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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 the MAT
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 TwoMAT-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 contains MATa1 and a2, whereas the other locus is 138 kb away

and contains MATalpha1 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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Fig. 2. MAT locus organization and mating-type switching in H. polymorpha , P. pastoris, and S. cerevisiae. Blue and purple shading show the IRs. Orange
arrows show the orientation of the invertible regions. Two other arrangements of the P. pastoris region (alpha+ and a� ), resulting from exchanges in the
inner IR that do not change the mating type, are not shown (Fig. 5). In the S. cerevisiae diagram SLA2and DIC1 indicate the genes that flanked the MAT locus
in the ancestor of family Saccharomycetaceae, although they no longer are at this position in S. cerevisiae because of chromosome erosion (29).

Hanson et al. PNAS | Published online October 27, 2014 | E4853

E
V

O
LU

T
IO

N
P

N
A

S
P

LU
S

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1416014111/-/DCSupplemental/pnas.1416014111.sapp.pdf


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

a a

X

a a

X

a/a

a/a

X
A B C D

a a

A B C D

a a

A B C D

a a

A BC D
aa

A BC D

aa

A BC D

aaX

A B C D

a a

A BC D
aa

AB AC BDCD AB AC BDCD

AB AC BD CD

AB AC BD CD AB AC BD CD

AB AC BD CD

SHY2-3 SHY2-24

SHY2-4 SHY2-28

SHY7

SHY10

Pre-Induction YPD NaKG NaKG 
+ Amm. Sulf.

SHY2-3

SHY2-4

A

B

Fig. 4. Mating-type switching by inversion in H. polymorpha . (A) Crossing
two strains in the same orientation results in diploids that are heterozygous
for orientation. Haploid MATalpha (SHY2-3 and SHY2-24) and MATa (SHY2-4
and SHY2-28) strains with complementary auxotrophic mutations were
obtained by random spore analysis of a sporulated diploid (SHY2) and were
mated to produce diploids (SHY7 from alpha × alpha and SHY10 from a × a).
(Left ) Schematics indicate the MAT locus organization in the strains used in
each cross and the resulting diploids. Purple ovals represent the centromere.
The MAT genes closer to the centromere are silenced (pale colors). (Right )
Gel images show amplification across the IR regions with the primer com-
binations indicated. (B) MAT locus inversion is induced by nitrogen limita-
tion. Gel images show MAT locus organization for haploid MATalpha (SHY2-
3) and MATa (SHY2-4) strains after growth for 12 h in YPD, minimal medium
without nitrogen (NaKG), and NaKG supplemented with 40 mM ammonium
sulfate as a nitrogen source.
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Fig. 5. Mating-type switching by inversion in P. pastoris. (A) Crossing two
strains in the same orientation results in diploids that are heterozygous for
orientation. (Left ) The schematic indicates chromosome 4 organization in
the haploid parents and their diploid progeny. The orange arrow shows the
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tion as Komagataella phaffii (SI Appendix , Table S2).
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27. Jakoči�unas T, Holm LR, Verhein-Hansen J, Trusina A, Thon G (2013) Two portable
recombination enhancers direct donor choice in fission yeast heterochromatin. PLoS
Genet 9(10):e1003762.

28. Hicks WM, Kim M, Haber JE (2010) Increased mutagenesis and unique mutation sig-
nature associated with mitotic gene conversion. Science329(5987):82–85.

29. Gordon JL, et al. (2011) Evolutionary erosion of yeast sex chromosomes by mating-
type switching accidents. Proc Natl Acad Sci USA108(50):20024–20029.

30. Knop M (2006) Evolution of the hemiascomycete yeasts: On life styles and the im-
portance of inbreeding. BioEssays28(7):696–708.

31. Reuter M, Bell G, Greig D (2007) Increased outbreeding in yeast in response to dis-
persal by an insect vector. Curr Biol 17(3):R81–R83.

32. Stefanini I, et al. (2012) Role of social wasps in Saccharomyces cerevisiaeecology and
evolution. Proc Natl Acad Sci USA109(33):13398–13403.

33. Coluccio AE, Rodriguez RK, Kernan MJ, Neiman AM (2008) The yeast spore wall en-
ables spores to survive passage through the digestive tract of Drosophila. PLoS ONE
3(8):e2873.

34. Butler G, et al. (2004) Evolution of the MAT locus and its Ho endonuclease in yeast
species. Proc Natl Acad Sci USA101(6):1632–1637.

35. Gabaldón T, et al. (2013) Comparative genomics of emerging pathogens in the
Candida glabrata clade. BMC Genomics 14:623.

36. Bennett RJ, Johnson AD (2005) Mating in Candida albicans and the search for a sexual
cycle. Annu Rev Microbiol 59:233–255.

37. Butler G (2010) Fungal sex and pathogenesis. Clin Microbiol Rev 23(1):140–159.
38. Küberl A, et al. (2011) High-quality genome sequence of Pichia pastoris CBS7435.

J Biotechnol 154(4):312–320.
39. Sudbery PE, Gleeson MAG (1989) Genetic manipulation of the methylotrophic yeasts.

Molecular and Cell Biology of Yeasts , eds Walton EF, Yarranton GT (Blackie, Glasgow),
pp 304–329.

40. Lahtchev K (2002) Basic Genetics of Hansenula polymorpha. Hansenula polymorpha:
Biology and Applications , ed Gellissen G (Wiley-VCH, Weinheim), pp 8–20.

41. Sreekrishna K, Kropp KE (1996) Pichia pastoris. Nonconventional Yeasts in Bio-
technology: A Handbook , ed Wolf K (Springer, Berlin), pp 203–253.

42. Kurtzman CP (2011) A new methanol assimilating yeast, Ogataea parapolymorpha , the
ascosporic state of Candida parapolymorpha . Antonie van Leeuwenhoek 100(3):455–462.

43. Lynch DB, Logue ME, Butler G, Wolfe KH (2010) Chromosomal G + C content evolu-
tion in yeasts: Systematic interspecies differences, and GC-poor troughs at cen-
tromeres. Genome Biol Evol 2:572–583.

44. Burton JN, Liachko I, Dunham MJ, Shendure J (2014) Species-level deconvolution
of metagenome assemblies with Hi-C-based contact probability maps. G3 (Bethesda)
4(7):1339–1346.

45. Marie-Nelly H, et al. (2014) Filling annotation gaps in yeast genomes using genome-
wide contact maps. Bioinformatics 30(15):2105–2113.

46. Kurtzman CP (2009) Biotechnological strains of Komagataella (Pichia) pastoris are
Komagataella phaffii as determined from multigene sequence analysis. J Ind Micro-
biol Biotechnol 36(11):1435–1438.

47. Gottschling DE, Aparicio OM, Billington BL, Zakian VA (1990) Position effect at
S. cerevisiaetelomeres: Reversible repression of Pol II transcription. Cell 63(4):751–762.

48. Liang S, et al. (2012) Comprehensive structural annotation of Pichia pastoris tran-
scriptome and the response to various carbon sources using deep paired-end RNA
sequencing. BMC Genomics 13:738.

49. Egel R (1977) “Flip-flop” control and transposition of mating-type genes in fission
yeast. DNA Insertion Elements, Plasmids and Episomes, eds Bukhari AI, Shapiro JA,
Adhya SL (Cold Spring Harbor Lab Press, Cold Spring Harbor, NY), pp 447–455.

50. Hicks JB, Strathern JN, Herskowitz I (1977) The cassette model of mating-type in-
terconversion. DNA Insertion Elements, Plasmids and Episomes, eds Bukhari AI, Shapiro JA,
Adhya SL (Cold Spring Harbor Lab Press, Cold Spring Harbor, NY), pp 457–462.

51. Hicks JB, Herskowitz I (1977) Interconversion of yeast mating types. II. Restoration of
mating ability to sterile mutants in homothallic and heterothallic strains. Genetics
85(3):373–393.

52. Tolstorukov II, Benevolensky SV, Efremov BD (1981) Mechanism of mating and self-
diploidization in the haploid yeast Pichia pinus. VI. Functional organization of the
mating type locus. Sov Genet 17(6):685–690.

53. Tolstorukov II, Benevolensky SV, Efremov BD (1982) Genetic control of cell type and
complex organization of the mating type locus in the yeast Pichia pinus. Curr Genet
5(2):137–142.

54. Oshima Y (1993) Homothallism, mating-type switching, and the controlling element
model. Saccharomyces cerevisiae. The Early Days of Yeast Genetics, eds Hall MN,
Linder P (Cold Spring Harbor Lab Press, Cold Spring Harbor, NY), pp 291–304.

55. Silverman M, Simon M (1980) Phase variation: Genetic analysis of switching mutants.
Cell 19(4):845–854.

56. Hicks J, Strathern JN, Klar AJ (1979) Transposable mating type genes in Saccharomyces
cerevisiae. Nature 282(5738):478–483.

57. Chitrampalam P, Inderbitzin P, Maruthachalam K, Wu BM, Subbarao KV (2013) The
Sclerotinia sclerotiorum mating type locus (MAT) contains a 3.6-kb region that is in-
verted in every meiotic generation. PLoS ONE8(2):e56895.

58. Zörgö E, et al. (2013) Ancient evolutionary trade-offs between yeast ploidy states.
PLoS Genet9(3):e1003388.

59. Hickman MA, Froyd CA, Rusche LN (2011) Reinventing heterochromatin in budding
yeasts: Sir2 and the origin recognition complex take center stage. Eukaryot Cell 10(9):
1183–1192.

60. Ketel C, et al. (2009) Neocentromeres form efficiently at multiple possible loci in
Candida albicans. PLoS Genet5(3):e1000400.

61. Souciet JL, et al.; Génolevures Consortium (2009) Comparative genomics of proto-
ploid Saccharomycetaceae. Genome Res 19(10):1696–1709.

62. Katz Ezov T, et al. (2010) Heterothallism in Saccharomyces cerevisiaeisolates from
nature: Effect of HO locus on the mode of reproduction. Mol Ecol 19(1):121–131.

63. Liachko I, Dunham MJ (2014) An autonomously replicating sequence for use in a wide
range of budding yeasts. FEMS Yeast Res14(2):364–367.

64. Faber KN, Haima P, Harder W, Veenhuis M, Ab G (1994) Highly-efficient electro-
transformation of the yeast Hansenula polymorpha . Curr Genet 25(4):305–310.

65. Li H, Durbin R (2009) Fast and accurate short read alignment with Burrows-Wheeler
transform. Bioinformatics 25(14):1754–1760.

66. Dobin A, et al. (2013) STAR: Ultrafast universal RNA-seq aligner. Bioinformatics 29(1):
15–21.

67. Skinner ME, Uzilov AV, Stein LD, Mungall CJ, Holmes IH (2009) JBrowse: A next-
generation genome browser. Genome Res 19(9):1630–1638.

68. Neuvéglise C, Feldmann H, Bon E, Gaillardin C, Casaregola S (2002) Genomic evolution of
the long terminal repeat retrotransposons in hemiascomycetous yeasts. Genome Res
12(6):930–943.

E4858 | www.pnas.org/cgi/doi/10.1073/pnas.1416014111 Hanson et al.

www.pnas.org/cgi/doi/10.1073/pnas.1416014111

