGCGAATCTACCGGTACTATT
301_very_likeHORS5 GGTGTACGACCGGCTAAATG
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HO copy 2

MATa2 copy 1
MATa2 copy 2
MATa2 copy 3
MATa2

HO_like_F8
HO_like_RS
301_likeHOF7
HO_like_R9
301_MATA2F7cpl
301_MATA2F5cp2
301_MATA2F6cp3
301_MATA2R4

GGTAGTTGTGCAAAGGTCACTG
TAAATGGGAGTCCTGTCAACGA
ATGTTGTGGGCGTAACAGTTG

TCTAATAAAATTCTTTTATCAGAATCAACT

CAGGTCTTCGACGTTTAGCCATG
GTAAACGGTAAAGCTGAAACGC
TACTTACTGGATGAATCTTCTCTG
GAAACCAACAGAGTTGCAGAAATA

Supplementary materials: Chapter 5

P-subgenome HO specific primers

MATa2 copy 1 specific forward primer
MATa2 copy 2 specific forward primer
MATa2 copy 3 specific forward primer
Reverse primer to amplify all MATa2 ORFs

Non-quantitative
RT-PCR

MATal copy 1

MATal copy 2

MATa2 copy 1

MATa2 copy 2

MATal copy 2

MATa2 copy 2

301MATala2-cplFl
301MATa1R6
301_MATalF7
301MATala2cp2R2
MATa2_cpl1F10
301_MATa2CP1R1
301MATala2cp2Fl
301_MATala2Cp2R1
301_MATal1F3
301_MATA1R1
301_MATA2F5cp2
301_MATA2R4

TTCCTTCACCGCCAGAGGTTC
ACCCACACTTCGGCTTGACAAA
TGGATCTTAGACAGTGGTGTAAGG
TGTCATCCACATTGAAATCATCTC
TTGCAGAACTACTTTACTCGTTCA
CTTGGTAATACAGGTAAAGA GGT
GTTTAGATGCCAGTGCTCTTCA
GACACATTGCATTCTGTTAAACGT
GTAGCTTCCACAAGGTCTTCAAGG
GTCCTCTTTCTCTCAAATACACG
GTAAACGGTAAAGCTGAAACGC
GAAACCAACAGAGTTGCAGAAATA

MATal copy 1 specific forward primer
MATal copy 1 specific reverse primer
MATal copy 2 specific forward primer
MATal copy 2 specific reverse primer
MATa2 copy 1 specific forward primer
MATa2 copy 1 specific reverse primer
MATa2 copy 2 specific forward primer
MATa2 copy 1 specific reverse primer
MATal copy specific forward primer
MATal copy specific reverse primer
MATa2 copy specific forward primer
MATa2 copy specific reverse primer

HO copy 1 301_5'HOF1 CTACGTCGAGAGATCCATCATAG HO copy 1 specific forward primer
301_verylikeHOR3 CGCGAATCTACCGGTACTATT HO copy 1 specific reverse primer
HO copy 2 301_5'HOF4 CGCTGAGGACATCGATGAAA HO copy 2 specific forward primer
301_likeHOR3 CTACAAACCTACCGGTGTTAGA HO copy 2 specific reverse primer
Primer forward designed to amplify an internal region common to
IME4 ZrIME4_F2 TGTGAGGAATTCGATTTAG both IME4 sense mRNA and IME4 IncRNA
Primer reverse designed to amplify an internal region common to
ZrIME4_R2 GAATGATTTAGCCAATGACC both IME4 sense mMRNA and IME4 IncRNA
AS-IME4 ZIME4_F1 GCGATTGTTCATATITGGATAC ;\rﬂllr;erforward specifically designed for cDNA synthesis (RT) of AS-
S-IME4 ZrIME4_R1 TCAGGTITTCTGCTGETITCTCTGGT ;\rﬂl;er forward specifically designed for cDNA synthesis (RT) of S-
RT-qPCR
ZrACT 301_ACTF1 GGTCGCAGCTTTGGTTATTG Oligonucleotide RT-gPCR ACT specific forward primer
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MATal copy 2

MATa2 copy 2

MATal

HO copy 1

HO copy 2

301_ACTR1
301MATal-cp2F4
301MATal-cp2R3
301_MATa2cp2F5
301_MATa2cp2R5
301MATA1F4
301MATA1R4
301_very_likeHOF8
301_very_likeHOR5
301_likeHOF10
301_likeHOR10
301_likeHOF12
301_likeHOR12

GGCCCATACCAACCATGATA
AGAATCGACCCAGACACCAA
TATCAGGTTCTCCGGAGGTG
TAAACCAAGTTCTAGTGAGTAC
GAAGCTGCACTTGGAAATAAA
TCGTCGTCGAAGGAGGTATC
GCTGCTACAGCTTCCCTTTC
GTCGCTAGGTATGCCCGTTA
GGTGTACGACCGGCTAAATG
GAAACCGCCATCTGAGAAAG
AAAATGCTTCACGCACCTGT
CATCGTAGAAACCGCCATC
CCGTCTGTATGGAAACCTTG

Supplementary materials: Chapter 5

Oligonucleotide RT-gPCR ACT specific reverse primer
Oligonucleotide RT-gPCR MATal copy 2 specific forward primer
Oligonucleotide RT-gPCR MATal copy 2 specific reverse primer
Oligonucleotide RT-gPCR MATa2 copy 2 specific forward primer
Oligonucleotide RT-gPCR MATa2 copy 2 specific reverse primer
Oligonucleotide RT-qPCR MATa1 specific forward primer
Oligonucleotide RT-qPCR MATal specific reverse primer
Oligonucleotide RT-gPCR HO copy 1 specific forward primer
Oligonucleotide RT-gPCR HO copy 1 specific reverse primer
Oligonucleotide RT-gPCR HO copy 2 specific forward primer
Oligonucleotide RT-qPCR HO copy 2 specific reverse primer
Oligonucleotide RT-gPCR HO copy 2 specific forward primer
Oligonucleotide RT-qPCR HO copy 2 specific reverse primer
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Table S2. PCR-based subgenome assignment of mating-type and HO gene copies in Zygosaccharomyces

pseudorouxii (nom. inval.) NCYC 3042.

NCYC 3042
Target gene
copy 1 copy 2 copy 3

MATal - + nd
MATa2 - + nd
MATal - - -
MATa2 - - -

HO - + na

nd, not determined; na, not applicable; +, positive result; -, negative result

258



Supplementary materials: Chapter 5

Figure S1. Outlined experimental strategy used for characterizing MTLa (A) and MTLa loci (B) in the ATCC
42981 genome. Panel A shows ZsMTLa variants represented in blue and surrounded in grey (copy 1), green
(copy 2) and orange (copy 3), respectively, while panel B represents MTLa loci coloured in red. Primer pairs
specific for ZsSMTLa copies 1 to 3 are arbitrarily referred to as aCp1-P, aCp2-P, and aCp3-P. ZsMATal and
ZsMATa2-specific primer pairs are arbitrarily referred to as Pal and Pa2, while the primer pair termed Pal2
spans the complete MATal ORF and a portion of MATa2 gene. Solid grey arrows indicate generic flanking
genes, dotted borders represent uncompleted sequences and small arrows (solid) designate gene-specific
primers. Primer sequences are reported in Table S1, according to Watanabe et al., 2013 and Solieri et al.,

2014b. Abbreviations: Zs, Zygosaccharomyces sapae; cp, copy; P, primer; for, forward; rev, reverse.
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— alpl P

_ - for-aCpl

<~ —>

MATa2 MATal — - <:I
ZsMTilacopy1 <A

MATa2 MATal < AD

—> alpz P ATCC 42081 MTIacopyl < B
_— B
<

MATa2 MATal for-aCp2
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Figure S2. Polymerase chain reaction (PCR)-based strategies used for determining the system of cassette-
based arrangement in the ATCC 42981 genome. Forward and reverse MTL-specific internal primers were
used to screen PCR products obtained using all possible combinations of primers spanning putative MTL-
flanking genes (semi-nested PCR approach); in cases of negative results, 5' and 3' PCR walking was performed
using all possible combinations of MTL-specific internal primers and MTL-flanking gene primers (direct PCR
approach). Small arrows (solid) indicate gene-specific primers and degenerate primers (dotted lines). CHA1,
indicates the ZYROOF18524g locus. Primer sequences are reported in Table S1, according to Watanabe et al.,

2013 and Solieri et al., 2014b. Abbreviations: cp, copy; for, forward; rev, reverse.
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Figure S3. Outlined experimental approach used for HO gene characterization in the ATCC 42981 genome.
Dotted lines represent undetermined sequences. Primer sequences are reported in Table S1. Abbreviation:

ZsHO, Zygosaccharomyces sapae HO gene.

5’-UTRHO 3"-UTRHO
Z5HO COpY 1 o
V - - - - - - -~ e,
(_

partial contigs

ATCC 42981 HO copy 1 i E——

> JIRAG - 3.UTRHO
ZsHO copy 2
l r=
partial contigs U - -~~~ - -

ATCC 42981 HO copy2 v —

Figure S4. Chromosomal mapping of ATCC 42981 HO genes. Chromosomes were separated by PFGE for
ATCC 42981 (1), Z. rouxii CBS 7327 (2), and Z. sapae ABT301" (3). Southern blotting analysis was carried out
with probe labelled to HO genes. M indicates the chromosomal size ladder (Saccharomyces cerevisiae S288C,

BioRad Laboratories) in megabase pairs. ATCC 42981 chromosomes are indicated in uppercase letters (from

Ato G).

261



Supplementary materials: Chapter 5

Figure S5. Chromosomal mapping of ATCC 42981 MTLa and MTLa loci. Chromosomes were separated by
PFGE for Z. rouxii CBS 732" (1) and ATCC 42981 (2). Southern blotting analyses were carried out with probes
labelling the a- and a-idiomorph loci. The left panel shows signals from MTLa loci Zygosaccharomyces rouxii
CBS 7327 (1) and the ATCC 42981 strain (2), respectively. The right panel reports separated chromosomes
and signals from MTLa loci in ATCC 42981 (2). M indicates the chromosomal size ladder (Saccharomyces
cerevisiae S288C, BioRad Laboratories) in megabase pairs. ATCC 42981 chromosomes are indicated in

uppercase letters (from A to G).

MTLa MTLa

2 2

o

N O m =

> w
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Table S1. Primers used in this work. This table shows the primers used, their usages, sequences and descriptions. Annealing and melting temperatures are calculated

using OligoAnalyzer 3.1 tool (idtdna.com) with oligo, dNTPs and Mg** concentrations of 0.5 uM, 0.2 and 1.5 mM, respectively.

Experiment Primer Sequence (5’-> 3’) Amplicon (bp) PCR conditions Thermal profiles
0.025 U/ml DreamTaq™,
SAT1-1 gacctcaagtctcgaacg 1x DramTag ™ Green

Diagnostic PCR for
transformation with plasmid
YEp352-SAT

pGRB2-SAT1-pHI-R

cctgcaggaccacctttgattg

206

Buffer, 2.0 mM MgCl2, 0.5
UM SAT1-1-, 0.5 uM
pGRB2-SAT1-pHI-R, 200
MM dNTPs

95°Cx 3’; (95°Cx30”;53° C
X 30”; 72°C x 45" )35; 72° x
10’

Diagnostic PCR for
transformation with plasmid
pCg2XpH-N

Down-pHluorin-F

cacaacccacagctaccaccatc

pGRB-R4

gcgegegtaatacgactcacta

436

0.025 U/ml DreamTaq™,
1x DramTaq ™ Green
Buffer, 2.0 mM MgCl2, 0.5
MM Down-pHluorin-F, 0.5
0.5 puM pGRB-R4, 200 uM
dNTPs

95°Cx 3’;(95°Cx 30”; 56.3°
C x 307; 72°C x 1')x3s; 72° X
10’

Diagnostic PCR to verify the
targeted integration of /oxP-
kanMX-loxP cassette

MATa2cp2-893up-F

cggtaacgactgtatagctaag

KanMX-R1

catttgatgctcgatga

956

0.025 U/ml DreamTaq™,
1x DramTaq ™ Green
Buffer, 2.0 mM MgCl2, 0.5
UM MATa2cp2-893up-F,
0.5 uM KanMX-R1, 200 uM
dNTPs

95°C x 5%; (95°C x 30”"; 55°C
x30"”; 72°Cx 1'30" )35 ; 72°
x 10’

KanMX-F1

ctctggegceatcggsc

MATalcp2-
374down-R

ccaaactttatggatatgagttctagc

574

0.025 U/ml DreamTaq™,
1x DramTaq ™ Green
Buffer, 2.0 mM MgCl2, 0.5
UM KanMX-F1, 0.5 uM
MATalcp2-374down-R,
200 uM dNTPs

95°C x 5’; (95°C x 30”; 55°C
x 30”; 72°C x 1')s5 ; 72° X
10’
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Diagnostic PCR for pZEG
construction

pZEU-2F

gctcactgeccgcetttccagteggg

KanMX-R1

catttgatgctcgatga

726

0.025 U/ml DreamTaq™,
1x  DramTag™  Green
Buffer, 2.0 mM MgCl2, 0.5
UM pZEU-2F, 1 uM KanMX-
R1, 200 uM dNTPs

95°C x 5’; (95°C x 30”; 55°C
X 30”; 72°C x 1')y35 ; 72° x
10’

KanMX-F1

ctctggegcatcgggc

pZEU-2R

cgcaaaccgectcteeecgegeg

626

0.025 U/ml DreamTaq™,
1x  DramTag™  Green
Buffer, 2.0 mM MgCl2, 1
uM  KanMX-F1, 0.5 uM
pZEU-2R, 200 uM dNTPs

95°C x 5’; (95°C x 30”; 60°C
X 30”; 72°C x 1')yss ; 72° x
10’

Diagnostic PCR for pZCAG

pZCA-2F

ccgaggaactcttggtattcttgec

KanMX-R1

catttgatgctcgatga

768

0.025 U/ml DreamTaq™,
1x  DramTagq™ Green
Buffer, 2.0 mM MgCI2, 0.5
UM pZCA-2F, 1 uM KanMX-
R1, 200 uM dNTPs

95°C x 5’; (95°C x 30”; 55°C
x 30”; 72°C x 1')y35 ; 72° x
10’

KanMX-F1

ctctggegceategggc

pZCA-2R

cgaaaagtgccacctgacgtc

679

0.025 U/ml DreamTaq™,
1x  DramTaq™  Green
Buffer, 2.0 mM MgCl2, 1
puM  KanMX-F1, 0.5 uM
pZCA-2R, 200 uM dNTPs

95°C x 5’; (95°C x 30”; 55°C
x 30”; 72°C x 1')a5 ; 72° X
10’

Diagnostic PCR for pZEN

SAT1-1

gacctcaagtctcgaacg

pZEU-2R

cgcaaaccgectctcecegegeg

336

0.025 U/ml DreamTaq™,
1x  DramTaq™  Green
Buffer, 2.0 mM MgCl2, 1
MM SAT1-1, 0.5 uM pZEU-
2R, 200 uM dNTPs

95°C x 5’; (95°C x 30”; 55°C
x 30”; 72°C x 45" )x35 ; 72° X
10

Diagnostic PCR for pZCAN

SAT1-1

gacctcaagtctcgaacg

pZCA-2R

cgaaaagtgccacctgacgtc

389

0.025 U/ml DreamTaq™,
1x  DramTaq™  Green
Buffer, 2.0 mM MgCl2, 1
UM SAT1-1, 0.5 uM pZCA-
2R, 200 uM dNTPs

95°C x 5’; (95°C x 30”; 55°C
X 30”; 72°C x 45" )x35 ; 72° X
10

Diagnostic PCR for

transformation with pGRCRE

pGRB-F4

tttgagtgagctgataccgct

552

0.025 U/ml DreamTaq™,
1x DramTaq ™ Green

95°Cx 3’;(95°Cx 30”;57° C
x30"”;72°Cx 1')x35; 72°x 10
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Buffer, 2.0 mM MgCl2, 0.5

GAL-F1 gccaggttactgecaatttttec MM pGRB-F4, 0.5 GAL-F1,
200 puM dNTPs
GRB-RA 0.025 U/ml DreamTaq™,
p - gcgegegtaatacgactcacta 1x DramTag ™ Green . , . I
95°Cx 3’; (95°Cx 30”;57° C
723 Buffer, 2.0 mM MgCl2, 0.5 o , . ,
x30”;72°Cx 1')x3s; 72° x 10
UM pGRB-R4, 0.5 uM CRE-
CRE-R1 ttgccgggtcagaaaaaatg
R1, 200 uM dNTPs
MATa2cp2-893up-F  cggtaacgactgtattagctaag
2889 95°Cx 3’; (95°Cx 30”;54° C
MATalcp2- 0.025 U/ml DreamTaq™, x30”;72°Cx 2’)s; 72°x 10’
Diagnostic PCR for kanMX-  374down-R ccaaactttatggatatgagttctage 1x DramTag Green
JoxP bob-out Buffer, 2.0 mM MgCI2, 0.5
pop UM  forward primer, 0.5
KanMXF1 catttgatgctcgatga MM reverse primer, 200
600 1M dNTPs 95°Cx 3’; (95°Cx 30”; 55° C
MATalcp2- ccaaactttatggatatgagttctagc x30"”;72°Cx 1')y35; 72°x 10
374down-R geatateagiiciag
SOD_1R tccttaacaaacaatgctaagt 0.025 U/ml rTag™, 1x
SOD2 RT-PCR 600 Buffer, 2.0 mM MgCl2, 0.3 95°Cx 5’; (95°Cx 1’; 55° Cx
UM SOD-1F, 0.3 uM SOD- 2’; 72°C x 2')xss; 72° x 10’
SOD_1F acgtatgaattcgatgcagat 1R, 200 uM dNTPs
RT-CRE_F2 gagtgatgaggttcgcaaga 0.1 U/ml DreamTaq™, 2x
cre RT-PCR 587 Buffer green (10x), 1.6 uM 95°Cx 3’; (95°Cx 30”; 57° C
dNTPs, 1 uM RT-CRE-F2, 1 x30";72°Cx 1')x3s; 72°x 10’
RT-CRE_R2 ggctaagtgecttctctacac 1M RT-CRE-R2
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Table S1. Primer sets used in the present study. Primers named as old are from Watanabe et al. (2013),
whereas primers named as new derive from Watanabe et al. (2017). DNA sequences complementary to the

kanMX gene sequence and plasmid sequences are written in lower-case.

Primer name Sequence (5’ to 3’) Corresponding Figure
DIC1_P_F1 GGTATTTGATGGGAGCAGCA Figure 1A
3_old TACTTACTGGATGAATCTTCTGTGA Figure 1B
C_old TCAGTACCAGAAGTGGTCTTTGAAA Figures 1A, 1B
MATa2cp2-893up-F CGGTAACGACTGTATAGCTAAG Figures 1C, S1
SLA2_P_R3 GGACAGTTGGGAGACACTGAA Figure 1C
3_old TACTTACTGGATGAATCTTCTGTGA Figure 1D
SLA2_P_R2 GGGAGACACTGAAGCGTTAGAT Figure 1D
CHA1L_P_F1 AGACAGCTACAAGGTGTTGTGA Figure 1E
SLA2Tr_R1 AAAGTCCTATTCACGTGACGAA Figure 1E
DIC1_P_F2 GAGTGGTATGGTGAAGCTGTG Figure 1F
SLA2_uni_R1 ATATATCTTATCGAGACAGTGTATTTC Figure 1F

1 old GCTACTCCCTCATTAGAACATGAAA Figure 1G
B_old TCTATTTCGTCCGTTTATCGTTGGT Figure 1G
6_new TGTATTGACCAGCTTCGTTTGA Figure 1H
F_new ATGGACTACACGTACCACAA Figure 1H
301_MATalF7 TGGATCTTAGACAGTGGTGTAAGG Figure 3A
301MATala2cp2R2 TGTCATCCACATTGAAATCATCTC Figure 3A
301MATala2-cp2F1 GTTTAGATGCCAGTGCTCTTCA Figure 3B
301MATala2-cp2R1 GACACATTGCATTCTGTTAAACGT Figure 3B
301_MATAI1F3 GTAGCTTCCACAAGGTCTTCAAG Figure 3C
301_MATA1R4 GCTGCTACAGCTTCCCTTTC Figure 3C
301_MATA2F8 AGCCAAGTGGGCGATTTA Figure 3D
301_MATA2R2 CATGTGTCTGCAATCACTTCAC Figure 3D
MATA1_008 F1 ATTCTCCAAATGATCTTCAGA Figure 3E
MATA1_008_R1 ATACCCATATTCTTACTTGAAGT Figure 3E

CATGTTTGAACGAGTGTTTTGTTCATTGGTTTGGAAT

MATal1/2cp2-kanMX-F-80nt AAACAGGTCTTCGACGTTTAGCCATGTCGAGGATTT  Figure S1

AAACGTTTGACAttcgtacgctgcaggtcgac
CAACCGGTAAGTGTTCTTTCAATAAGTCAGTTGTGCA

MATal/2cp2-kanMX-R-80nt ATGAAGTGGCAAGTCAGTTTTTAAGCAACACACCGC Figure S1
ACGTACCGgcataggccactagtggatctg

kanMX-R1 CTCTGGCGCATCGGGC Figure S1

kanMX-F1 CATTTGATGCTCGATGA Figure S1

MATalcp2-374down-R CCAAACTTTATGGATATGAGTTCTAGC Figure S1

AGA2_backbonel_rouxii_F CATGTACCACTGTACCCAGTAAG

AGA2_backbonel_rouxii_R ACCGTAGTAGTCCCGATTGA

STE2_backbonel5_rouxii_F CCTATTGGCCTCGTCTGTTAAT Data not shown

STE2_backbonel5_rouxii_R TAGGCGGACAAGATATGAGGT

STE2_backbone5_no_rouxii_F CCTATTGGCCTCGTCTGTTAAT
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STE2_backbone5_no_rouxii_R

TAGGCGGACAAGATATGAGGT

STE6_backbonel_rouxii_F TAACACTACCAGTGGGTAA
STE6_backbonel_rouxii_R TCATAAGTGGACGTTTTGAAA
STE6_backbone6_no_rouxii_F ATATCAAAATCGATGGCATGGA
STE6_backbone6_no_rouxii_R AGCGGTTATTTTGTTGCCT
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Table S2. Inventory of MTL cassettes in ATCC 42981 _R draft genome derived from DBG20OLC and MaSuRCA de novo assemblies. DBG20LC scaffolds (accession

numbers: UEMZ01000001.1-UEMZ01000033.1) were derived from ATCC 42981 R BioProject PRJEB26771. Grey shadow indicates MTL cassettes found in both the

assemblies. JCM66020 MTL cassettes were described according to the nomenclature reported by(Watanabe, Uehara, Mogi, & Tsukioka, 2017) Watanabe et al.

(2017). Briefly, numbers from 1 to 6 indicate 5° MTL-flanking genes DIC1", CHA1,", CHA1", DIC1®, CHA1.", and CHA1", respectively. Capital letters A to F indicate 3’

MTL-flanking genes SLA2", ZYROOF18634g', ZYRO0C18392g", SLA2", ZYROOF18634g” and ZYRO0C18392g”, respectively. Abbreviation: r.c., reverse complement.

Cassettes

Bizzarri et al. (2016) JCM22060

PCR

In silico analysis

NBRC110957 (Accession number)

Yo'
DIC1P-MTLa"-ZYROOF18634g"
CHA1,"-MTLa"-ZYROOF18634g"
Yo©

DICI™-MTLaP-SLA2®
CHA1,"-MTLa’-SLA2®
CHA1,"-MTLa-ZYROOF18634g"
DICI™-MTLa’-SLA2N

Ya

DICIN-MTLaN-SLA2T
CHA1™-MTLa™-ZYRO0C18392g"
CHA1P-MTLaP-ZYRO0C18392g”

+ (partially)
+

4B

1D
2D
5E

3C
6F

DBG20OLC, MaSuRCA
DBG20OLC

DBG20LC,MaSuRCA
DBG20LC,MaSuRCA
DBG20LC,MaSuRCA
DG20LC

DBG20LC
DBG20LC,MaSuRCA
MaSuRCA

CHA1"-MTLaP-ZYROOC18392g” (BDGX01000045)
CHA1,"-MTLa'-ZYROOF18634g" (BDGX01000025)

DIC1™-MTLaP-SLA2" (BDGX01000009)

CHA1,"-MTLa’-ZYROOF18634g” (BDGX01000013)

DIC1P-MTLa™-ZYROO0C18392g" (BDGX01000035)
CHA1™-MATa’-SLA2? (BDGX01000021)
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Figure S1. Validation of MATo" deletion in ATCC 42981_R. Panel (A) outlines the diagnostic PCR strategy
used to verify the integration of loxP-kanMX-loxP disruption cassette in the DIC1™-MATa’-SLA2" locus of ATCC
42981 R genome. Full-length, 5’ and 3’-PCRs are shown. Flanking genes from T and P-subgenomes are
marked with T and P superscripts, respectively. MATal and MATa2 genes from P-subgenome are indicated
as a1 and a’2. In panel (B) the loxP-kanMX-loxP module was integrated at the DICI"-MTLa -SLA2® cassette
in four ATCC 42981 _R clones, as demonstrated by size difference in full-length PCR products between kanMX
(2,164 bp) and MATa® (2,889 bp) cassettes. The correct orientation of loxP-kanMX-loxP module was
confirmed by the 5’ and 3’ PCRs. Numbers from 1 to 5 indicate MATa"A clone_6, 65, 74, and _177, and
ATCC 42981 _, respectively (Table 1), while M represents molecular weight marker GeneRuler 100 bp or 1 Kb
Plus DNA Ladders (Thermo Scientific, Waltham, MA). Abbreviations: wt, wild type; HR, homologous

recombination; kanMX, kanamycin resistance gene; NTC, no template control.

(A) . full-length PCR .
e R | ATCC42081_Rwt
|5 el oy i
|DIC1T X : : z
HR a2 afl HR
— @  MATaPA mutant
DICIT i
==
;I 5’-PCR l l 3’-PCR I E
(B) full-length PCR

full-lenght PCR
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Figure S2. Multiple sequence alignment of SLA2 genes from DBG20OLC, MaSuRCA assemblies and Sanger
sequences. Alignment was carried out using Clustal Omega. Formatting of aligned sequences was done in

Jalview alignment viewer. Residues in the alignment follow the default Clustal colour scheme of Jalview.

DBG20LC UEMZ01000003.1 1€
MaSuRCA jcf7180000000243 1 0
Sanger 1¢

A 139
140
140

DBG20LC UEMZ010000031 71
MaSuRCA jcf7180000000243 71
Sanger 7

DBG20LC UEMZ01000003.1 209
MaSuRCA jcf7180000000243 210
Sanger 210
DBG20LC UEMZ01000003.1 AC 279
MaSuRCA jcf7180000000243 AC 280
Sanger AC 280

DBG20LC UEMZ01000003.1 280
MaSuRCA jcf7180000000243 281

Sanger 281 Al

DBG20LC UEMZ01000003.1 350 §
MaSuRCA jcf7180000000243 351 /
Sanger 351

DBG20LC UEMZ01000003.1 420
MaSuRCA jcf7180000000243 420 A
Sanger 420 A

DBG20LC UEMZ01000003.1
MaSuRCA jcf7180000000243
Sanger

DBG20LC UEMZ01000003.1
MaSuRCA jcf7180000000243
Sanger

DBG20LC UEMZ01000003.1
MaSuRCA jcf7180000000243
Sanger
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Figure S3. Sequence alignment highlighting the 27 bp indel in X regions downstream the DIC1I" and DIC1"
gene variants. X region from CBS 732" was used as reference. Sequences were retrieved from Sanger
sequencing and aligned using Clustal Omega. Formatting of aligned sequences was done in Jalview alignment

viewer. Residues in the alignment follow the default Clustal colour scheme of Jalview.

70
ATCC42981DIC1 N A C ATTC
ATCC42981 DICT_T A C ATTC
CBS732DIC1 T C ATTC

120

100 ‘40
ATCC42981 DIC1_N € A C c 150
ATCC42981 DICT_T c c 150
CBS732DIC1_T c 150
ATCC42981 DIC1_N BECEBBCABGETTEECEECT - - - - - - - - - - - - - - - - - - - - - - - - - - - C 198
ATCC42981 DICT_T C 225
CBS732DICT_T c C 225
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CBS732 DICT_T ATTAGGATATCTTCCAAA AGC AAATAGC AACA ATA 375
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CBS732 DIC1_T CCA| CAAA AAA AAA AGCTGAAA CCA CCCCCA A 525
ATCC42981 DIC1T_N A 510
ATCC42981DICT_T A 537
CBS732 DIC1_T 537
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Figure S4. Cartoon illustration of main differences between MaSuRCA 