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Abstract

In haploid cells of Ogataea (Hansenula) polymorpha an environmental signal, nitrogen star-
vation, induces a reversible change in the structure of a chromosome. This process, mating-
type switching, inverts a 19-kb DNA region to place either MATa or MATa genes under cen-
tromeric repression of transcription, depending on the orientation of the region. Here, we
investigated the genetic pathway that controls switching. We characterized the transcrip-
tomes of haploid and diploid O. polymorpha by RNAseq in rich and nitrogen-deficient media,
and found that there are no constitutively a-specific or a-specific genes other than the MAT
genes themselves. We mapped a switching defect in a sibling species (O. parapolymorpha
strain DL-1) by interspecies bulk segregant analysis to a frameshift in the transcription factor
EFG1, which in Candida albicans regulates filamentous growth and white-opaque switching.
Gene knockout, overexpression and ChlPseq experiments show that EFG1 regulates
RME1, which in turn regulates STE12, to achieve mating-type switching. All three genes are
necessary both for switching and for mating. Overexpression of RME1 or STE12is sufficient
to induce switching without a nitrogen depletion signal. The homologous recombination
genes RAD51and RAD17 are also necessary for switching. The pathway controlling switch-
ing in O. polymorpha shares no components with the regulation of HOin S. cerevisiae,
which does not involve any environmental signal, but it shares some components with mat-
ing-type switching in Kluyveromyces lactis and with white-opaque phenotypic switching in

C. albicans.

Author summary

The molecular mechanisms of self-fertility (homothallism) vary enormously among fun-
gal species. We previously found that in the yeast Ogataea polymorpha, homothallism is
achieved by a novel mating-type switching mechanism that exchanges the locations of
MATa and MATo. genes between expression and repression contexts. Switching in this
species is induced by nitrogen depletion, unlike the analogous process in Saccharomyces
cerevisiae. Here, we show that the upstream parts of the genetic pathway controlling the
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tal pathway that induces competence for mating in this species.

Introduction

In yeast species (unicellular fungi) that can reproduce sexually, the ability of a cell to mate with
other cells is governed by which mating-type genes it expresses [1, 2]. In ascomycete yeasts,
these genes are located at a single genomic site called the mating-type (MAT) locus. Mating
generally occurs between two haploid cells with opposite genotypes (MATa and MAT«) at this
locus, to form a diploid zygote (MATa/ar). In some ascomycete yeasts such as Saccharomyces
cerevisiae, haploid cells are able to change their MAT genotypes by a process called mating-
type switching [3, 4]. During this process, DNA at the MAT locus is physically replaced,
exchanging a MATa allele for a MATa allele or vice versa. Mating-type switching is a form of
secondary homothallism [5] because it enables a yeast strain to mate with any other strain of
the same species, regardless of their initial mating types, by means of fusion between a-cells
and o-cells [6, 7].

The molecular mechanism and regulation of mating-type switching in S. cerevisiae has been
elucidated by extensive studies over the past several decades and is well understood [3, 8]. It
involves an endonuclease (HO) that cuts the outgoing MAT locus, and two ‘silent cassettes’
(HMR and HML) that contain unexpressed copies of the MATa and MATo DNA sequences.
One of the cassettes is chosen to be used as the template for synthesis of new DNA to repair
the MAT locus, replacing MAT with a sequence of the opposite genotype. In contrast, until
recently little was known about how other ascomycete yeasts switch mating types, other than
in Schizosaccharomyces pombe [9] which is a member of a different subphylum. In 2014, Mae-
kawa and Kaneko [10], and our group [11], discovered that haploid cells of Ogataea polymor-
pha switch mating types by a novel ‘flip/flop’ mechanism that is quite different from the
mechanism used by S. cerevisiae. O. polymorpha (formerly called Hansenula polymorpha) is a
methylotrophic yeast in the same subphylum as S. cerevisiae (Saccharomycotina, the budding
yeasts) but quite distantly related to it (Fig 1A).

O. polymorpha chromosome 3 contains both a MATa locus and a MATo. locus, approxi-
mately 19 kb apart (Fig 1B). The two MAT loci are beside two copies of an identical 2-kb DNA
sequence that form an inverted repeat (IR) on the chromosome. During mating type switch-
ing, the two copies of the IR recombine, inverting the orientation of the 19-kb region relative
to the rest of the chromosome. The centromere of chromosome 3 is located just to the left of
the left copy of the IR (Fig 1B). The MAT locus proximal to the centromere is not transcribed,
probably due to silencing by centromeric heterochromatin, whereas the distal MAT locus is
transcribed. By inverting the 19-kb region, mating type switching swaps the locations of the
MATa and MATa. genes, repressing the MAT genes that were previously expressed, and
expressing the ones that were previously repressed. Similar flip/flop mating type switching
mechanisms are now known in three other Saccharomycotina species (Komagataella phaffii,
Pachysolen tannophilus, and Ascoidea rubescens) [4, 11, 12].

Mating type switching in O. polymorpha is induced by an environmental signal, nitrogen
depletion [10, 11]. In a culture transferred into media that contains no nitrogen, up to approxi-
mately 25% the cells in the culture switch their mating type (Fig 1C). This situation, in which
an environmental signal reproducibly induces a DNA rearrangement at a specific chromo-
somal locus, is unusual in biology and we were motivated to investigate its mechanism. Our
aim in the current study was to identify the pathway in O. polymorpha that detects the
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Fig 1. Mating-type switching in O. polymorpha occurs through an inducible flip/flop chromosomal inversion mechanism [10, 11]. (A) Phylogenetic
relationship among the yeast species compared in this study. The tree is re-drawn from the phylogenomic study by Shen et al. [67] and is a cladogram,

i.e. branch lengths are not proportional to divergence times. All the species are in subphylum Saccharomycotina except for Schizosaccharomyces pombe,
which is in Taphrinomycotina. (B) Structure of the MAT region on chromosome 3 of O. polymorpha NCYC495 [12] in its two possible orientations. In each
orientation, only the MAT genes far from the centromere are expressed. The upper part shows the orientation in which MATa genes are transcribed (green
arrows), and the lower part shows the orientation in which MATa genes are transcribed (magenta arrows). Wavy lines indicate the approximate extent of
transcriptional silencing around the centromere. Cyan rectangles and the arrows labeled IR represent the two identical copies of a 2-kb sequence that form
the Inverted Repeat. Small rectangles represent genes: intact MATa genes (green), intact MATa genes (magenta), other genes (white), or LTRs of the
Ty5-like retrotransposon Tpa5 (gray). The dark blue regions labeled SLAZ and a1’ are non-functional truncated copies of parts of the SLA2and a1 genes,
located in the IR. Genes drawn above or below the horizontal lines are transcribed rightwards or leftwards, respectively. Arrowheads A-D indicate the
locations of PCR primers used to determine mating-type. (C) Induction of mating-type switching by nitrogen depletion. MATa strains (upper) and MATa
strains (lower) were grown in YPD ‘pre-induction’ cultures, and then transferred into NaKG media, which contains no nitrogen source and strongly reduces
growth rate. DNA samples were taken from the pre-induction cultures and 24 h after transfer into NaKG. PCR amplifications were performed with the primer
combinations indicated. The PCR product sizes are 2.6 kb (AB), 2.7 kb (AC), 2.3 kb (BD) and 2.3 kb (CD).

https://doi.org/10.1371/journal.pgen.1007092.9001
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environmental signal and executes rearrangement of chromosome 3 in response. A priori, we
know that the pathway in O. polymorpha must be quite different from the pathway that regu-
lates mating-type switching in S. cerevisiae [3, 13], because switching in S. cerevisiae is not reg-
ulated by the environment and occurs even in rich media, and because O. polymorpha has no
ortholog of the S. cerevisiae HO endonuclease gene. Therefore, both the upstream (nitrogen-
sensing) and downstream (DNA inversion) parts of the pathway in O. polymorpha must be dif-
ferent from S. cerevisiae. Furthermore, since the DNA rearrangements that occur during
switching in S. cerevisiae, O. polymorpha and Kluyveromyces lactis are all substantially different
but are descendants of a common ancestral switching mechanism [4, 14, 15], we were inter-
ested to determine how the pathways that regulate these rearrangements have evolved.

To identify components of the switching pathway in O. polymorpha, we used several strate-
gies including transcriptomic analysis, candidate gene approaches, and mapping the defective
gene in a naturally-occurring mutant that is unable to switch mating types. We identified five
genes that are required for switching. Although we were unable to deduce all the steps that
lead from nitrogen depletion to mating type switching, we infer that O. polymorpha senses
nitrogen depletion using the Protein Kinase A (PKA) pathway, which then transmits a signal
via Stel2 to induce mating and/or mating type switching, and that recombination between the
IRs is mediated by the homologous recombination pathway for DNA repair. We compare the
roles of genes in the O. polymorpha pathway to the roles of their orthologs in other species.

Results
Transcriptomic response of O. polymorpha to nitrogen depletion

Our initial approach to search for genes involved in mating-type switching in O. polymorpha
was to look for differences between the transcriptomes of cells that are switching and cells that
are not switching. Switching in several methylotrophic yeast species is induced by nitrogen
depletion [10-12, 16], and in O. polymorpha we used liquid NaKG media (0.5% NaOAc, 1%
KCI, 1% glucose), which completely lacks amino acids or any other source of nitrogen, to
induce switching. O. polymorpha grows poorly in NaKG, so to induce switching we first grew
‘pre-induction’ cultures in rich media (YPD) and then transferred the cells, after washing, into
NaKG. In the haploid strain NCYC495, recombination between the IRs in the MAT region
was induced within 24 hours after transfer into NaKG, whereas no recombination occurred in
the YPD pre-induction cultures (Fig 1C).

To examine the transcriptional response induced by nitrogen depletion, we used mRNAseq
to compare the transcriptomes of O. polymorpha cells 2 h after transfer from a YPD pre-induc-
tion culture into NaKG, to parallel cultures transferred into fresh YPD. Furthermore, because
we expect that switching occurs only in haploid cells, we conducted this experiment in parallel
on haploid (MATa and MATo isogenic strains) and diploid (MATa/o) cells.

Growth of all three cell types in NaKG resulted in a robust transcriptional response to nitro-
gen depletion, with a large number of genes significantly up- or down-regulated relative to
YPD (S1 Fig; S1 Table). Regardless of cell type, homologs of S. cerevisiae genes for nitrogen
starvation responses were induced, such as transporters of amino acids (DIP5, GAPI), urea
(DUR3), and allantoate (SEOI), and amidases for the release of amide groups from urea
(DURI,2), pyrimidines (PYD3), or other substrates (AMD2). Ribosomal protein genes were
strongly repressed, as expected because of the reduced growth rate in NaKG (S1 Table). How-
ever, orthologs of S. cerevisiae genes with mating or sporulation functions were not induced by
these nitrogen depletion conditions alone, even though mating (of haploids) and sporulation
(of diploids) can be induced by plating cells onto similar nitrogen-depleted solid media [17].
Among the genes strongly upregulated in NaKG were two transcription factors, RMEI and
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CZF1-like3 (one of three O. polymorpha co-orthologs of C. albicans CZF1, which is a singleton
zinc finger gene with no S. cerevisiae ortholog [18]). Both of these genes were uniformly
induced in all three cell types (MATa, MATo. and MATa/a), with CZFI-like3 upregulated 69-
to 93-fold, and RMEI upregulated 26- to 79-fold, upon transfer into NaKG (S1 Table).

Lack of constitutive MATa- and MATa-specific genes

In S. cerevisiae, defined sets of a- and o-specific genes that allow haploid cells to identify and
respond to the presence of a mating partner are well established [19]. These genes are constitu-
tively expressed in S. cerevisiae cells of the appropriate mating type. Surprisingly, comparison
of gene expression between haploid O. polymorpha a-cells and a-cells in either NaKG or YPD
media revealed that there are essentially no constitutive a- or o-specific genes in this species,
apart from the MAT genes themselves (S1 Fig; S2 Fig). All haploid cells of O. polymorpha con-
tain four MAT genes (MAT ol, 02, al, and a2), and the orientation of the 19-kb region speci-
fies whether the a1 and 02 genes, or the al and a2 genes, are placed at the expression site (Fig
1B). In NaKG, transcription of a1 and a2 was respectively 53-fold and 39-fold higher in o-
cells than in a-cells; a2 was 31-fold lower, and al was just 2-fold lower. In YPD, a1 and 02
were 4-fold and 9-fold higher, al was 6-fold lower, and al showed no difference. KAR4, which
in S. cerevisiae is a general pheromone-induced gene [20] required for fusion of the haploid
nuclei after mating, showed moderately higher expression in a-cells than in o-cells (2 to 3-fold;
S2 Fig). No other genes showed more than a 2-fold difference in transcription between a- and
o-cells, in either of the two media (S2 Fig; S2 Table). This result contrasts sharply with S. cerevi-
siae, where for example several a-specific genes such as MFA2, STE2 and BARI have more
than 10-fold higher expression in MATa than MATo. cells in YPD [19]. It is also consistent
with previous observations that expression of the pheromone receptors STE2 and STE3 in hap-
loid O. polymorpha is independent of cell type [10].

These experiments also enabled us to identify gene expression differences between haploid
and diploid cells. O. polymorpha is haplontic, and its diploid state is normally transient because
meiosis is induced by the same conditions (nitrogen depletion) that induce mating. However,
diploids can be maintained stably on YPD. We calculated the haploid-to-diploid expression
ratio for each gene as the ratio between its transcription in a-cells and a/a-cells. The values of
this ratio in different genes were quite consistent between YPD and NaKG media (Pearson’s
R =0.68; S3 Fig). Among the genes showing the strongest bias in YPD towards haploid-specific
expression were several transcription factors including CZF1-likel, CZF1-like2, CRZ1, GAT1,
and MGA1 (S3 Table). Of these, only CZF1-like2 was also haploid-specific in NaKG. Tran-
scription factor DALS8I appeared diploid-specific in both media (S3 Table).

Because mating-type switching occurs in haploid cells grown in NaKG, but not in haploids
grown in YPD, and presumably not in diploids, we anticipated that genes with roles in switch-
ing might be identifiable as transcripts that are both haploid-specific and NaKG-specific. How-
ever, analysis of the genes fitting this transcription profile did not reveal any strong candidates
for the downstream steps in the switching process, such as DNA recombination or endonucle-
ase genes. Instead, most of the genes with this profile had metabolic functions (S4 Fig). The
most haploid-specific and diploid-specific genes in the two media are listed in S3 Table.

A switching defect in O. parapolymorpha strain DL-1 maps to EFG1

Next, in an alternative approach to find a component of the switching pathway, we made use
of a naturally occurring mutant. When assaying the MAT genotypes of Ogataea strains, we
discovered that strain DL-1 is unable to switch mating-types, even after 45 h growth in NaKG,
in contrast to strains NCYC495 and CBS4732 (Fig 2A). Strain DL-1 has previously been
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Fig 2. A switching defect in O. parapolymorpha strain DL-1 maps to the transcription factor EFG1. (A) PCR determination of MAT genotypes in O.
parapolymorpha strain DL-1 and O. polymorpha strains NCYC495 and CBS4732, before and after 45 h growth in NaKG media. PCR primers A-D are as in
Fig 1. (B) Experimental design for bulk segregant analysis of the DL-1 switching defect. Switching competent (blue) and non-switching (orange) backgrounds
were crossed to form a heterozygous diploid. The diploid was sporulated and individual haploid progeny were tested for the ability to switch after growth for
24 h in NaKG. The haploids were pooled by their switching phenotypes prior to genome sequencing. (C) Regions of the genome differentially inherited by
switching and non-switching progeny. The peak on chromosome 6 contains the EFG1 locus, indicated by the red dot. Genomic segments correspond to
single genes or intergenic regions. (D) The EFG1 locus in O. parapolymorpha strain DL-1 contains a 1-bp insertion. The nucleotide sequence alignment
shows the extra T (orange asterisk) in DL-1, causing a frameshift (orange) leading to premature stop codons (red) and a truncated protein product relative to
O. polymorpha strain NCYC495.

https://doi.org/10.1371/journal.pgen.1007092.9002

described as ‘semi-sterile,” meaning that it is very inefficient at forming diploids under nutri-
ent-limited conditions [21]. The semi-sterility phenotype of DL-1 is therefore likely due to a
loss of the signal that is induced by nitrogen depletion, upstream of the steps that normally
lead to either mating or switching in response to the signal.

Strains DL-1, NCYC495 and CBS4732 were all historically classified as Hansenula polymorpha
but it has recently been recognized, based on sequence divergence, that DL-1 is a different species
from the other two. DL-1 is now classified as Ogataea parapolymorpha, whereas NCYC495 and
CBS4732 are O. polymorpha [22, 23]. However, the genome sequence of O. parapolymorpha DL-
1 [24] is completely collinear with the genome sequence of O. polymorpha NCYC495 [12]. Both
species have 7 chromosomes, and there are no translocations or other chromosomal rearrange-
ments between them, even though the genomes are approximately 10% different in nucleotide
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sequence [11]. The fact that the genomes are collinear suggested to us that the mating-type
switching defect in DL-1 could be mapped by using an interspecies genetic cross between it and
the O. polymorpha laboratory strain NCYC495.

We used bulk segregant analysis [25] to map the locus causing the switching defect. We
first isolated a rare diploid from a cross between DL-1 (leu2 ura3 genotype) and an NCYC495
derivative (adell met6 genotype), selecting for prototrophy. We then sporulated the diploid
and isolated haploid segregants grown from random spores (Fig 2B). Segregants were screened
individually for their ability to switch mating-types after 24 h in NaKG by the same PCR assay
used above. We made four pools of segregants: MATa switchers, MATa non-switchers, MATo
switchers, and MATo non-switchers, each pool containing between 30 and 52 haploid clones
(S5A Fig), and sequenced each pool. Cultures of each clone in a pool were grown individually
and then combined into pools in equal cell numbers for DNA extraction and genome sequenc-
ing. The sequence reads from the switching and non-switching pools were then mapped to the
parental DL-1 and NCYC495 genome sequences (S5B Fig); only reads that were unambigu-
ously derived from one identifiable parent were mapped. We developed an asymmetry metric
(see Methods) to detect regions of the genome where biased inheritance of parental alleles cor-
related with the switching/non-switching phenotype in the expected direction (Fig 2C).

Two peaks of asymmetrical inheritance were detected (Fig 2C). The strongest signal was
located on chromosome 6 and was centered near the gene OPOL_95241, which we refer to as
O. polymorpha EFGI. It is orthologous to the C. albicans transcription factor EFGI [26] and to
the S. cerevisiae gene pair PHD1 and SOK2 derived from the Whole-Genome Duplication [27-
29]. Comparison of the EFG1 sequences from the parental NCYC495 and DL-1 genomes
revealed a single-base insertion at nucleotide 512 in the DL-1 gene that causes a frameshift
(Fig 2D). The predicted DL-1 Efgl protein product is truncated to 203 residues, compared to
437 residues in NCYC495. The DL-1 Efgl protein lacks a DNA-binding domain (APSES
domain [26, 30, 31]) that is conserved among Efgl orthologs in multiple species including C.
albicans and S. cerevisiae (S6A Fig). A second region of asymmetrical inheritance occurred on
chromosome 7 near coordinate 330 kb (Fig 2C). Comparison of the NCYC495 and DL-1
genomes in this region did not reveal any candidate disabling mutations in genes, or differ-
ences in gene content. Considering that this analysis used a cross between two different spe-
cies, it is possible that the chromosome 7 region contains a gene that interacts with a gene near
EFG1, for which an interspecies combination of alleles is inviable, but we did not investigate
this region further.

To confirm that EFG1 plays a role in mating-type switching in O. polymorpha, we deleted it
from both MATa and MATo. strains. Gene deletions were made in ku80A derivatives from the
NCYC495 genetic background [32]. PCR assays showed that, after 24 h in NaKG, almost no
switched MAT locus products were formed in the efglA strains, whereas extensive switching
occurred in the wildtype control strains (Fig 3A). Furthermore, the efglA strains were defective
in mating, similar to the semi-sterility phenotype of DL-1. Crosses of efgIA x efglA strains
yielded no progeny, and crosses of efglA x EFGI strains yielded only a small number of prog-
eny compared to wildtype crosses (Fig 3B). This result indicates that both parents in a cross
require EFGI activity in order to mate.

An EFG1-dependent mechanism represses RME1 in nitrogen-rich
conditions
Because EFGI is required for both mating and mating-type switching in O. polymorpha (Fig

3A and 3B), we reasoned that it must act in an upstream part of the nutrient-sensing pathway
that is shared by these two processes. Such a function is consistent with the known role of
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https://doi.org/10.1371/journal.pgen.1007092.9003
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EFG1Iin C. albicans as the major transcription factor of the PKA pathway [33-36], even though
its S. cerevisiae orthologs PHDI and SOK2 have no role in mating or switching. We therefore
searched for O. polymorpha genes whose expression depends on Efgl.

To find genes downstream of EFGI, we compared the transcriptional profiles of wildtype and
efglA haploid strains, by mRNAseq in nitrogen-poor and nitrogen-rich conditions. We used two
different types of paired media for this experiment. One was a comparison of transcriptomes in
NaKG versus NaKG plus 40 mM ammonium sulfate, which we have previously shown abolishes
switching [11]. The other, chosen to try to reduce the strong general nutrient depletion signal we
observed with NaKG (S1 Fig), was a comparison of transcriptomes in synthetic defined media
(SD, which includes 40 mM ammonium sulfate) versus SD lacking this nitrogen source. These
mRNAseq experiments identified many nutrient transporters and enzymes that have EFGI-depen-
dent expression in nitrogen-poor media (54 Table), consistent with EFGI’s expected role in the
PKA pathway, but no obvious candidates for direct actors in the flip/flop inversion mechanism,
such as DNA recombinases or endonucleases. However, these experiments also showed that one
of the genes with the largest EFG1-dependent differences in expression between nitrogen-rich and
nitrogen-poor conditions was another transcription factor, RVEI.

O. polymorpha RMEI is a gene that is substantially more highly transcribed in nitrogen-
poor than in nitrogen-rich conditions, being among the top 2% of genes upregulated in NaKG
(Fig 3C; S1 Table). In nitrogen-rich conditions, one of the strongest effects of deleting EFG1
was to increase the expression of RME]I from its low baseline, by factors of 4.4-fold in NaKG
+ ammonium sulfate, and 6.6-fold in SD, relative to wildtype cells (Fig 3C and 3D). In contrast,
in nitrogen-poor conditions RME] expression was high and unchanged between efglA and
wildtype cells (Fig 3D; S4 Table). In the efglA strain, RMEI was expressed in both nitrogen-
rich and poor media. Thus, transcription of RMEI in nitrogen-rich conditions is normally
repressed by an EFG1-dependent mechanism, which could either be direct or involve interme-
diate proteins. EFGI itself showed no difference in expression between NaKG and YPD (Fig
3C). In Kluyveromyces lactis, RME] (also called MTS1) is required for both mating-type switch-
ing and mating [14, 37], so regulation of RMEI by EFGI in O. polymorpha therefore suggests a
mechanism connecting the nitrogen limitation response to switching and mating. In contrast,
the main function of RME] in S. cerevisiae is as a repressor of meiosis via repression of IME1,
which has no ortholog in O. polymorpha [38, 39].

The set of genes showing expression changes in the efglA strain also included some ‘white-
opaque circuit’ genes. These genes are O. polymorpha homologs of genes that form a feed-for-
ward circuit in C. albicans governing the phenotypic switch between mating-competent
(opaque) and mating-incompetent (white) cell states. The C. albicans circuit includes EFG1,
WORI, WOR2 and CZF1 [40]. O. polymorpha has no ortholog of C. albicans WORI, but has a
paralogous gene (OPOL_7784) that we refer to as MIT1 because of its similarity to S. cerevisiae
MIT1 [41]. Among the strongest effects of deleting O. polymorpha EFGI were decreases of
expression of CZF1-like2 and MIT1, which occurred in both nitrogen-poor and nitrogen-rich
conditions (Fig 3C; S4 Table; all decreases were by less than 4-fold).

EFG1overexpression represses an EFG1 paralog

In parallel to the experiments with the efglA deletion strain, we also used an overexpression
strain to search for genes regulated by EFG1. We placed EFGI under the control of the O. poly-
morpha alcohol oxidase promoter (pAOX). Expression from pAOX is robustly induced when
cells are switched from growth in glucose to growth in media containing methanol as the car-
bon source. We used mRNAseq to compare the transcriptome of the pAOX-EFG strain to

a control strain containing an empty pAOX construct, after overnight growth in methanol
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media. Methanol induced 7-fold higher transcription of EFGI in the pAOX-EFGI strain than
in the control (Fig 3C). Overexpression of EFGI led to changes in transcription of large num-
bers of genes (221 genes downregulated, and 26 genes upregulated, by factors of at least 8-fold;
S5A Table). Notably, RMEI transcription remained unchanged in the EFGI overexpression
strain (Fig 3C).

One of the strongest effects of overexpressing EFG1 (OPOL_95241) was 53-fold repression
of arelated gene, OPOL_93012 (Fig 3C). Phylogenetic analysis showed that these two APSES
domain proteins are the products of a gene duplication that occurred within the genus Ogataea
(S6B Fig). This gene duplication is separate from an older duplication that formed the EFG1
homolog EFH1 in the Candida clade [42]. The O. polymorpha Efgl and OPOL_93012 proteins
have 49% amino acid sequence identity. The sister species O. parapolymorpha has orthologs of
both EFGI (with a frameshift) and OPOL_93012, but other budding yeasts including methylo-
trophs outside the genus Ogataea have only a single gene. EFGI and OPOL_93012 are both
transcribed in both nitrogen-poor and nitrogen-rich conditions. EFGI has higher expression
in haploids than in diploids (2.8- to 3.7-fold), whereas OPOL_93012 shows little difference
between cell types (S3 Table). Expression of OPOL_93012 was unaffected in the efglA strain.

Overexpression of O. polymorpha EFGI also caused changes of expression of some white-
opaque genes. CZF1-like2 was down-regulated 20-fold, and CZFI-like3 was up-regulated
7-fold (Fig 3C; S5A Table). WOR3 and WOR4, which are more recently identified components
of the white-opaque circuit in C. albicans [43, 44], were down-regulated (10- and 12-fold
respectively). The regulatory relationship between EFGI and CZFI-like2 appears to be com-
plex, because CZF1-like2 was down-regulated by both deletion and overexpression of EFG1.

RME1and STE12, as well as EFG1, are necessary for mating-type
switching and mating

Based on the results of the EFGI deletion and overexpression mRNAseq analyses, we tested
whether RMEI and the EFG1 paralog OPOL_93012 are required for mating-type switching
and/or mating. We also tested STE12, which plays a central role in the mating response in
other yeast species, and which shows induction by nitrogen depletion (Fig 3C; S1 Table).
MATa and MATo. deletion strains for each gene were constructed and tested for their ability to
switch mating types, and to mate.

Deletion of RME] severely reduced mating-type switching, as measured by PCR assay, in
both MATa and MATo cells (Fig 4A), similar to the result from EFGI deletion (Fig 3A). Dele-
tion of STE12 completely abolished switching. Furthermore, deletion of RMEI or STEI2 abol-
ished mating, in crosses where both parents were rmelA or ste12A (Fig 4B). Crossing rmelA x
RME] resulted in a low number of diploid colonies, similar to efgIA x EFGI crosses, whereas
ste12A x STE12 crosses did not produce any colonies (Fig 4B). In contrast to these three genes,
deleting the EFG1 paralog OPOL_93012 had no effect on switching or mating (Fig 4A and 4B).

Because EFGI is a component of the white-opaque circuit in C. albicans, and because several
O. polymorpha homologs of white-opaque genes were found to be differentially regulated in our
transcriptome analyses as mentioned above (Fig 3C), we also made deletion strains of four O.
polymorpha ‘white-opaque’ genes: CZF1-like2, CZF1-like3, MIT1 (WOR1), and WOR2 (S7 Fig).
However, none of these deletions had any effect on either switching or mating (S7 Fig).

Overexpression of RME1 or STE12, but not EFG1, is sufficient to induce
switching without an environmental signal

Since EFG1, RMEI and STE12 are all necessary for switching, we investigated whether high
expression of any of them is also sufficient to induce switching, even in the absence of a
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nitrogen depletion signal. We constructed methanol-inducible pAOX-RMEI and pAOX-STE12
strains similar to the pAOX-EFGI strain described above. Switching was induced when strains
containing pAOX-RMEI or pAOX-STE12 were transferred from glucose to methanol (Fig 5A),
demonstrating that overexpressed RMEI and STEI12 are each sufficient to induce switching.
The pAOX-EFGI strain, and a control strain containing the pAOX vector alone, did not switch
under the same conditions (Fig 5A). The latter result is consistent with the observation that
EFG1 is transcribed in nitrogen-rich as well as nitrogen-poor conditions, and indicates that
EFGI requires additional factors in order to induce switching.

RME1 acts upstream of STE12

The results we have presented so far show that EFGI, RMEI and STE12 are each necessary for
switching, and that EFGI acts upstream of RMEI. To determine where STE12 fits into the
pathway, we constructed strains that combined overexpression of one gene with deletion of
another. We introduced the pAOX-RME]1, pAOX-STE12, and pAOX-EFG]I constructs individ-
ually into the deletion strains rmelA, stel2A, and efglA in all possible combinations (Fig 5B).
Methanol induction of EFGI was again unable to induce switching in any background,
whereas STEI2 overexpression induced switching in all backgrounds. RMEI overexpression,
although sufficient for switching in the rmelA and efglA backgrounds, did not induce
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https://doi.org/10.1371/journal.pgen.1007092.9005

switching in the ste]2A strain. This result indicates that RMEI acts upstream of STEI2 in the
switching pathway.

To test whether RME1 binds to the promoter of STE12, we performed ChIPseq using
3xHA-tagged Rmel, expressed from its native chromosomal locus. In addition to binding to
its own promoter and 3° UTR, Rmel bound to the promoter of STEI2 (Fig 5C). Furthermore,
mRNAseq analysis of the pAOX-RME] strain shows that overexpression of RMEI results in an
increase in expression of STE12 (S8 Fig; S5C Table). Together, these data suggest that RME]I
directly activates transcription of STE12 by binding to its promoter, which leads to switching.
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RME1and STE12 overexpression induces the mating pathway including
pheromone genes

Since overexpression of either RMEI or STE12 induces switching, we tried to identify compo-
nents further downstream in the switching pathway by transcriptome analysis of the
PpAOX-RME] and pAOX-STEI12 overexpression strains, after overnight growth in methanol
media. We found that the major consequence of overexpressing these transcription factors
was strong induction of genes in the mating response pathway (S8 Fig; S5 Table), consistent
with the essential roles of RMEI and STE12 in O. polymorpha mating (Fig 4). The genes
induced included orthologs of the S. cerevisiae haploid-specific genes (STE4, GPA1, STE1S,
STE5, FAR1, FUS3) required for transmission of the pheromone signal. Our pAOX overexpres-
sion strains were constructed in a haploid MATa background, and we detected methanol-
induced transcription of a-specific genes (BAR1, AXL1, ASG7, RAM1, RAM2, STEG6) that are
required for production of a-factor and modulation of the a-factor signal. The mating pathway
induction by STEI2 overexpression was so strong that it enabled us to annotate the a-factor
gene (MFa) of O. polymorpha for the first time (S9 Fig). We also observed induction of the o-
specific genes MATol, MATo2 and the a-factor gene MFo., which is likely due to expression
in cells that had successfully switched mating-type from MATa to MATo. in the cultures (Fig
5A). In addition to the mating pathway genes, overexpression of RME]I (but not STE12) also
induced transcription of genes with roles in sporulation such as RIM4, IME2, MUM2, and
MEI2 (S5C Table). In contrast to RMEI and STE12, EFGI overexpression did not significantly
induce expression of mating pathway genes (S8 Fig).

Disappointingly, the RMEI and STE12 overexpression mRNAseq analyses did not reveal
any clear candidates for genes that act downstream in the switching pathway. They did how-
ever show that RMEI and STE12 form a positive feedback loop. Overexpression of RME]
induced STE12 by 14-fold, and overexpression of STE12 induced RMEI by 9-fold (S5B Table,
S5C Table). They also showed that overexpression of RMEI induced expression of CZF1-like3
and repressed expression of CZF1-like2 (S5A Table), similar to overexpression of EFGI, so the
effect of EFGI on these white-opaque genes is probably mediated through RME].

The homologous recombination pathway is required for mating-type
switching

Although the transcriptomic and ChIPseq experiments did not identify obvious candidates for
downstream roles in the switching pathway, such as homologs of known DNA recombinases
or endonucleases, they did uncover several O. polymorpha genes of unknown function whose
patterns of transcription were consistent with the profile we expected switching pathway genes
to have. We chose 21 candidate O. polymorpha genes for deletion and testing of switching phe-
notypes, including (i) genes of unknown function with appropriate transcription profiles, (ii)
orthologs of S. cerevisiae genes that interact with STE12, such as TEC1, FUS3 and KSS1, and
(iii) orthologs of S. cerevisiae genes with roles in mating-type switching, homologous recombi-
nation or DNA repair, such as ASHI, RAD51 and PMSI. Deletion strains of each of the 21
genes in an NCYC495 ku80A MATo. background were tested for their ability to switch mating-
types, of which 19 had no phenotype (S10 Fig).

We found that mating-type switching was almost completely abolished in strains with dele-
tions of the orthologs of two S. cerevisiae genes in the homologous recombination pathway,
RAD51and RAD17 (Fig 6). In S. cerevisiae, Rad51 is a single-stranded DNA binding protein
that mediates strand exchange during homologous recombination [45], and is necessary for
mating-type switching [46]. The O. polymorpha RAD51 gene has previously been reported to
partially complement an S. cerevisiae rad51 mutant, and the protein catalyzes DNA strand
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exchange in vitro [47]. Rad17 is a component of the checkpoint signaling clamp called 9-1-1 in
humans or Ddc1-Mec3-Rad17 in S. cerevisiae [45]. The Mec3 component of the clamp is not
necessary for mating-type switching in S. cerevisiae [48], but whether Rad17 is necessary has
not been investigated. The requirement for RAD51 and RAD17in O. polymorpha switching
shows that the homologous recombination pathway for repair of DNA breaks is involved in
the interaction between the IRs.

Discussion

Our experimental results suggest a model for how mating-type switching and the mating
response to pheromone are both controlled in in O. polymorpha (Fig 7). In the presence of a
nitrogen source, an EFGI-dependent mechanism represses transcription of RMEI and the

Mating-type
switching

EFG 1 Nitrogen
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Nitrogen /—\ / Intermediate steps?
present RME1 STE12
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Fig 7. Model for regulation of mating-type switching and the mating response in O. polymorpha.
https://doi.org/10.1371/journal.pgen.1007092.g007
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whole pathway is inactive. In the absence of a nitrogen source, RMEI is active and a positive
feedback loop between RMEI and STEI12 expression develops. If pheromone is detected,
STEI2 activates the mating response pathway and mating ensues. We postulate that if no pher-
omone is detected, STEI2 instead activates mating-type switching, which could then lead to
mating with a cell of the original mating-type. The final steps in switching utilize the homolo-
gous recombination pathway, but the intermediate steps connecting STE12 to the RAD genes
remain unknown.

As shown in Fig 7, RMEI also has a role in regulating ‘white-opaque’ transcription factors.
We do not know if a regulatory loop similar to the C. albicans white-opaque circuit exists in
O. polymorpha, but in any case our gene deletion experiments (S7 Fig) show that white-opaque
genes other than EFGI have no role in switching or mating. In C. albicans, EFG1 is the main
activator of the mating-incompetent (white) state [40], whereas in O. polymorpha EFGI is
required for mating competence. Our model may be oversimplified because the connection
between EFGI and RME]I seems to be complex and may involve intermediate steps. By analysis
of the efglA strain we found that in nitrogen-rich conditions EFGI causes repression of RMEI,
whereas in nitrogen-poor conditions EFG1 was essential for switching and mating, suggesting
conversely that it causes activation of RMEI. Since overexpression of EFGI had no effect on
RME] transcription, the activity of EFGI may depend on other factors such as the presence of
partner proteins, or post-translational modification of Efgl. The Efgl proteins of some yeast
species are known to be phosphorylated [49-51]. C. albicans Efgl can act as both a repressor
and an activator [26, 52], so it is possible that O. polymorpha Efgl can both positively and nega-
tively affect RMEI transcription in different conditions.

A fundamental difference between O. polymorpha and S. cerevisiae is that in S. cerevisiae,
detection of pheromone is the only signal necessary to trigger a mating response, whereas in
O. polymorpha a nitrogen depletion signal is needed as well. Stel2 is the probable point of inte-
gration of these two signals in O. polymorpha (Fig 7), with the nitrogen-depletion signal
(communicated through Efgl and Rmel) increasing the level of STE12 transcription, and the
pheromone-induced MAP kinase cascade activating Stel2 by releasing the ortholog of the
inhibitor proteins Digl/Dig2 [53, 54]. We suggest that O. polymorpha cells initiate switching if
Stel2 protein becomes abundant but no pheromone has been detected.

Comparing the networks that contain EFG1, RMEI and STE12 in different ascomycete spe-
cies shows that there has been extensive reorganization during evolution (Fig 8). These net-
works are complex because they integrate information about the cell’s nutrient status (from
the PKA pathway), the presence of pheromone (from the MAPK pathway), and the cell’s
ploidy (from the al/02 repressor), to decide whether the cell responds by mating, switching,
sporulating, or filamentous growth [55]. In S. cerevisiae, the nutrient status of the cell is pri-
marily signaled by modulating PKA activity, which occurs via cyclic AMP for glucose sensing,
and independently of cAMP for sensing other nutrients such as nitrogen [36, 56]. Much of the
transcriptional response to changes in PKA activity in S. cerevisiae is mediated by the stress-
response transcription factors Msn2 and Msn4 [56, 57]. However, there is no ortholog of
Msn2/4 in O. polymorpha, and in C. albicans the major PKA-regulated transcription factor is
Efgl, not Msn2/4 [33-36, 58]. It is likely that in O. polymorpha PKA regulates EFGI to signal
nitrogen depletion, because PKA is known to regulate Efgl orthologs in Eremothecium (Ash-
bya) gossypii [59] and S. cerevisiae [28, 57], as well as C. albicans [51, 60]. One of the functions
of S. cerevisiae Sok2 is to repress the master inducer of meiosis IMEI in rich conditions [49],
but IME] also has no ortholog in O. polymorpha. Thus the role of O. polymorpha EFG1 may be
quite unlike the roles of S. cerevisiae SOK2 and PHDI. The MAPK and PKA pathways may be
more interconnected in other ascomycetes than in S. cerevisiae, because C. albicans Efgl also
plays a role in mating and interacts with the Dig1/2 ortholog [54].
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Fig 8. Comparison of regulatory networks in five ascomycete species. Orange and green arrows refer to
communication of nutrient depletion and pheromone signals, respectively. Pathways are summarized from
the literature for S. cerevisiae[1, 20, 38, 49, 53, 56, 68-70], K. lactis[15, 37, 61], E. gossypii[59], and C.
albicans [26, 40, 54, 60, 71, 72]. C. albicans has an RME1 ortholog whose transcription is specific to the white
state [73]. It has no role in mating [37] and its function is unknown.

https://doi.org/10.1371/journal.pgen.1007092.g008

The mating response pathway of O. polymorpha is similar to that in K. lactis in the sense
that Rmel conveys the nutrient depletion signal that is needed to activate STE12 for mating
[20, 37], but their pathways for induction of switching are different (Fig 8). In K. lactis,
Ste12 has no known role in switching, and upon nutrient depletion Rmel induces switching
either by activating transcription of KAT1 or by binding to the a3 locus, depending on the
direction of switching [14, 15]. Furthermore, the connection between nutrient signaling
and switching in K. lactis has been proposed to occur via Msn2 rather than Efgl [61]. Never-
theless, the pathway that regulates switching in O. polymorpha has more similarity to that in
K. lactis than to that in S. cerevisiae. Switching in S. cerevisiae via HO endonuclease is highly
regulated in terms of cell cycle and cell lineage [3, 4, 13], but has no connection to PKA sig-
naling or STE12 (Fig 8).

Is there an endonuclease or site-specific recombinase for mating-type switching in O. poly-
morpha? At the outset of this project we assumed that the flip/flop mechanism would employ a
specific enzyme to initiate recombination between the two IRs, but we have been unable to
find such an enzyme. In retrospect, we realize that a site-specific recombinase is unlikely
because recombinases generally recognize sites that are much shorter than the 2-kb IRs [62]. It
now seems probable that during switching a site-specific DNA break is induced in one copy of
the IR, followed by repair by recombination with the other copy, which can be resolved as
either a crossover (inversion of the 19-kb region) or a non-crossover (no switching). Site-spe-
cific breaks are made in S. cerevisiae by HO, and in K. lactis by Katl and a3, but the O. poly-
morpha genome contains no homologs of any of these proteins. One possible hypothesis for O.
polymorpha is that a site-specific break might be formed during attempted replication of a frag-
ile DNA site, similar to switching in Schizosaccharomyces pombe [4, 9], but if this is correct, the
site must be fragile only in nitrogen-poor conditions. Alternatively, O. polymorpha might use a
recombinase or endonuclease that is activated post-transcriptionally. Further characterization
of the switching mechanism in O. polymorpha may require biochemical approaches or genetic
screens to identify mutants that switch constitutively.

Materials and methods
Strain and plasmids

Strains and plasmids used in this study are listed in S6 Table. Constructs for gene deletions
contained 700-1000 base pairs of sequence flanking the target locus and an antibiotic resis-
tance marker. Flanking and marker sequences were amplified using a high-fidelity DNA poly-
merase (Phusion or Q5, New England Biolabs), purified (PCR Purification Kit, Qiagen), and
assembled by fusion PCR. PCR products were introduced into cells by electrotransformation,
as described previously [63]. Gene deletions were made in ku80A4 backgrounds to increase effi-
ciency of homologous recombination [32]. Successful integration was tested by antibiotic
selection on YPD plates containing 200 pg/mL G418, 200 pug/mL hygromycin B, 100 ug/mL
nourseothricin, or 100 pg/mL zeocin, as appropriate. Colony PCR was performed on resistant
colonies to test for integration at the correct locus (GoTaq G2 polymerase, Promega). Plasmids
for overexpression were constructed using pHIPH4 [32]. EFG1, STE12, and RME] coding
sequences were amplified using a high fidelity polymerase and primers containing restriction
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enzyme sites (Sbfl, Xmal, HindIII, or Xbal). The purified PCR products and plasmid were
digested, ligated, and transformed into E. coli. Clones were purified and digested with Stul
enzyme overnight at 37°C for electrotransformation into O. polymorpha.

Mating-type switching PCR assay

To induce mating-type switching, overnight ‘pre-induction’ cultures grown at 37°C in YPD
were centrifuged at 3400 x g for 2 min, washed once in NaKG (0.5% sodium acetate, 1% potas-
sium chloride, 1% glucose), and resuspended in 10 mL NaKG at Aggp 0.5. NaKG cultures were
then incubated on a shaker at 28°C for 24 h. DNA was isolated from the pre-incubation and
NaKG-grown cultures by phenol:chloroform extraction. The MAT locus orientation was
determined by PCR amplification using GoTaq G2 polymerase (Promega) for 30 cycles with
55°C annealing temperature and 3 min elongation. PCR products were visualized on 1% aga-
rose gel with ethidium bromide staining.

Mating assay

Cells were streaked in parallel lines on YPD agar and crossed on MEMA (2.5% maltose, 0.5%
malt extract, 2% agar) by replica plating. MEMA plates were incubated at 28°C for 24 h before
replica plating to SD agar. SD plates were incubated at 37°C for 48 h to observe growth of
diploids.

Methanol induction

Induction of expression from the AOX promoter was achieved by growing overnight cultures
at 37°C in mineral media [64] containing 0.5% glucose (MMG). Overnight cultures were
diluted in fresh MMG to Agg 0.2 and grown to Aggg >1.5. Cultures were diluted again in fresh
MMG to Agpp 0.2 and grown to Aggy >2.0. Cultures were diluted in mineral media + 0.4%
methanol (MMM) to Agq 0.2 and grown on shaker overnight at 37°C. RNA samples were iso-
lated from these cultures with two biological replicates by hot acid phenol extraction and
DNase I (Invitrogen) treatment.

Bulk segregant analysis

A diploid prototrophic colony obtained from the O. polymorpha NCYC495 x O. parapolymor-
pha DL-1 interspecies cross was sporulated by streaking on ME agar (2% malt extract, 2%
agar) and incubating at 25°C. Random spores were isolated by ether treatment: sporulating
culture was suspended in sterile water before addition of an equal volume of diethyl ether and
incubation at 30°C for 45 min. Ether-treated cells were diluted, plated on YPD agar, and incu-
bated at 37°C for 48 h. Haploid clones grown from spores were tested for the ability to switch
mating types using the PCR assay described above, with the following modification: DNA
extractions were performed by treatment of cells with 700 units lyticase, incubation at 37°C for
30 min, followed by extraction using a Promega Maxwell 16 according to manufacturer’s
instructions. Clones were identified as MATa or MATa, and as switchers or non-switchers, by
PCR assay. Clones with clear phenotypes were assigned to four pools for sequencing: MATo.
switchers (30 clones), MATo. non-switchers (35 clones), MATa switchers (35 clones) and
MATa non-switchers (52 clones) (S5A Fig). Clones for each pool were grown individually and
the pools were then made by combining equal A4y units for phenol:chloroform DNA extrac-
tion. DNA was also extracted from the parental strains NCYC495 and DL-1. All DNA samples
were purified using a Genomic DNA Clean and Concentrator kit (Zymo). Genomic DNA
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library preparation and Illumina HiSeq 2500 sequencing were performed at the University of
Missouri DNA Core Facility.

We first created new reference genome sequences for our O. polymorpha NCYC495 (adell
met6) and O. parapolymorpha DL-1 (leu2 ura3) parental strains, by mapping the reads from
these strains onto the published genome sequences [12, 24] using BWA [65]. We did this
because we discovered that our adel I met6 derivative of NCYC495 (obtained from Dr.
Kantcho Lahtchev, Bulgarian Academy of Sciences) contains regions with significant numbers
of differences relative to the reference sequence of strain NCYC495 leu1.1 (obtained from
Prof. Andriy Sibirny, National Academy of Sciences of Ukraine) that was sequenced by Riley
etal. [12]. Our NCYC495 adell met6 stock appears to be the product of a cross between a
genuine NCYC495 background and an O. polymorpha strain with a slightly divergent genome,
possibly strain CBS4732.

We then mapped the Illumina reads from each of the four pools to these O. polymorpha and
O. parapolymorpha reference genome sequences. Only reads that had a single perfect match to
one species, but no perfect match to the other, were retained for analysis. We divided the Oga-
taea genome into 7824 segments, where each segment is either a pair of orthologous genes in
NCYC495 and DL-1, or a pair of ‘intergenic’ regions in the interval between two consecutive
pairs of orthologs. These ‘intergenic’ regions can include genes that are present in one species
but absent in the other. For each segment in each species, we calculated the numbers of reads
from each pool, and from the parental strains, that mapped to it. Preliminary analysis showed
no significant differences between the two mating types, so we merged the data from MATa
and MATo clones. We then calculated four ratios for each genomic segment:

o SWhicycaos is the number of reads from switchers that mapped exclusively to the NCYC495
reference genome in this segment, divided by the number of reads from the NCYC495
parental strain that mapped exclusively to the NCYC495 reference genome in this segment,
normalized by the total numbers of mapped reads in each library.

o NSncycaos is the number of reads from non-switchers that mapped exclusively to the
NCYC495 reference genome in this segment, divided by the number of reads from the
NCYC495 parental strain that mapped exclusively to the NCYC495 reference genome in this
segment, normalized by the total numbers of mapped reads in each library.

o SWpy 1 is the number of reads from switchers that mapped exclusively to the DL-1 reference
genome in this segment, divided by the number of reads from the DL-1 parental strain that
mapped exclusively to the DL-1 reference genome in this segment, normalized by the total
numbers of mapped reads in each library.

o NSpi.; is the number of reads from non-switchers that mapped exclusively to the DL-1 refer-
ence genome in this segment, divided by the number of reads from the DL-1 parental strain
that mapped exclusively to the DL-1 reference genome in this segment, normalized by the
total numbers of mapped reads in each library.

These four ratios are plotted in S5B Fig. We defined the Asymmetry metric (Fig 2C) of a
genomic segment as

Asymmetry = max(SWycyesos — 1,0) " max(1 — NSycyeses: 0) “max(NS,; ,—1,0) " max(1 — SWy,_,,0)

This metric has a value of zero, except in genomic segments where four criteria are met
simultaneously: the proportion of NCYC495-derived DNA is higher than expected by chance
in the switcher pool but lower than expected in the non-switcher pool, and the proportion of
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DL-1-derived DNA is higher than expected by chance in the non-switcher pool but lower than
expected in the switcher pool.

RNAseq and ChlPseq

Strains for nitrogen depletion samples and efgl deletion samples were grown in YPD at 37°C
overnight, diluted to an ODggg 0.1 and grown to log phase (ODggq 1.0). Cultures were pelleted
by centrifugation, washed once in YPD, NaKG, NaKG + 40mM ammonium sulfate, SD, or SD
minus ammonium sulfate, before resuspending in the same media and culturing for 2 h at 28-
30°C. RNA samples from these cultures were prepared with the MasterPure Yeast RNA Purifi-
cation Kit (Epicentre, Illumina) or by hot acid phenol extraction and DNase I (Invitrogen)
treatment. Nitrogen depletion samples were performed in triplicate, overexpression and efgl
deletion samples were performed in duplicate.

Chromatin immunoprecipitation (ChIP) was performed by formaldehyde crosslinking of
log phase cells for 20 min with glycine addition used to stop the reaction. Cells were lysed
using glass beads and chromatin was fragmented by sonication with a Bioruptor Standard
(Diagenode). EZview Red Anti-HA Affinity Gel (Sigma-Aldrich) was used to immunoprecipi-
tate chromatin fragments, and bound DNA was eluted using HA peptide (Sigma-Aldrich).
Crosslink reversal was followed by phenol:chloroform extraction. ChIP samples were per-
formed with three biological replicates that were pooled prior to sequencing.

Stranded mRNAseq and ChIPseq library preparation and sequencing services were per-
formed at the University of Missouri DNA Core Facility. 50-51 bp unpaired Illumina reads
(RNAseq and ChIPseq) were mapped to the Ogataea polymorpha (NCYC495 leul.1 [12])
genome using Bowtie v1.1.2 using the following options: -v = 3, to report end-to-end hits with
< = 3 mismatches; -k = 10, to report up to 10 good alignments per read;—best, so hits guaran-
teed best stratum with ties broken by quality; -M = 1, to report just 1 random hit out of the
good alignments for a read; -S, to write hits in SAM format; -p = 10, to use 10 processors.
Aligned hits were split into reads that mapped to the forward and reverse strand (SAM
FLAG = 0 and 16) before proceeding. Samtools v0.1.12a (r862) was used to create sorted and
indexed BAM files of the results. Bedtools v2.19.0 was used to create genome coverage Bed-
graph files, which were converted to BigWig files using bedGraphToBigWig v4 for visualiza-
tion as tracks in Jbrowse v1.11.2.

For RNAseq data htseq-count v0.6.0 was used to calculate for each feature the number of
reads mapping to it. We mapped to a feature file based on the original JGI NCYC495 annota-
tion with extensive manual modification. We counted against both the forward and reverse
strand mapping SAM files, creating sense and antisense counts for each feature, but only
retained sense counts for further analysis. We then calculated Transcripts Per Million (TPMs)
[66] for each feature and used DESeq2 in R v3.2.1 to calculate differential expression between
conditions.

Supporting information

S1 Fig. Cell-type and media dependent gene expression patterns in O. polymorpha. Heat-
map shows the log,(fold change) in expression of all genes in the genome from mRNAseq of
O. polymorpha haploid MATa, haploid MATa, and diploid MATa/c. strains grown in rich
media (YPD), or 2 h after transfer from YPD into nitrogen depletion media (NaKG).

(EPS)

S2 Fig. Gene expression differences between a-cells and a-cells. Each gene’s expression ratio
between a-cells and a-cells is plotted, for NaKG media (X-axis) and YPD media (Y-axis). Only
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the 475 genes for which the expression ratio was significantly different from 1 in at least one of
the conditions are plotted (unadjusted P < 1e-3).
(EPS)

S3 Fig. Gene expression differences between haploid a and diploid a/a O. polymorpha cells.
For each gene in the genome, its expression ratio between a-cells and a/a.-cells is plotted, in
NaKG media (X-axis) and YPD media (Y-axis). The MATol and MATo2 genes appear dip-
loid-enriched in this experiment because they have higher expression in diploid a/o-cells than
in haploid a-cells. Only genes for which the expression difference was significant at P < 1le-3
(adjusted for multiple testing with the Benjamini-Hochberg correction) for at least one of the
media are plotted.

(EPS)

S4 Fig. Search for haploid-specific, NaKG-induced genes. Environmental control of gene
expression in haploid cells (X-axis) is compared to cell type control of gene expression in
nitrogen limitation media (Y-axis). Genes with a role in mating-type switching are expected to
lie in the bottom-left quadrant.

(EPS)

S5 Fig. (A) Phenotypes of haploids used in bulk segregant analysis. Random spores isolated
from a DL-1 x NCYC495 diploid were grown overnight in YPD before transfer to NaKG for
24 h. Gels show PCR analysis of the MAT locus to determine the original mating type and
switching phenotype of the haploid isolates. Haploids were classified into four groups as
shown. (B) Inheritance of genomic regions derived from NCYC495 and DL-1 in the
sequenced pools of switching and non-switching progeny. The upper panel shows reads that
mapped exclusively to the NCYC495 reference genome, and the lower panel shows reads that
mapped exclusively to the DL-1 reference genome, from switcher (blue) and non-switcher
(red) pools. The Y-axis is the ratio between the normalized number of mapped reads from a
pool, relative to the number from the parental strain sample, in each of the 7824 genomic seg-
ments. Chromosome numbering and orientation follows the convention for O. polymorpha
[12].

(TTF)

S6 Fig. (A) Multiple sequence alignment of Efgl and related proteins. The APSES domain is
highlighted in blue. The orange triangle indicates the site of the frameshift mutation in O.
parapolymorpha strain DL-1. (B) Phylogenetic tree of the Efgl protein family. O. polymorpha
has two EFGI-like genes, which we refer to as EFGI (OPOL_95241) and OPOL_93012. This
gene duplication is specific to the genus Ogataea, shared by O. polymorpha and O. parapoly-
morpha. The tree was constructed by Maximum Likelihood using an LG model with an align-
ment of 1377 amino acids in 55 taxa from Saccharomycotina and Pezizomycotina. Branch
support was determined by 100 bootstrap replicates.

(EPS)

S7 Fig. White-opaque circuit genes other than EFGI are not required for mating-type
switching or mating in O. polymorpha. (A) PCR determination of MAT genotypes before
and after 24 h growth in NaKG for wild-type, czfI-like2A, czf1-like3A, czfl-like2Aczf1-like3A,
mitlA and wor2A O. polymorpha strains in MATa (left) and MATo (right) backgrounds. PCR
primers A-D are as in Fig 1. (B) Photographs of diploid growth on SD plates following crosses
on MEMA plates for 24 h.

(EPS)
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S8 Fig. RME] and STE12 overexpression induces the mating pathway in O. polymorpha.
(Left) Heatmap showing the log,(fold change) of expression of all genes in mRNAseq of
strains overexpressing RMEI, STE12, or EFGI from the pAOX methanol-inducible promoter,
relative to a control strain containing empty pAOX vector. (Right) Genes with the highest
expression increases in STE12 and RME] overexpression strains include those with a-specific
(gene names in green), o-specific (pink), haploid-specific (purple), and other mating functions
(orange). Genes with Rmel signals in ChIPseq are indicated by orange boxes.

(EPS)

S9 Fig. Alignment of a-factor (MFa) sequences from O. polymorpha, S. cerevisiaeand C.
albicans. The O. polymorpha gene is located immediately upstream of RAD17 on chromosome
5, at position complement(253651..253761) of NCBI accession number AECK01000005.1 [12].
(EPS)

$10 Fig. Nineteen candidate genes not required for mating-type switching. Genes were
selected based on their expression patterns in O. polymorpha or their known roles in other spe-
cies. Deletion strains in a MATo ku80A background were generated by electrotransformation.
The MAT locus was PCR amplified from each strain before, and 24 h after, transfer from a
YPD pre-induction culture into NaKG. The wildtype (WT) panels in this figure are repro-
duced from Fig 1C and Fig 6 because these assays were all done together.

(EPS)

S1 Table. O. polymorpha genes induced and repressed on nitrogen-depleted (NaKG) vs.
rich (YPD) media.
(XLSX)

$2 Table. Gene expression differences between O. polymorpha MATa and MATo. haploid
cells.
(XLSX)

$3 Table. Genes with highest expression differences between haploid (MATa) and diploid
(MATa/a) O. polymorpha cells, in YPD media and NaKG media.
(XLSX)

S4 Table. O. polymorpha genes with largest expression differences in efgIA vs. WT cells in dif-
ferent media: (A) NaKG media plus ammonium sulfate (nitrogen-replete); (B) NaKG media
(nitrogen-poor); (C) SD media (nitrogen-replete); (D) SD media without nitrogen (nitrogen-
poor).

(XLSX)

S5 Table. O. polymorpha genes with largest expression differences in (A) pAOX-EFGI, (B)
PAOX-STEI2, and (C) pAOX-RME]I, vs. pAOX control upon induction of expression in metha-
nol media.

(XLSX)

S6 Table. Strains and plasmids used in this study.
(XLSX)

S7 Table. Primers used in this study.
(XLSX)

Acknowledgments
We thank K. Lahtchev and I. van der Klei for strains and plasmids used in the study.

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1007092 November 27,2017 22/26


http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1007092.s008
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1007092.s009
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1007092.s010
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1007092.s011
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1007092.s012
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1007092.s013
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1007092.s014
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1007092.s015
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1007092.s016
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1007092.s017
https://doi.org/10.1371/journal.pgen.1007092

@'PLOS | GENETICS

Regulation of mating-type switching in Ogataea polymorpha

Author Contributions

Conceptualization: Kenneth H. Wolfe.

Funding acquisition: Kenneth H. Wolfe.

Investigation: Sara J. Hanson, Kevin P. Byrne, Kenneth H. Wolfe.

Writing - original draft: Sara J. Hanson, Kenneth H. Wolfe.

Writing - review & editing: Sara J. Hanson, Kenneth H. Wolfe.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

Herskowitz |. A regulatory hierarchy for cell specialization in yeast. Nature. 1989; 342: 749-757. https://
doi.org/10.1038/342749a0 PMID: 2513489

Heitman J, Sun S, James TY. Evolution of fungal sexual reproduction. Mycologia. 2013; 105: 1-27.
https://doi.org/10.3852/12-253 PMID: 23099518

Haber JE. Mating-type genes and MAT switching in Saccharomyces cerevisiae. Genetics. 2012; 191:
33-64. https://doi.org/10.1534/genetics.111.134577 PMID: 22555442

Hanson SJ, Wolfe KH. An evolutionary perspective on yeast mating-type switching. Genetics. 2017;
206: 9-32. https://doi.org/10.1534/genetics.117.202036 PMID: 28476860

Whitehouse HL. Heterothallism and sex in the fungi. Biol Rev Camb Philos Soc. 1949; 24: 411-447.
PMID: 24536314

Wilson AM, Wilken PM, van der Nest MA, Steenkamp ET, Wingfield MJ, Wingfield BD. Homothallism:
an umbrella term for describing diverse sexual behaviours. IMA Fungus. 2015; 6: 207—214. https://doi.
org/10.5598/imafungus.2015.06.01.13 PMID: 26203424

Lin X, Heitman J. Mechanisms of homothallism in fungi and transitions between heterothallism and
homothallism. In: Heitman J, Kronstad JW, Taylor JW, Casselton LA, editors. Sex in Fungi. Washing-
ton, D.C.: ASM Press; 2007. p. 35-57.

Lee CS, Haber JE. Mating-type gene switching in Saccharomyces cerevisiae. Microbiology Spectrum.
2015; 3: MDNA3-0013-2014.

Klar AJ, Ishikawa K, Moore S. A uniqgue DNA recombination mechanism of the mating/cell-type switch-
ing of fission yeasts: a review. Microbiology Spectrum. 2014; 2: MDNA3-0003-2014.

Maekawa H, Kaneko Y. Inversion of the chromosomal region between two mating type loci switches the
mating type in Hansenula polymorpha. PLoS Genet. 2014; 10: e1004796. https://doi.org/10.1371/
journal.pgen.1004796 PMID: 25412462

Hanson SJ, Byrne KP, Wolfe KH. Mating-type switching by chromosomal inversion in methylotrophic
yeasts suggests an origin for the three-locus Saccharomyces cerevisiae system. Proc Natl Acad Sci
USA. 2014; 111: E4851-4858. https://doi.org/10.1073/pnas.1416014111 PMID: 25349420

Riley R, Haridas S, Wolfe KH, Lopes MR, Hittinger CT, Goker M, et al. Comparative genomics of
biotechnologically important yeasts. Proc Natl Acad Sci USA. 2016; 113: 9882-9887. https://doi.org/10.
1073/pnas.1603941113 PMID: 27535936

Stillman DJ. Dancing the cell cycle two-step: regulation of yeast G1-cell-cycle genes by chromatin struc-
ture. Trends Biochem Sci. 2013; 38: 467—-475. https://doi.org/10.1016/j.tibs.2013.06.009 PMID:
23870664

Barsoum E, Martinez P, Astrom SU. Alpha3, a transposable element that promotes host sexual repro-
duction. Genes Dev. 2010; 24: 33—44. https://doi.org/10.1101/gad.557310 PMID: 20008928

Rajaei N, Chiruvella KK, Lin F, Astrom SU. Domesticated transposase Kat1 and its fossil imprints
induce sexual differentiation in yeast. Proc Natl Acad Sci USA. 2014; 111: 15491-15496. https://doi.
org/10.1073/pnas.1406027111 PMID: 25313032

Tolstorukov I, Benevolensky SV, Efremov BD. Genetic control of cell type and complex organization of
the mating type locus in the yeast Pichia pinus. Curr Genet. 1982; 5: 137—142. https://doi.org/10.1007/
BF00365704 PMID: 24186229

Lahtchev K. Basic genetics of Hansenula polymorpha. In: Gellissen G, editor. Hansenula polymorpha:
Biology and Applications. Weinheim: Wiley-VCH; 2002. p. 8-20.

Brown DH Jr., Giusani AD, Chen X, Kumamoto CA. Filamentous growth of Candida albicans in
response to physical environmental cues and its regulation by the unique CZF1 gene. Mol Microbiol.
1999; 34: 651-662. PMID: 10564506

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1007092 November 27,2017 23/26


https://doi.org/10.1038/342749a0
https://doi.org/10.1038/342749a0
http://www.ncbi.nlm.nih.gov/pubmed/2513489
https://doi.org/10.3852/12-253
http://www.ncbi.nlm.nih.gov/pubmed/23099518
https://doi.org/10.1534/genetics.111.134577
http://www.ncbi.nlm.nih.gov/pubmed/22555442
https://doi.org/10.1534/genetics.117.202036
http://www.ncbi.nlm.nih.gov/pubmed/28476860
http://www.ncbi.nlm.nih.gov/pubmed/24536314
https://doi.org/10.5598/imafungus.2015.06.01.13
https://doi.org/10.5598/imafungus.2015.06.01.13
http://www.ncbi.nlm.nih.gov/pubmed/26203424
https://doi.org/10.1371/journal.pgen.1004796
https://doi.org/10.1371/journal.pgen.1004796
http://www.ncbi.nlm.nih.gov/pubmed/25412462
https://doi.org/10.1073/pnas.1416014111
http://www.ncbi.nlm.nih.gov/pubmed/25349420
https://doi.org/10.1073/pnas.1603941113
https://doi.org/10.1073/pnas.1603941113
http://www.ncbi.nlm.nih.gov/pubmed/27535936
https://doi.org/10.1016/j.tibs.2013.06.009
http://www.ncbi.nlm.nih.gov/pubmed/23870664
https://doi.org/10.1101/gad.557310
http://www.ncbi.nlm.nih.gov/pubmed/20008928
https://doi.org/10.1073/pnas.1406027111
https://doi.org/10.1073/pnas.1406027111
http://www.ncbi.nlm.nih.gov/pubmed/25313032
https://doi.org/10.1007/BF00365704
https://doi.org/10.1007/BF00365704
http://www.ncbi.nlm.nih.gov/pubmed/24186229
http://www.ncbi.nlm.nih.gov/pubmed/10564506
https://doi.org/10.1371/journal.pgen.1007092

@'PLOS | GENETICS

Regulation of mating-type switching in Ogataea polymorpha

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Galgoczy DJ, Cassidy-Stone A, Llinas M, O’'Rourke SM, Herskowitz I, DeRisi JL, et al. Genomic dissec-
tion of the cell-type-specification circuit in Saccharomyces cerevisiae. Proc Natl Acad Sci USA. 2004;
101: 18069-18074. https://doi.org/10.1073/pnas.0407611102 PMID: 15604142

Sorrells TR, Booth LN, Tuch BB, Johnson AD. Intersecting transcription networks constrain gene regu-
latory evolution. Nature. 2015; 523: 361-365. https://doi.org/10.1038/nature14613 PMID: 26153861

Lahtchev KL, Semenova VD, Tolstorukov Il, van der Klei |, Veenhuis M. Isolation and properties of
genetically defined strains of the methylotrophic yeast Hansenula polymorpha CBS4732. Arch Micro-
biol. 2002; 177: 150-158. https://doi.org/10.1007/s00203-001-0370-6 PMID: 11807564

Suh SO, Zhou JJ. Methylotrophic yeasts near Ogataea (Hansenula) polymorpha: a proposal of Oga-
taea angusta comb. nov. and Candida parapolymorpha sp. nov. FEMS Yeast Res. 2010; 10: 631-638.
https://doi.org/10.1111/j.1567-1364.2010.00634.x PMID: 20491937

Kurtzman CP. A new methanol assimilating yeast, Ogataea parapolymorpha, the ascosporic state of
Candida parapolymorpha. Antonie Van Leeuwenhoek. 2011; 100: 455—-462. https://doi.org/10.1007/
510482-011-9603-0 PMID: 21671193

Ravin NV, Eldarov MA, Kadnikov VV, Beletsky AV, Schneider J, Mardanova ES, et al. Genome
sequence and analysis of methylotrophic yeast Hansenula polymorpha DL1. BMC Genomics. 2013; 14:
837. https://doi.org/10.1186/1471-2164-14-837 PMID: 24279325

Michelmore RW, Paran |, Kesseli RV. Identification of markers linked to disease-resistance genes by
bulked segregant analysis: a rapid method to detect markers in specific genomic regions by using seg-
regating populations. Proc Natl Acad Sci USA. 1991; 88: 9828—-9832. PMID: 1682921

Stoldt VR, Sonneborn A, Leuker CE, Ernst JF. Efg1p, an essential regulator of morphogenesis of the
human pathogen Candida albicans, is a member of a conserved class of bHLH proteins regulating mor-
phogenetic processes in fungi. EMBO J. 1997; 16: 1982—1991. https://doi.org/10.1093/emboj/16.8.
1982 PMID: 9155024

Gimeno CJ, Fink GR. Induction of pseudohyphal growth by overexpression of PHD1, a Saccharomyces
cerevisiae gene related to transcriptional regulators of fungal development. Mol Cell Biol. 1994; 14:
2100-2112. PMID: 8114741

Ward MP, Gimeno CJ, Fink GR, Garrett S. SOK2 may regulate cyclic AMP-dependent protein kinase-
stimulated growth and pseudohyphal development by repressing transcription. Mol Cell Biol. 1995; 15:
6854—6863. PMID: 8524252

Wolfe KH, Shields DC. Molecular evidence for an ancient duplication of the entire yeast genome.
Nature. 1997; 387: 708—713. https://doi.org/10.1038/42711 PMID: 9192896

lyer LM, Koonin EV, Aravind L. Extensive domain shuffling in transcription regulators of DNA viruses
and implications for the origin of fungal APSES transcription factors. Genome Biol. 2002; 3:
RESEARCHO0012.

Medina EM, Turner JJ, Gordan R, Skotheim JM, Buchler NE. Punctuated evolution and transitional
hybrid network in an ancestral cell cycle of fungi. Elife. 2016; 5.

Saraya R, Krikken AM, Kiel JA, Baerends RJ, Veenhuis M, van der Klei IJ. Novel genetic tools for Han-
senula polymorpha. FEMS Yeast Res. 2012; 12: 271-278. https://doi.org/10.1111/j.1567-1364.2011.
00772.x PMID: 22129301

Bockmuhl DP, Ernst JF. A potential phosphorylation site for an A-type kinase in the Efg1 regulator pro-
tein contributes to hyphal morphogenesis of Candida albicans. Genetics. 2001; 157: 1523-1530. PMID:
11290709

Hogan DA, Sundstrom P. The Ras/cAMP/PKA signaling pathway and virulence in Candida albicans.
Future microbiology. 2009; 4: 1263—1270. https://doi.org/10.2217/fmb.09.106 PMID: 19995187

Sudbery PE. Growth of Candida albicans hyphae. Nat Rev Microbiol. 2011; 9: 737-748. https://doi.org/
10.1038/nrmicro2636 PMID: 21844880

Fuller KK, Rhodes JC. Protein kinase A and fungal virulence: a sinister side to a conserved nutrient
sensing pathway. Virulence. 2012; 3: 109—121. https://doi.org/10.4161/viru.19396 PMID: 22460637

Booth LN, Tuch BB, Johnson AD. Intercalation of a new tier of transcription regulation into an ancient
circuit. Nature. 2010; 468: 959-963. https://doi.org/10.1038/nature09560 PMID: 21164485

Mitchell AP, Herskowitz I. Activation of meiosis and sporulation by repression of the RME 1 product in
yeast. Nature. 1986; 319: 738—742. https://doi.org/10.1038/319738a0 PMID: 3513021

Covitz PA, Herskowitz |, Mitchell AP. The yeast RME 1 gene encodes a putative zinc finger protein that
is directly repressed by a1-alpha2. Genes Dev. 1991; 5: 1982—1989. PMID: 1936989

Zordan RE, Miller MG, Galgoczy DJ, Tuch BB, Johnson AD. Interlocking transcriptional feedback loops
control white-opaque switching in Candida albicans. PLoS Biol. 2007; 5: e256. https://doi.org/10.1371/
journal.pbio.0050256 PMID: 17880264

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1007092 November 27,2017 24/26


https://doi.org/10.1073/pnas.0407611102
http://www.ncbi.nlm.nih.gov/pubmed/15604142
https://doi.org/10.1038/nature14613
http://www.ncbi.nlm.nih.gov/pubmed/26153861
https://doi.org/10.1007/s00203-001-0370-6
http://www.ncbi.nlm.nih.gov/pubmed/11807564
https://doi.org/10.1111/j.1567-1364.2010.00634.x
http://www.ncbi.nlm.nih.gov/pubmed/20491937
https://doi.org/10.1007/s10482-011-9603-0
https://doi.org/10.1007/s10482-011-9603-0
http://www.ncbi.nlm.nih.gov/pubmed/21671193
https://doi.org/10.1186/1471-2164-14-837
http://www.ncbi.nlm.nih.gov/pubmed/24279325
http://www.ncbi.nlm.nih.gov/pubmed/1682921
https://doi.org/10.1093/emboj/16.8.1982
https://doi.org/10.1093/emboj/16.8.1982
http://www.ncbi.nlm.nih.gov/pubmed/9155024
http://www.ncbi.nlm.nih.gov/pubmed/8114741
http://www.ncbi.nlm.nih.gov/pubmed/8524252
https://doi.org/10.1038/42711
http://www.ncbi.nlm.nih.gov/pubmed/9192896
https://doi.org/10.1111/j.1567-1364.2011.00772.x
https://doi.org/10.1111/j.1567-1364.2011.00772.x
http://www.ncbi.nlm.nih.gov/pubmed/22129301
http://www.ncbi.nlm.nih.gov/pubmed/11290709
https://doi.org/10.2217/fmb.09.106
http://www.ncbi.nlm.nih.gov/pubmed/19995187
https://doi.org/10.1038/nrmicro2636
https://doi.org/10.1038/nrmicro2636
http://www.ncbi.nlm.nih.gov/pubmed/21844880
https://doi.org/10.4161/viru.19396
http://www.ncbi.nlm.nih.gov/pubmed/22460637
https://doi.org/10.1038/nature09560
http://www.ncbi.nlm.nih.gov/pubmed/21164485
https://doi.org/10.1038/319738a0
http://www.ncbi.nlm.nih.gov/pubmed/3513021
http://www.ncbi.nlm.nih.gov/pubmed/1936989
https://doi.org/10.1371/journal.pbio.0050256
https://doi.org/10.1371/journal.pbio.0050256
http://www.ncbi.nlm.nih.gov/pubmed/17880264
https://doi.org/10.1371/journal.pgen.1007092

@'PLOS | GENETICS

Regulation of mating-type switching in Ogataea polymorpha

41.

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.
54.

55.

56.

57.

58.

59.

60.

61.

62.

Cain CW, Lohse MB, Homann OR, Sil A, Johnson AD. A conserved transcriptional regulator governs
fungal morphology in widely diverged species. Genetics. 2011; 190: 511-521. https://doi.org/10.1534/
genetics.111.134080 PMID: 22095082

Mancera E, Porman AM, Cuomo CA, Bennett RJ, Johnson AD. Finding a missing gene: EFG1 regu-
lates morphogenesis in Candida tropicalis. G3 (Bethesda). 2015; 5: 849-856.

Hernday AD, Lohse MB, Fordyce PM, Nobile CJ, DeRisi JL, Johnson AD. Structure of the transcrip-
tional network controlling white-opaque switching in Candida albicans. Mol Microbiol. 2013; 90: 22—-35.
https://doi.org/10.1111/mmi.12329 PMID: 23855748

Lohse MB, Johnson AD. Identification and characterization of Wor4, a new transcriptional regulator of
white-opaque switching. G3 (Bethesda). 2016; 6: 721-729.

Lisby M, Rothstein R. Cell biology of mitotic recombination. Cold Spring Harb Perspect Biol. 2015; 7:
a016535. https://doi.org/10.1101/cshperspect.a016535 PMID: 25731763

Morgan EA, Shah N, Symington LS. The requirement for ATP hydrolysis by Saccharomyces cerevisiae
Rad51 is bypassed by mating-type heterozygosity or RAD54 in high copy. Mol Cell Biol. 2002; 22:
6336—6343. https://doi.org/10.1128/MCB.22.18.6336-6343.2002 PMID: 12192033

Shalguev VI, Kil YV, Yurchenko LV, Namsaraev EA, Lanzov VA. Rad51 protein from the thermotolerant
yeast Pichia angusta as a typical but thermodependent member of the Rad51 family. Eukaryot Cell.
2004; 3: 1567-1573. https://doi.org/10.1128/EC.3.6.1567-1573.2004 PMID: 15590830

Germann SM, Oestergaard VH, Haas C, Salis P, Motegi A, Lisby M. Dpb11/TopBP1 plays distinct roles
in DNA replication, checkpoint response and homologous recombination. DNA Repair (Amst). 2011;
10: 210-224.

Shenhar G, Kassir Y. A positive regulator of mitosis, Sok2, functions as a negative regulator of meiosis
in Saccharomyces cerevisiae. Mol Cell Biol. 2001; 21: 1603—1612. https://doi.org/10.1128/MCB.21.5.
1603-1612.2001 PMID: 11238897

Studer RA, Rodriguez-Mias RA, Haas KM, Hsu JI, Vieitez C, Sole C, et al. Evolution of protein phos-
phorylation across 18 fungal species. Science. 2016; 354: 229-232. https://doi.org/10.1126/science.
aaf2144 PMID: 27738172

Cao C, Wu M, Bing J, Tao L, Ding X, Liu X, et al. Global regulatory roles of the cAMP/PKA pathway
revealed by phenotypic, transcriptomic and phosphoproteomic analyses in a null mutant of the PKA cat-
alytic subunit in Candida albicans. Mol Microbiol. 2017; 105: 46—64. https://doi.org/10.1111/mmi.13681
PMID: 28370450

Saputo S, Kumar A, Krysan DJ. Efg1 directly regulates ACE2 expression to mediate cross talk between
the cAMP/PKA and RAM pathways during Candida albicans morphogenesis. Eukaryot Cell. 2014; 13:
1169-1180. https://doi.org/10.1128/EC.00148-14 PMID: 25001410

Madhani HD. From a to alpha: Cold Spring Harbor Laboratory Press, New York; 2007.

Regan H, Scaduto CM, Hirakawa MP, Gunsalus K, Correia-Mesquita TO, Sun Y, et al. Negative regula-
tion of filamentous growth in Candlida albicans by Dig1p. Mol Microbiol. 2017; 105: 810-824. https://doi.
org/10.1111/mmi.13738 PMID: 28657681

Honigberg SM. Similar environments but diverse fates: Responses of budding yeast to nutrient depriva-
tion. Microbial Cell. 2016; 3: 302—328. https://doi.org/10.15698/mic2016.08.516 PMID: 27917388

Conrad M, Schothorst J, Kankipati HN, Van Zeebroeck G, Rubio-Texeira M, Thevelein JM. Nutrient
sensing and signaling in the yeast Saccharomyces cerevisiae. FEMS Microbiol Rev. 2014; 38: 254—
299. https://doi.org/10.1111/1574-6976.12065 PMID: 24483210

Broach JR. Nutritional control of growth and development in yeast. Genetics. 2012; 192: 73—105.
https://doi.org/10.1534/genetics.111.135731 PMID: 22964838

Nicholls S, Straffon M, Enjalbert B, Nantel A, Macaskill S, Whiteway M, et al. Msn2- and Msn4-like tran-
scription factors play no obvious roles in the stress responses of the fungal pathogen Candida albicans.
Eukaryot Cell. 2004; 3: 1111-1123. https://doi.org/10.1128/EC.3.5.1111-1123.2004 PMID: 15470239

Wasserstrom L, Dunkler A, Walther A, Wendland J. The APSES protein Sok2 is a positive regulator of
sporulation in Ashbya gossypii. Mol Microbiol. 2017; https://doi.org/10.1111/mmi.13859 PMID:
28985003

Tebarth B, Doedt T, Krishnamurthy S, Weide M, Monterola F, Dominguez A, et al. Adaptation of the
Efg1p morphogenetic pathway in Candida albicans by negative autoregulation and PKA-dependent
repression of the EFG 1 gene. J Mol Biol. 2003; 329: 949-962. PMID: 12798685

Barsoum E, Rajaei N, Astrom SU. RAS/cyclic AMP and transcription factor Msn2 regulate mating and
mating-type switching in the yeast Kluyveromyces lactis. Eukaryot Cell. 2011; 10: 1545—1552. hitps://
doi.org/10.1128/EC.05158-11 PMID: 21890818

Stark WM. The serine recombinases. Microbiology Spectrum. 2014; 2: MDNA3-0046-2014.

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1007092 November 27,2017 25/26


https://doi.org/10.1534/genetics.111.134080
https://doi.org/10.1534/genetics.111.134080
http://www.ncbi.nlm.nih.gov/pubmed/22095082
https://doi.org/10.1111/mmi.12329
http://www.ncbi.nlm.nih.gov/pubmed/23855748
https://doi.org/10.1101/cshperspect.a016535
http://www.ncbi.nlm.nih.gov/pubmed/25731763
https://doi.org/10.1128/MCB.22.18.6336-6343.2002
http://www.ncbi.nlm.nih.gov/pubmed/12192033
https://doi.org/10.1128/EC.3.6.1567-1573.2004
http://www.ncbi.nlm.nih.gov/pubmed/15590830
https://doi.org/10.1128/MCB.21.5.1603-1612.2001
https://doi.org/10.1128/MCB.21.5.1603-1612.2001
http://www.ncbi.nlm.nih.gov/pubmed/11238897
https://doi.org/10.1126/science.aaf2144
https://doi.org/10.1126/science.aaf2144
http://www.ncbi.nlm.nih.gov/pubmed/27738172
https://doi.org/10.1111/mmi.13681
http://www.ncbi.nlm.nih.gov/pubmed/28370450
https://doi.org/10.1128/EC.00148-14
http://www.ncbi.nlm.nih.gov/pubmed/25001410
https://doi.org/10.1111/mmi.13738
https://doi.org/10.1111/mmi.13738
http://www.ncbi.nlm.nih.gov/pubmed/28657681
https://doi.org/10.15698/mic2016.08.516
http://www.ncbi.nlm.nih.gov/pubmed/27917388
https://doi.org/10.1111/1574-6976.12065
http://www.ncbi.nlm.nih.gov/pubmed/24483210
https://doi.org/10.1534/genetics.111.135731
http://www.ncbi.nlm.nih.gov/pubmed/22964838
https://doi.org/10.1128/EC.3.5.1111-1123.2004
http://www.ncbi.nlm.nih.gov/pubmed/15470239
https://doi.org/10.1111/mmi.13859
http://www.ncbi.nlm.nih.gov/pubmed/28985003
http://www.ncbi.nlm.nih.gov/pubmed/12798685
https://doi.org/10.1128/EC.05158-11
https://doi.org/10.1128/EC.05158-11
http://www.ncbi.nlm.nih.gov/pubmed/21890818
https://doi.org/10.1371/journal.pgen.1007092

@'PLOS | GENETICS

Regulation of mating-type switching in Ogataea polymorpha

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

Faber KN, Haima P, Harder W, Veenhuis M, Ab G. Highly-efficient electrotransformation of the yeast
Hansenula polymorpha. Curr Genet. 1994; 25: 305-310. PMID: 8082173

van Dijken JP, Otto R, Harder W. Growth of Hansenula polymorpha in a methanol-limited chemostat.
Physiological responses due to the involvement of methanol oxidase as a key enzyme in methanol
metabolism. Arch Microbiol. 1976; 111: 137—144. PMID: 1015956

Li H, Durbin R. Fast and accurate short read alignment with Burrows-Wheeler transform. Bioinformatics.
2009; 25: 1754-1760. https://doi.org/10.1093/bioinformatics/btp324 PMID: 19451168

Wagner GP, Kin K, Lynch VJ. Measurement of mMRNA abundance using RNA-seq data: RPKM mea-
sure is inconsistent among samples. Theory Biosci. 2012; 131: 281-285. https://doi.org/10.1007/
$12064-012-0162-3 PMID: 22872506

Shen XX, Zhou X, Kominek J, Kurtzman CP, Hittinger CT, Rokas A. Reconstructing the backbone of
the Saccharomycotina yeast phylogeny using genome-scale data. G3 (Bethesda). 2016; 6: 3927-3939.

Fields S, Herskowitz I. Regulation by the yeast mating-type locus of STE12, a gene required for cell-
type-specific expression. Mol Cell Biol. 1987; 7: 3818-3821. PMID: 2824997

Covitz PA, Mitchell AP. Repression by the yeast meiotic inhibitor RME1. Genes Dev. 1993; 7: 1598—
1608. PMID: 8339935

Kahana S, Pnueli L, Kainth P, Sassi HE, Andrews B, Kassir Y. Functional dissection of IME 1 transcrip-
tion using quantitative promoter-reporter screening. Genetics. 2010; 186: 829-841. https://doi.org/10.
1534/genetics.110.122200 PMID: 20739709

Srikantha T, Borneman AR, Daniels KJ, Pujol C, Wu W, Seringhaus MR, et al. TOS9regulates white-
opaque switching in Candida albicans. Eukaryot Cell. 2006; 5: 1674—1687. https://doi.org/10.1128/EC.
00252-06 PMID: 16950924

Ramirez-Zavala B, Weyler M, Gildor T, Schmauch C, Kornitzer D, Arkowitz R, et al. Activation of the
Cph1-dependent MAP kinase signaling pathway induces white-opaque switching in Candida albicans.
PLoS Pathog. 2013; 9: e1003696. https://doi.org/10.1371/journal.ppat.1003696 PMID: 24130492

Tsong AE, Miller MG, Raisner RM, Johnson AD. Evolution of a combinatorial transcriptional circuit: a
case study in yeasts. Cell. 2003; 115: 389-399. PMID: 14622594

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1007092 November 27,2017 26/26


http://www.ncbi.nlm.nih.gov/pubmed/8082173
http://www.ncbi.nlm.nih.gov/pubmed/1015956
https://doi.org/10.1093/bioinformatics/btp324
http://www.ncbi.nlm.nih.gov/pubmed/19451168
https://doi.org/10.1007/s12064-012-0162-3
https://doi.org/10.1007/s12064-012-0162-3
http://www.ncbi.nlm.nih.gov/pubmed/22872506
http://www.ncbi.nlm.nih.gov/pubmed/2824997
http://www.ncbi.nlm.nih.gov/pubmed/8339935
https://doi.org/10.1534/genetics.110.122200
https://doi.org/10.1534/genetics.110.122200
http://www.ncbi.nlm.nih.gov/pubmed/20739709
https://doi.org/10.1128/EC.00252-06
https://doi.org/10.1128/EC.00252-06
http://www.ncbi.nlm.nih.gov/pubmed/16950924
https://doi.org/10.1371/journal.ppat.1003696
http://www.ncbi.nlm.nih.gov/pubmed/24130492
http://www.ncbi.nlm.nih.gov/pubmed/14622594
https://doi.org/10.1371/journal.pgen.1007092

