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Saccharomyces cerevisiae has a complex system for switching the
mating type of haploid cells, requiring the genome to have three
mating-type (MAT)–like loci and a mechanism for silencing two of
them. How this system originated is unknown, because the three-
locus system is present throughout the family Saccharomyceta-
ceae, whereas species in the sister Candida clade have only one
locus and do not switch. Here we show that yeasts in a third clade,
the methylotrophs, have a simpler two-locus switching system
based on reversible inversion of a section of chromosome with
MATa genes at one end and MATalpha genes at the other end.
In Hansenula polymorpha the 19-kb invertible region lies beside
a centromere so that, depending on the orientation, either MATa
or MATalpha is silenced by centromeric chromatin. In Pichia pas-
toris, the orientation of a 138-kb invertible region puts either
MATa or MATalpha beside a telomere and represses transcription
of MATa2 or MATalpha2. Both species are homothallic, and inver-
sion of their MAT regions can be induced by crossing two strains
of the same mating type. The three-locus system of S. cerevisiae,
which uses a nonconservative mechanism to replace DNA at MAT,
likely evolved from a conservative two-locus system that swapped
genes between expression and nonexpression sites by inversion.
The increasing complexity of the switching apparatus, with three
loci, donor bias, and cell lineage tracking, can be explained by
continuous selection to increase sporulation ability in young colo-
nies. Our results provide an evolutionary context for the diversity
of switching and silencing mechanisms.
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genomics

Mating-type switching in yeasts is a highly regulated process
that converts a haploid cell of one mating type into a hap-

loid of the opposite type (1–5). Switching involves the complete
deactivation of one set of regulatory genes and activation of an
alternative set, but, unlike most regulatory changes, the switch is
achieved by physically replacing the DNA at an expression site
that is shared by both types of cell. In Saccharomyces cerevisiae
the switching system uses a menagerie of molecular components
(3) including three mating-type (MAT)–like loci (the expressed
MAT locus and the silent loci HML and HMR); an endonuclease
(HO) that creates a double-strand break at theMAT locus, which
then is repaired using HMLalpha or HMRa as a donor; a mech-
anism (Sir1 and Sir2/3/4 proteins) for repressing transcription and
HO cleavage at the silent loci; two triplicated sequences (the Z
and X regions) that guide repair of the dsDNA break; a donor-
bias mechanism (the recombination enhancer, RE) to ensure that
switching happens in the correct direction; and a cell lineage-
tracking mechanism (Ash1 mRNA localization) to ensure that
switching occurs only in particular cells. Most of these compo-
nents have no function other than facilitating switching.
Given its complexity, it is surprising that switching seems to

have evolved at least twice (5–10). Only unicellular fungi (yeasts)
switch mating type, and these fungi have evolved from multicel-
lular filamentous fungal ancestors on at least five separate lineages
(11). Switching has arisen in two of these lineages represented by

S. cerevisiae (subphylum Saccharomycotina) and Schizosaccharomyces
pombe (Taphrinomycotina). A large clade of nonswitching fil-
amentous ascomycetes, the Pezizomycotina, is related more closely
to S. cerevisiae than to S. pombe (Fig. 1). Despite their apparently
independent origins, the switching systems of S. cerevisiae (3) and
S. pombe (4, 5) have many parallels, including the presence of three
MAT-like loci (two of which are silenced) with triplicated guide
sequences, a mechanism for specifically inducing a DNA break at
MAT, donor bias (27), and cell-lineage tracking. However, the
details of switching and silencing are quite different in the two
species (3, 4).
Switching is an error-prone process (28, 29), so it must confer

a benefit to yeast species or it would not have been maintained by
natural selection. However, the nature of this evolutionary benefit
is debated (2, 6, 8, 30). We and others have proposed that it is
related to the control of spore germination in uncertain envi-
ronments (29, 30). The goal of switching is not to restore diploidy,
because some species that switch grow primarily as haploids, but
rather is to maximize the ability of a young colony to make new
spores if nutrient levels fall. Yeasts are dispersed to new habitats
when they are eaten and excreted by insects (31, 32), and asco-
spores are structures that assist yeast cells to survive passage
through the insect digestive tract (33). Although many tetrads
(sets of four haploid spores formed by meiosis of a diploid) re-
main intact, digestion by the insect removes the ascus wall and
causes some spores to become isolated (33). If an isolated spore
germinates, it has no way of making new spores unless it can find
a mating partner of the opposite mating type [the “lonely spore
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scenario” (2, 7)]. Switching provides a partner, allowing the cells
to become diploid and able to make new spores. In S. cerevisiae,
new spores can be made just two cell divisions after spore ger-
mination (1). Switching enables isolated spores to germinate in
very poor environments, replicate for a few cell cycles as per-
mitted by the environment, and then resporulate (29). 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 germi-
nate earlier in improving environments. The formation of spores
by asexual means does not appear to be an option for most as-
comycete yeasts because ascosporulation is linked to meiosis,
unlike molds, which can make asexual spores in conidia (19).
In the family Saccharomycetaceae, switching has been reported

experimentally in five other genera as well as in Saccharomyces
(Fig. 1). Genome sequences show that almost all species in
this family have three MAT-like loci and are likely to switch
mating types by a mechanism similar to that of S. cerevisiae (8,
29, 34, 35), although some species use an alternative mechanism
instead of HO endonuclease to cut the MAT locus (15). Family
Saccharomycetaceae is one clade within the subphylum Saccha-
romycotina, which also includes a large clade of Candida and
related species (called the “CTG clade” because of its unusual
genetic code). Species in the CTG clade have only one MAT-like
locus and do not switch (36, 37). More recently, genomes have
been sequenced from a third clade within the Saccharomycotina
which includes the methanol-assimilating species Hansenula poly-
morpha (20) and Pichia pastoris (21, 38) and relatives such as
Dekkera bruxellensis (22, 23) and Kuraishia capsulata (24). For
convenience we refer to this clade as the “methylotrophs.” Phylo-
genomic analyses consistently have shown that the methylotrophs
are monophyletic and are a sister of the CTG clade, with the
Saccharomycetaceae outside the grouping (Fig. 1). H. polymorpha
and P. pastoris are regarded as homothallic both on classical
grounds [observation of sporulation in colonies grown from single
spores or observation of mating between a mother cell and a bud

(19)] and genetic grounds [any strain can mate with any other strain
(17, 18, 39–41)]. Genetic evidence for mating-type switching has
been reported in a few methylotrophs, including H. polymorpha
(17, 40) and P. pastoris (18), but the molecular details have not
been investigated.

Results
An Inversion Polymorphism Correlates with MAT Gene Expression in
H. polymorpha. H. polymorpha grows primarily as a haploid and is
homothallic (17, 39, 40). The genomes of two strains, NCYC495
and DL-1, have been sequenced. In a taxonomic revision (42)
these strains were reclassified as different species, Ogataea poly-
morpha (NCYC495) and Ogataea parapolymorpha (DL-1); the
genomes are about 10% divergent in sequence. We found that
they are completely collinear in gene order (no inversions or
translocations) throughout the genome except for one 19-kb in-
version. The region inverted between the strains has homologs
of MATa1 and MATa2 genes at one end and homologs of
MATalpha1 and MATalpha2 at the other end, separated by seven
other genes whose known functions are unrelated to mating
(Fig. 2). These are the only MAT-like loci in the genome. The
inverted region is located between two copies of a 2-kb inverted
repeat (IR) sequence, derived from the 3′ end of the gene SLA2
and part of MATa1. PCR amplification across the possible in-
version endpoints in genomic DNAs from the two strains con-
firmed that they differ in orientation and that the orientation
of a third strain, CBS4732, is the same as that of DL-1 (Fig. 3A).
Transcription of the MATalpha or MATa genes depends on the
orientation of the 19-kb region (Fig. 3B). In NCYC495, MATa1
and a2 are expressed, and MATalpha1 and alpha2 are repressed,
so we designated this orientation as the “a orientation.” The
opposite occurs in strains DL-1 and CBS4732, which have the
alpha orientation. All four MAT genes are expressed in diploids.
The seven other genes in the 19-kb inverted region show expres-
sion in both orientations (SI Appendix, Fig. S1).

Gene Expression at the Silent Locus in H. polymorpha Is Repressed by
a Centromere. The region immediately to the left of the silenced
MAT genes and the leftmost copy of the 2-kb IR in H. poly-
morpha (as drawn in Fig. 2) has several characteristics that in-
dicate it could be a regional centromere (20, 43). It coincides
with a trough of G+C content (SI Appendix, Fig. S2), and in both
NCYC495 and DL-1 the region contains clusters of retro-
transposons and LTRs from the Ty5 family, which tends to target
centromeres (43). (The sequences and locations of the retro-
elements differ in the two strains).
We confirmed that the region beside the MAT is a centromere

by two methods. First, we overexpressed a tagged version of the
centromeric histone Cse4 (CenH3) and used ChIP to measure
binding to the region in two haploid strains of opposite ori-
entations derived from an NCYC495 background. The Cse4 signal
is high in the putative centromeric region to the left of the IR in
both strains. It extends onto the MATa1 and a2 genes only in the
alpha-orientation strain (Fig. 3C) and onto the MATalpha1 and
alpha2 genes only in the a-orientation strain (Fig. 3D). Second, we
reanalyzed Hi-C (chromatin conformation capture) data from
a synthetic metagenomics experiment that included H. polymorpha
NCYC495 (44) to extract signals resulting from the 3D clus-
tering of its centromeres in the nucleus (45). This analysis
revealed centromeric signals from each H. polymorpha chromo-
some (SI Appendix, Fig. S2) and placed the peak signal from
chromosome 3 at position 897 kb, which is 3 kb from the leftmost
IR and 5 kb from theMATalpha genes. The centromeric region is
transcriptionally silent (SI Appendix, Fig. S2).

Homothallic Mating in H. polymorpha Occurs by Inverting the MAT
Region.H. polymorpha is homothallic, so any strain can mate with
any other strain. If the orientation of theMAT region determines
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Fig. 1. Cladogram showing numbers of MAT-like loci. Species named in bold
have been shown experimentally to switch mating types (3, 4, 12–18). Sac-
charomycotina, Pezizomycotina, and Taphrinomycotina are subphyla within
phylum Ascomycota (19). Saccharomycetaceae, the CTG clade, and the
methylotrophs are clades within the Saccharomycotina. The tree topology
is based on refs. 20–26.
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mating type in this species, then mating between two strains with
the same orientation should be possible only if one of them first
switches mating type by inverting the region. We crossed pairs of
NCYC495-derived strains (O. polymorpha) in the alpha orien-
tation or the a orientation by growing them together in mating
(nitrogen starvation) medium and using genetic markers to select
for diploids (Fig. 4A). In each case, the diploids contained chro-
mosomes with both orientations. This result indicates that one
parental chromosome underwent inversion before, during, or af-
ter mating. Growth of haploid strains with the alpha orientation or
a orientation in liquid minimal medium without nitrogen resulted
in the appearance of both MAT region orientations within 12 h
(Fig. 4B). Because the short timeframe (H. polymorpha typically
requires >24 h for mating) and agitation of the cultures on a
shaker preventing prolonged contact between cells made mating
events in these cultures unlikely, these data suggest that inversion
of the MAT region occurs before the formation of diploids. The
appearance of both orientations was suppressed by the addition of
ammonium sulfate (Fig. 4B), indicating that inversion of theMAT
region is induced by the same nitrogen-starvation conditions that
induce mating. We suggest that inversion in a haploid cell leads
to a change of expressed mating type, leading to mating. PCR
analysis of 153 random spores formed by sporulation of a diploid
strain that was made by crossing two alpha-orientation haploids
showed that 84 (55%) were in the a orientation and 69 (45%)
were in the alpha orientation, a frequency that is not significantly
different from 50% (P = 0.26 by two-tailed binomial test).

P. pastoris also Has Two MAT-Like Loci at the Ends of an Invertible
Region. P. pastoris is a related homothallic methylotroph that is
predominantly haploid (18, 41). The taxonomy of P. pastoris strains
also has been revised recently, but all the strains we discuss here are
from a single species that is properly called “Komagataella phaffii”
(46). The genome sequence of strain CBS7435 (38) contains two
MAT-like loci. One locus is close to the telomere of chromosome 4
and containsMATa1 and a2, whereas the other locus is 138 kb away

and containsMATalpha1 and alpha2. These loci are flanked on one
side by a 3-kb IR and on the other side by a 6-kb IR, which we
refer to as the “outer” and “inner” IRs, respectively (Fig. 2). The
reported genome sequence of P. pastoris strain GS115 (21), which
was derived from strain CBS7435 by mutagenesis, terminates in
the telomere-proximal copy of the inner IR and so does not in-
clude the second MAT-like locus, but we have confirmed by PCR
that it is present in GS115 and is similar to the structure
in CBS7435.
The organization of P. pastoris chromosome 4 suggested that

the MAT-like locus close to the telomere might be silenced by
telomere position effect (TPE) (47), making the telomere-distal
MAT-like locus the active one, and that haploids could switch
mating type by recombining the outer IRs to invert the whole
138-kb region. Indeed, haploid strains of P. pastoris differ as to
whether the telomere-distal locus is MATalpha (designated as
the alpha orientation) or MATa (designated as the a orienta-
tion). As in H. polymorpha, crossing two strains in the same
orientation results in diploids that are heterozygous for orien-
tation (Fig. 5A). Surprisingly, RT-PCR analysis indicates that
haploid strains of both orientations transcribe all four MAT
genes, as do diploids (SI Appendix, Fig. S3), and public RNA
sequencing data from strain GS115 also show expression of all
four genes (48). However, by quantitative RT-PCR (qRT-PCR)
we find that haploid expression of MATalpha2 and MATa2 dif-
fers in the two orientations, with an alpha-orientation strain
having 15-fold higher expression of MATalpha2 and fourfold
lower expression of MATa2 than an a-orientation strain (Table 1
and SI Appendix, Table S1). For genes a2, alpha1, and alpha2,
a diploid strain has a level of expression that is intermediate
between the two haploids. MATa1 is highly expressed in both
haploid orientations, at a level only slightly lower than the con-
trol gene ACT1 in our experiments, and is three- to fourfold
lower in diploids. Southern blot analysis shows that a haploid
P. pastoris culture grown in rich medium does not contain
a mixture of chromosomal orientations, so the expression of both
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sets of MAT genes probably is caused by leaky silencing rather
than by chromosomal rearrangement (SI Appendix, Fig. S4).

Four Isomers of P. pastoris Chromosome 4. Because inversions could
occur by recombination between the inner IRs, the outer IRs, or
both, there are four possible isomeric structures for P. pastoris
chromosome 4. We name these structures “alpha+,” “alpha−,”
“a+,” and “a−” (Fig. 5B). The prefixes “alpha” and “a” indicate
the mating type (the MAT genotype at the telomere-distal po-
sition), and the suffixes “+” and “−” indicate the orientation of
the unique 123-kb region between the inner IRs relative to the
telomere. PCR amplification of genomic DNAs with orientation-
specific primer pairs showed that homothallic mating causes
orientation alpha− to switch to a+ (Fig. 5A). Switching therefore
occurs by recombination in the outer IRs, which is equivalent to
swapping the locations of the telomere and the remaining 1.7 Mb
of the chromosome. Telomeric repeats (TGCTGGAn) begin
immediately beside the outer IR with no DNA between them (SI
Appendix, Fig. S5).
Inversion across the inner IRs would not change the mating type

but would make the two copies of chromosome 4 in a diploid
collinear except at the MAT loci themselves. We guessed that such
inversions might occur during meiosis, because otherwise any
meiotic recombination within the 123-kb unique region would
produce inviable chromosomes (SI Appendix, Fig. S6), but we
found no evidence by random spore analysis to support this idea.
However, all four possible chromosome structures are found
among natural isolates of P. pastoris (Fig. 5B), indicating that in-
version across the inner IR must occur at some rate.

Discussion
Our results show that homothallic methylotrophic yeast species
switch mating types using a flip-flop inversion mechanism. In the
late 1970s flip-flop inversion was discussed as a possible model
for mating-type switching in several yeast species (49–54) and
was found to be the mechanism of flagellar-phase variation in
Salmonella (55). In a classic study in 1977, Hicks and Herskowitz
(51) rejected the two-locus flip-flop model for S. cerevisiae in
favor of the three-locus cassette model, which was proven soon
after (56). In 1981, Tolstorukov and colleagues showed that the
cassette model did not explain the pattern of switching in the
methylotroph Pichia methanolica and proposed instead that this
organism has a flip-flop system (52, 53). Our results now validate
this proposal for methylotrophs. It remains to be determined
whether the mechanism of inducible inversion involves a site-
specific recombinase (such as Hin in phase variation or Flp in
the yeast 2-μm plasmid) or uses the general recombination
machinery. The methylotroph genomes do not have homologs
of HO endonuclease.
Their conserved syntenic location shows clearly that the MAT

loci of methylotrophs are orthologous to those of other yeasts
in subphylum Saccharomycotina (Fig. 2). The gene SLA2, which
is present in the H. polymorpha IR and the P. pastoris inner IR,
also forms the Z region in many Saccharomycetaceae family
yeasts (29) and is located beside the single MAT locus of many
Pezizomycotina species (6). On the other side DIC1, which is
located in the outer IR of P. pastoris and beside MATalpha in
the 19-kb invertible region of H. polymorpha, was ancestrally
beside the MAT locus in family Saccharomycetaceae and
forms the X region in some species (29). Therefore, the MAT
regions of methylotrophs and Saccharomycetaceae share a
common ancestor.
Did the common ancestor of methylotrophs and Saccha-

romycetaceae switch mating types, and if so did it use a two-locus
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or a three-locus system? Parsimony suggests that it did switch,
because a single loss (in the CTG clade) is more likely than two
independent gains in Saccharomycetaceae and methylotrophs.
We propose that the ancestor had a simple two-locus system with
one IR, similar to H. polymorpha. Such a system can be formed
spontaneously by DNA introgression between the MAT idio-
morphs in a heterothallic fungus (SI Appendix, Fig. S7), as appears
to have occurred very recently in Sclerotinia sclerotiorum (Pezi-
zomycotina), which inverts part of its MAT locus in every meiotic
generation (57).
Further evidence for a two-locus ancestor comes from com-

puter simulations (Fig. 6 and SI Appendix), which show that
a simple two-locus system can evolve into a fully featured three-
locus system as the result of continuous natural selection for
a single trait—the ability of tiny colonies (4–16 cells) to produce
the highest possible number of spores if nutrients run out. Se-
lection for this trait would be expected if it was the reason that
switching originated (29). Our simulations measured allele fre-
quency and the potential yield of spores in colonies expanding from
1 to 128 haploid cells under different switching systems (Fig. 6).

Taking the eight-cell stage as an example, potential spore yield
from the colony would be maximized if it had four alpha cells and
four a cells and so could make four diploids and hence 16 spores.
However, no switching system can achieve a 4:4 ratio consistently
in every eight-cell colony. In an H. polymorpha-like system, if in-
version of the MAT region occurred in 10% of cells, simulations
show that on average only five spores would be produced per
colony instead of 16, so the potential spore yield is only 31% of
the theoretical maximum (Hpol_10 in Fig. 6). As shown in Fig. 6,
the maximum spore yield from eight-cell colonies switching by the
H. polymorpha system is 62% (10 spores), which occurs when the
MAT region inverts in 50% of cells (Hpol_50). In comparison,
the highly efficient systems of S. cerevisiae (Scer_90) and S. pombe
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(Spom_90) achieve about 90% of theoretical maximum spore
yield (>14 spores) at the eight-cell stage.
The simulations show that continued selection for increased

spore yield can lead to a two-locus system becoming more com-
plex. If the invertible region between the IRs in a two-locus sys-
tem is large, meiotic recombination within this region becomes
more probable and will decrease potential spore yield (SI Ap-
pendix, Fig. S6), but this decrease can be overcome by adding a
second IR (compare the yield in Ppas_50/10 with that of Ppas_50/0
in Fig. 6, which shows the effect of allowing inversion at the
inner IR in P. pastoris). Duplicating one set of MAT genes will
convert a two-locus system into a three-locus system and form Z
and X regions from the two previous IRs (Fig. 2). This step will
either increase potential spore yield or leave it unchanged if the
two-locus system already was at the maximum productivity of

switching (the yields from Scer_50 and Hpol_50 are identical and
higher than Hpol_10; Fig. 6). Once three loci are in place, the
system can change from a conservative single Holliday junction
mechanism to a nonconservative synthesis-dependent strand-
annealing mechanism (3), which introduces the potential for
biased choice of donor and increased efficiency (SI Appendix).
When donor bias is possible, cell-lineage tracking becomes ad-
vantageous, because preventing switching in some cells while
activating it in others can maximize potential spore yield in the
important early generations of the colony (in Fig. 6, compare
spore yields at the eight-cell stage in Scer_90 vs. Scer_50 and in
Spom_90 vs. Spom_50, i.e., strong donor bias vs. unbiased
switching in these species). Thus, an S. cerevisiae-like system with
threeMAT-like loci, Z and X guide sequences, HO, RE, and Ash1
can evolve step by step, starting from a simple H. polymorpha-like
system, by continuous selection for one trait: increased spore yield
from young colonies. Although haploidy and diploidy may each be
beneficial in particular growth environments (58), and the ability
to transition between them may be advantageous, selection for
efficient spore production alone is sufficient to explain the origin
and subsequent elaboration of the mating-type switching system.
What silencing mechanism was used in the ancestral system?

It seems likely that the primordial system used either centro-
meric or telomeric heterochromatin to silence the nonexpressed
MAT genes. However, all Saccharomycotina species, including
H. polymorpha and P. pastoris, have lost the proteins (Clr4 and
Swi6/HP1) that make the histone H3K9me modification that is
characteristic of silent heterochromatin in most eukaryotes, in-
cluding Schizosaccharomyces and Pezizomycotina (59). Instead,
H. polymorpha may use Cse4-containing nucleosomes to silence
its centromere-proximal MAT genes, similar to the mechanism
proposed for neocentromeres in Candida albicans (60). It is less
clear how expression differences between the MAT genes in
P. pastoris haploids are achieved. TPE is a good candidate, but
we see differential expression of only two of the fourMAT genes,
a result that is unexpected under TPE. TPE is a stochastic pro-
cess that silences expression of telomere-linked genes in a pro-
portion of cells in a population (47), possibly explaining why we
see diminution rather than complete silencing of expression. It is
unclear also how differential expression of only MATalpha2 and
MATa2 could determine cell type under the current paradigm
for the function of these genes (36).
Our results push back the origin of mating-type switching in

the lineage leading to S. cerevisiae to before the common an-
cestor of methylotrophs and Saccharomycetaceae and hence al-
most to the base of subphylum Saccharomycotina. Consequently,
they imply that the ability to switch has been lost in the CTG
clade which includes the pathogen C. albicans. Genomic data
indicate that, despite its benefits, switching also has been lost
several other times including in the methylotrophs Kuraishia
capsulata and Dekkera bruxellensis (22–24), and in the Saccha-
romycetaceae Lachancea kluyveri and Kazachstania africana (29,
61). Null alleles of HO are frequent among natural populations
of S. cerevisiae (62). Losses of switching may simply reflect life in
environments that do not require frequent spore formation for
survival or dispersal. Studying the mechanisms of switching and

Table 1. Fold change in expression of P. pastoris MAT loci determined by qRT-PCR

Gene Ratio GS190(a)/GS115(α)* Ratio GS115(α)/GS190(a)* Ratio GS190(a)/SHY15(a/α)* Ratio GS115(α)/SHY15(a/α)*

a1 0.75 (0.57–0.97) — 3.36 (2.57–4.41) 4.50 (3.86–5.24)
a2 4.38 (3.41–5.62) — 2.83 (2.20–3.63) 0.65 (0.47–0.89)
α1 — 1.82 (1.19–2.77) 0.66 (0.43–1.00) 1.20 (1.03–1.39)
α2 — 15.03 (13.18–17.15) 0.11 (0.06–0.20) 1.61 (1.41–1.84)

n = 2-ΔΔCt.
*Values in parentheses show ± SD; see SI Appendix, Table S1 for details of calculations.
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silencing in deeper lineages of Saccharomycotina predating and
postdating the loss of H3K9me heterochromatin will help us
learn more about the origins of these systems and the evolu-
tionary pressures that created them.

Materials and Methods
Yeast Strains and Culture Conditions. Strains of H. polymorpha and P. pastoris
used in this study are listed in SI Appendix, Table S2. Cultures were grown
under standard rich-medium conditions. The medium used for the induction of
mating in H. polymorpha was 2% malt extract and in P. pastoris was minimal
medium without nitrogen (NaKG: 0.5% sodium acetate, 1% potassium chlo-
ride, 1% glucose). Isolation of spores from sporulating diploid populations was
performed by random spore analysis. After growth on mating/sporulation
medium for 4 d, diploids were suspended in diethyl ether for ∼1 h before
plating on rich medium. Individual colonies were screened for MAT locus
orientation by colony PCR (see below). To induce inversion of the MAT locus,
overnight cultures of H. polymorpha grown in yeast extract/peptone/dextrose
(YPD) were diluted to OD600 ∼0.5 in YPD, NaKG, or NaKG with 40 mM am-
monium sulfate and were grown in an orbital shaker for 12 h at 30 °C with
agitation at ∼200 cycles per min.

DNA Extraction andMAT Locus PCR. DNAwas harvested from stationary-phase
cultures by homogenization with glass beads followed by phenol-chloroform
extraction and ethanol precipitation. Primers used forMAT locus amplification
are listed in SI Appendix, Table S3. Amplification was done using GoTaq
(Promega) or Phusion Taq (New England Biolabs) polymerase for 25–35 cycles
with an annealing temperature of 55–60 °C. Colony PCR was performed
by heating cells in 10 μL water at 95 °C for 5 min followed by addition of
PCR reagents.

RNA Extraction and RT-PCR. RNA was extracted from log-phase cultures by
either hot acid phenol-chloroform extraction or homogenization with glass
beads followed by phenol-chloroform extraction and ethanol precipitation.
Following DNase I (Invitrogen) treatment, cDNA was synthesized using
SuperScript III Reverse Transcriptase (Invitrogen). Primers used for amplification
of MAT gene cDNA are listed in SI Appendix, Table S3. For nonquantitative
RT-PCR, amplification was performed using GoTaq (Promega) polymerase
for 30 cycles with an annealing temperature of 55 °C. qRT-PCR was per-
formed on an Agilent Mx3005P system using Sensifast Lo-ROX SYBR Green
mix (Bioline) according to the manufacturer’s instructions.

Cse4 ChIP. A synthetic construct containing the H. polymorpha CSE4 gene
tagged at an internal site with 3HA and expressed from the S. cerevisiae TEF1
promoter was designed (SI Appendix, Fig. S8) and made by Integrated DNA
Technologies. The construct was inserted into a panARS vector (63) contain-
ing a KanMX marker by restriction digestion and ligation and was trans-
formed into H. polymorpha by electroporation as previously described (64).
Log-phase cells were crosslinked using formaldehyde (1% final concentration)
for 20 min followed by the addition of glycine to stop the reaction. Cells were
harvested and lysed using glass beads followed by chromatin fragmentation
by sonication with a Bioruptor Standard (Diagenode). Immunoprecipitation of
chromatin fragments was performed with EZview Red Anti-HA Affinity Gel
(Sigma-Aldrich) or mouse IgG1 (Cell Signaling Technology) as isotype control.
After washes, bound DNA was eluted with HA peptide (Sigma-Aldrich),
crosslinks were reversed, and the samples were purified by phenol-chloroform
extraction. qPCR was performed on an Agilent Mx3005P system using
Sensifast Lo-Rox SYBR Green mix (Bioline) according to the manufacturer’s
instructions. Primers used for amplification of centromeric and MAT region
DNA sequences are listed in SI Appendix, Table S3.

Localization of Centromeres in H. polymorpha Hi-C Data. Using Hi-C data from
the synthetic metagenomics experiment of Burton et al. (44), which included
H. polymorpha, we aligned sequence reads to the NCYC495 genome with
the Burrows–Wheeler alignment tool (65), requiring perfect full-length
matches that were within 500 bp of HindIII or NcoI sites. Centromeres were
localized from the interchromosomal contact map using a modification of
the method of Marie-Nelly et al. (45). We integrated the diffuse signals from
regional centromeres by counting the total number of interchromosomal
contacts of each 1-kb interval on each chromosome. Expressed sequence tag
data for H. polymorpha from the Joint Genome Institute (National Center
for Biotechnology Information accession no. SRR346565) was aligned to the
genome using STAR (66) and was visualized in JBrowse (67).

Genome Data. Detailed views of the H. polymorpha and P. pastoris MAT
regions are shown in SI Appendix, Fig. S5. The H. polymorpha NCYC495 leu1.1
(O. polymorpha) genome sequence was downloaded from the Joint Genome
Institute (genome.jgi.doe.gov/Hanpo2/Hanpo2.home.html) and is used with
permission. The genome sequence and our stock of NCYC495 are in the
a orientation. Its MAT locus is located on chromosome 3, between positions
901 kb (MATalpha genes) and 920 kb (MATa genes). The two copies of the IR
are at bases 899,527 to 901,575 (2,048 bp) and 920,077 to 922,124 (2,049 bp)
and are identical except for a 1-bp indel. The IR includes the 3′ end of SLA2
and most ofMATa1 except for the start codon. The centromeric region to the
left of the MAT locus has no annotated genes between 887 and 899 kb,
except for a Tpa5 (Ty5 family) retrotransposon (68).

In theH. polymorphaDL-1 (O. parapolymorpha) genome sequence (20) the
MAT locus is on chromosome 5 (GenBank accession number AEOI02000008.1),
which is the homolog of NCYC495 chromosome 3. This whole chromosome
has been reported on the opposite strand in DL-1 relative to NCYC495. The
genome sequence and our stock of DL-1 are in the alpha orientation. The DL-1
MAT locus (20) is between positions 426 kb (MATalpha genes) and 446 kb
(MATa genes). The IRs are at bases 424,078 to 426,143 and 444,674 to 446,739
(2,066 bp), are identical to each other, and have 94% identity to the NCYC495
IRs. The centromere is to the right of the MAT locus at 447–459 kb (20).

The structure of P. pastoris chromosome 4 as represented in the genome
sequences of CBS7435 (38) and GS115 (21) is alpha+ in the nomenclature
used here. However, our laboratory stocks of CBS7435 and GS115 are both
alpha− by PCR, indicating inversion or sequence misassembly across the in-
ner IRs. In the sequence of CBS7435 chromosome 4 (GenBank accession no.
FR839631.1), the outer IRs are at bases 127 to 2,703 and 140,670 to 143,246
(2,577 bp) and are identical, and the inner IRs are at bases 4,765 to 10,509
and 133,274 to 139,018 (5,745 bp with three differences). The MAT genes do
not overlap with the IRs. The outer IR contains the complete DIC1 gene and
the 5′ half of a hypothetical gene (PAS_chr4_0876). The inner IRs contain the
complete CWC25 and SUI1 genes, the complete SLA2 gene except for the
stop codon, and a pseudogene of alcohol dehydrogenase. Bases 1 to 126 of
FR839631 are telomere repeats. The sequence of chromosome 4 from
P. pastoris strain GS115 (GenBank accession no. FN392322.1) is incomplete
and lacks the telomere-proximal copies of the outer IR andMAT locus (MATa
genes) and most of the inner IR. It begins at the equivalent of base 10,302 of
the CBS7435 sequence. The whole sequence of chromosome 4 also is on the
opposite strand in FN392322 relative to FR839631.
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