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ABSTRACT
The yeast family Pichiaceae, also known as the ‘methylotrophs clade’, is a relatively little studied group of yeasts despite its
economic and clinical relevance. To explore the genome evolution and synteny relationships within this family, we
developed the Methylotroph Gene Order Browser (MGOB, http://mgob.ucd.ie) similar to our previous gene order browsers for
other yeast families. The dataset contains genome sequences from nine Pichiaceae species, including our recent reference
sequence of Pichia kudriavzevii. As an example, we demonstrate the conservation of synteny around the MOX1 locus among
species both containing and lacking the MOX1 gene for methanol assimilation. We found ancient clusters of genes that are
conserved as adjacent between Pichiaceae and Saccharomycetaceae. Surprisingly, we found evidence that the locations of
some centromeres have been conserved among Pichiaceae species, and between Pichiaceae and Saccharomycetaceae, even
though the centromeres fall into different structural categories—point centromeres, inverted repeats and retrotransposon
cluster centromeres.
Keywords: comparative genomics; bioinformatics; centromeres

INTRODUCTION
The Pichiaceae is a very significant but somewhat an understudied family of budding yeasts. At least 30 species in this family are referred to as methylotrophs because they can grow on
methanol as a sole carbon source, which is a trait that is not
seen in any other yeasts (Riley et al. 2016). As a result, this family is commonly referred to as the ‘methylotrophs clade’. Their
ability to consume methanol is conferred by the MOX1 gene
for methanol oxidase (also known as alcohol oxidase—AOX1 or
AOD1). The promoter of MOX1 is strongly induced by methanol,
and this easily inducible genetic system has been exploited in
biotechnology for the mass production of recombinant proteins

in methylotrophic yeasts such as Ogataea polymorpha and Komagataella phaffii (Mattanovich et al. 2012). Other species in the family do not assimilate methanol. One of these is Pichia kudriavzevii, which is used in some traditional food fermentations and
has a growing role in biotechnology due to its high resistance
to multiple stresses. We recently generated a high-quality reference genome sequence for Pi. kudriavzevii and showed that this
species is identical to Candida krusei, which is an opportunistic
pathogen with a high intrinsic resistance to the antifungal drug
fluconazole (Douglass et al. 2018).
Although research into species such as O. polymorpha and
Pi. kudriavzevii has been carried out for several decades, it is
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Table 1. Genomes and species included in the MGOB database.

Species
Pichia kudriavzevii
Pichia membranifaciens
Brettanomyces bruxellensis
Ogataea polymorphab
Ogataea parapolymorphab
Kuraishia capsulata
Komagataella pastorisc
Komagataella phaffiic
Pachysolen tannophilus
Saccharomyces cerevisiae
YGOB Ancestor

Strain

Number of
genes

CBS 573
NRRL Y-2026
UMY321
NCYC 495
DL-1
CBS 1993
NRRL Y-1603
CBS 7435
NRRL Y-2460
S288C
N/A

5140
5542
5428
5501
5325
5989
5029
5223
5346
5600
4754

Genome size
(Mbp)
Chromosomes
10.81
11.58
12.97
8.97
8.87
11.37
9.42
9.38
12.25
12.16
N/A

5
NDd
4–9d
7
7
7
4
4
7–8d
16
8

Scaffoldsa

Reference

5
10
8
7
7
7
4
4
9
16
8

(Douglass et al. 2018)
(Riley et al. 2016)
(Fournier et al. 2017)
(Riley et al. 2016)
(Ravin et al. 2013)
(Morales et al. 2013)
(Love et al. 2016)
(Sturmberger et al. 2016)
(Riley et al. 2016)
(Engel et al. 2014)
(Gordon, Byrne and Wolfe 2009)

a

Number of scaffolds larger than 5 kb, excluding mitochondrial DNA.
Ogataea polymorpha and O. parapolymorpha are two separate but closely related species, which were both previously known as H. polymorpha (Kurtzman 2011a).
c
Komagataella phaffii and Ko. pastoris are two separate but closely related species, which were both previously known as Pi. pastoris (Kurtzman 2009).
d
Range of chromosome numbers estimated by pulsed field gel electrophoresis for multiple strains of B. bruxellensis (Hellborg and Piskur 2009) and for the type strain
of Pa. tannophilus (Maleszka and Skrzypek 1990). ND, not determined.
b

only recently that molecular biology researchers have begun to
appreciate that these species form a third clade (family Pichiaceae) of budding yeasts that is very separate from the two
better-known clades that contain Saccharomyces cerevisiae and C.
albicans. Consequently, it is often more informative to compare
Pichiaceae species to each other than to S. cerevisiae or C. albicans.
It has recently been discovered that a small clade of species
historically classified within the Pichiaceae uses a novel genetic
code in which CUG is translated as alanine (CUG-Ala clade),
whereas most Pichiaceae species use the standard genetic code
(CUG-Leu2 clade) (Mühlhausen et al. 2016; Riley et al. 2016; Krassowski et al. 2018). The divergence between the CUG-Ala and
CUG-Leu2 clades forms a deep evolutionary split, and it has been
proposed that the CUG-Ala clade should be recognised as a family separate from, but sister to, the Pichiaceae (Shen et al. 2018).
Here we present MGOB (Methylotroph Gene Order Browser),
a comparative genomics browser that enables gene orthology
and synteny comparisons to be made among the genomes
of Pichiaceae species. MGOB is based on an underlying software platform that we previously developed for the browsers
YGOB (Yeast Gene Order Browser, which covers family Saccharomycetaceae, including S. cerevisiae) and CGOB (Candida Gene
Order Browser, which covers families Debaryomycetacae and
Metschnikowiaceae, including C. albicans), as well as OGOB for
oomycete species (Byrne and Wolfe 2005; Maguire et al. 2013;
McGowan, Byrne and Fitzpatrick 2019). MGOB incorporates data
from nine Pichiaceae species for which well-annotated and
highly contiguous genome sequences are available, including
one (Pachysolen tannophilus) from the CUG-Ala clade and eight
from the CUG-Leu2 clade (Krassowski et al. 2018).
MGOB can be used online interactively to compare the syntenic context around any gene in multiple Pichiaceae species.
In this study, we also use the database underlying MGOB to
explore the extents of synteny conservation within the three
major clades of budding yeasts represented by the MGOB, YGOB
and CGOB databases, and to investigate the evolution of centromere locations.

MATERIALS AND METHODS
Sources of genome sequence data are listed in Table 1. Fully
contiguous chromosome sequences, including annotated centromeres, were available for Pi. kudriavzevii, O. polymorpha, Ku.

capsulata and Ko. phaffii. Brettanomyces bruxellensis (also known
as Dekkera bruxellensis) has full-length annotated chromosomes,
but its centromeres have not been identified (Fournier et al.
2017). The Ko. pastoris genome is very similar to the Ko. phaffii
genome (90% DNA sequence identity), with only two reciprocal
translocations between them (Love et al. 2016), and the locations
of centromeric inverted repeats (IRs) are conserved between
them. Similarly, O. parapolymorpha is very similar to O. polymorpha, with no translocations between them (Hanson, Byrne
and Wolfe 2014), and the locations of centromeric retrotransposon clusters are conserved. The Pi. membranifaciens genome
sequence consists of relatively short scaffolds (Riley et al. 2016),
but we included this species because it is the type species of the
genus Pichia (Kurtzman 2011c).
The pillars of homologous genes in MGOB were constructed
by using BLAST and syntenoBLAST (Maguire et al. 2013) to identify syntenic orthologs in each species (or ohnologs in S. cerevisiae). Pillars were then checked and edited by manual curation. Specifically, every time a genome was to be added to MGOB,
reciprocal best hits in BLASTP searches (with a conservative cutoff), against the most closely related previously loaded genome,
established an initial layer of homology with which to load the
genome into MGOB. syntenoBLAST was then used to interpret
weaker BLAST scores in combination with synteny information,
systematically searching for putative orthologs by looking for
singleton pillars that could be merged into another pillar on the
basis of a BLASTP hit to at least one gene in the pillar, provided
that the assignment was also supported by the syntenic context.
After constructing the initial set of MGOB pillars in this manner,
we then used computer scripts to search for situations where
pairs of nearby partially filled pillars could potentially be merged
on the basis that (i) there is a sequence similarity between the
two pillars and (ii) no species occurs in both of the pillars. Each
candidate pair of pillars of this type was examined manually and
merged if considered to be orthologous.
Conservation of centromere adjacency was investigated by
calculating the distance (in number of genes) from the centromere for every gene in the dataset, for species with known
centromere locations. Average distances to centromeres were
calculated for every possible pair of genes from different species
in the same MGOB pillar. For each pair of species, the distances
were then sorted to find the gene pairs with the lowest average
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Pichia kudriavzevii
Pichia norvegensis
Pichia fermentans

Pichia membranifaciens
Candida ethanolica
Saturnispora dispora
Kregervanrija fluxuum

Brettanomyces bruxellensis
Ambrosiozyma kashinagacola

Ogataea parapolymorpha
Ogataea polymorpha
Candida boidinii

Kuraisha capsulata
Komagataella pastoris

Methanolassimilating

Komagataella phaffii
Nakazawaea peltata
Nakazawaea wickerhamii
Peterozyma xylosa

Pachysolen tannophilus
Candida albicans

Saccharomyces cerevisiae
Figure 1. Phylogenetic tree of the Pichiaceae family, based on Kurtzman and Robnett (2010) and Douglass et al. (2018). Species included in the MGOB dataset are shown
in bold. Species capable of assimilating methanol are highlighted.

distance to the centromere in the two species. In order to test
the statistical significance of these centromeric adjacencies, we
developed a simulated dataset of centromere distances, based
on randomised gene pairs. Pillar content was shuffled so that the
orthology relationships among genes were randomised, without changing the location of each gene on its chromosome, and
without changing the locations of centromeres.

RESULTS AND DISCUSSION
The MGOB dataset and interface
MGOB version 1.0 includes data for nine Pichiaceae species
(Table 1). The phylogenetic relationship among them, and their
relationship to other species in the family, is shown in Fig. 1.
The dataset used in MGOB includes every Pichiaceae species for
which a high-contiguity and reasonably well annotated genome
sequence was available in mid-2018. We excluded some species
for which the only available sequence was fragmented into a
large number of contigs or scaffolds. As non-Pichiaceae reference genomes, the dataset also includes S. cerevisiae (genome
version R64-1-1 from SGD), and the gene order inferred for the
‘Ancestor’ of the post-Whole Genome Duplication (WGD) clade
in YGOB (Gordon, Byrne and Wolfe 2009).
Similar to the existing YGOB framework (Byrne and Wolfe
2005, 2006), MGOB consists of (i) a curated database of homology
assignments, (ii) a software engine for assessing synteny across
genomes, supporting (iii) a web interface that allows users to
visualise the syntenic context of any gene. MGOB works by storing sets of homologous genes in ‘pillars’, and representing genes
visually along horizontal ‘tracks’, which represent segments of
a chromosome, presenting an output screen, which is a matrix
with pillars as columns and tracks as rows (Fig. 2). Each horizontal track shows genes from a chromosomal region in one species,

but S. cerevisiae has two tracks due to the WGD. The web interface to MGOB is publicly available at http://mgob.ucd.ie. Details
of the interface are explained in Fig. 2.

MOX1 and nitrate cluster loci
This example screenshot (Fig. 2) is centred on the MOX1 gene of
O. polymorpha, which is required for the assimilation of methanol
as a carbon source (Ito et al. 2007; Yurimoto, Oku and Sakai 2011).
This trait is only seen in Pichiaceae, but it is not universally
present in all species in the family (Ravin et al. 2013). MOX1
orthologs are present in Ogataea, Komagataella and Kuraishia, but
absent in Brettanomyces, Pichia and Pachysolen. A comparison to
the phylogenetic tree in Fig. 1 suggests that methanol assimilation was gained after the divergence of Pachysolen, and was later
lost in the common ancestor of Pichia and Brettanomyces. Interestingly, the Pichia and Brettanomyces genomes show conserved
synteny with Ogataea in a block of three to four genes that spans
the MOX1 locus, even though MOX1 itself has been deleted, as
first noted by Ravin et al. (2013) for Brettanomyces. There is no conservation of synteny between the locations of MOX1 or its flanking genes in the genomes of Ogataea, Komagataella and Kuraishia.
Some methylotrophs contain two separate, unlinked, genes for
isozymes of methanol oxidase (Ito et al. 2007), but none of the
genomes in MGOB are from species of this type.
Another experimentally characterised region for which
MGOB revealed new information is the nitrate assimilation cluster. This cluster was first described in Ogataea and contains YNT1
(transporter for the uptake of nitrate), YNR1 (nitrate reductase),
YNI1 (nitrite reductase), YNA1 and YNA2 (transcription factors)
(Perez et al. 1997; Ávila et al. 2002; Silvestrini et al. 2015). Ogataea
polymorpha contains two highly similar clusters on two different
chromosomes, whereas O. parapolymorpha has only one. It has
previously been suggested that the nitrate cluster was acquired
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Sequence Tools for this pillar:
shows protein and nucleotide sequences
for all genes in the pillar

Move: clicking on any gene
re-focuses the display onto
that gene. Use this to move
left/right along genome.

Grey genes do
not have
any syntenic
neighbours

}

Grey bands
group
closely
related
species
BLAST Tools:
Clicking on the
letter ‘b’ launches
a BLAST search
of the protein
against the
MGOB database

Gene length
comparison bar

Connectors (see legend).

Change of colour within a
species indicates change of
chromosome / scaffold

Menu of genomes to
display or hide

Focused gene (MOX1 = OPOL_76277),
highlighted in orange,
that the current display is centred around.

Display or hide
non-protein-coding features
(tRNAs, rRNAs, CENs)

Change number
of pillars shown

Bioinformatics Tools for this pillar:
Tree - generates maximum likelihood tree
MSA - generates multiple sequence alignment
Rates - calculates evolutionary rates

Search bar names the
current focused gene. Type a
gene name in the box to
move the focus to it.

Figure 2. Annotated screenshot of the MGOB web interface. The most important features are labelled in magenta. Each box represents a gene. This screenshot is focused
on the MOX1 (OPOL 76277) gene of O. polymorpha, in the centre of the screen and surrounded by an orange outline. Vertical columns (pillars) show orthologous genes in
each species, where present. Horizontal rows (tracks) show sections of chromosome from each species, around the pillar containing the focused gene. The connectors
between genes in the same track are drawn in different styles to indicate different levels of adjacency: immediately neighboring genes (thick black connectors and
thick grey lines; clicking on these shows the intergenic DNA sequence), genes <5 positions apart (two thin grey lines), genes 5–20 positions apart (one thin grey line),
endpoints of inversions (orange marks on connectors, e.g. between the TRP3 and KNH1 orthologs in four species).

by a horizontal transfer from the Pezizomycotina after the common ancestor of Brettanomyces, Kuraishia and Ogataea diverged
from Komagataella (Morales et al. 2013). However, using MGOB we
find that three of these genes (YNT1, YNA2 and YNR1) are present
and clustered in Pa. tannophilus (BLASTP E-values in the range
1e−158 to 0.0; Fig. S1, Supporting Information). Additionally, we
also found orthologs of the transcription factor YNA2 in both
Komagataella species, which do not assimilate nitrate (Kurtzman
2011b). We suggest that the nitrate cluster was acquired by the
ancestor of the entire Pichiaceae family, followed by losses of
some genes in Pachysolen and Komagataella.

Comparison of sequence divergence and synteny
divergence in the MGOB, YGOB and CGOB datasets
Our three Gene Order Browsers (GOBs) contain data
from three large families of budding yeasts: Pichiaceae
(MGOB), Saccharomycetaceae (YGOB) and Debaryomycetaceae/Metschnikowiaceae (CGOB). We investigated how these
datasets compare in terms of their levels of sequence diversity
and synteny conservation. To measure sequence diversity
within each GOB, we calculated the level of protein sequence
identity for all orthologs between all pairs of species within the
GOB, using ClustalW alignments (Larkin et al. 2007). We then
plotted the distribution of sequence identity levels, similar to
the approach taken by Dujon et al. (2004). For YGOB, we used

only data from non-WGD genera (Kluyveromyces, Lachancea,
Eremothecium, Zygosaccharomyces, Torulaspora), to allow us to
compare its synteny conservation relative to MGOB and CGOB
without the complication of post-WGD gene deletions.
Figure 3 shows the distribution of protein sequence identity
levels between all pairs of genomes within each of the three
GOBs. In YGOB, the majority of pairwise distributions centre
around 50–55% amino acid sequence identity, with the curves
for a very few highly similar species pairs (eg. Z. rouxii vs. Z.
bailii) lying to the right. A similar pattern is observed in the CGOB
species. The MGOB species, in contrast, show lower levels of
sequence conservation with amino sequence identity for most
species pairs centred on 40%. These plots show that, in general, interspecies orthologs in MGOB are more divergent from
each other than in the other databases. Within MGOB, the two
Ogataea species are the most similar pair, followed by the two
Komagataella species. The two Pichia species (Pi. kudriavzevii and
Pi. membranifaciens) form a more divergent pair with a peak at
70% identity, which is approximately the same as Z. rouxii vs. Z.
bailii, or C. albicans vs. C. tropicalis (Fig. 3).
Sequence divergence in genes and rearrangements of gene
order along chromosomes both accumulate over evolutionary
time so it is expected that these two quantities will be correlated
(Dujon et al. 2004; Rolland and Dujon 2011; Vakirlis et al. 2016). To
examine this correlation in our data, we calculated the number
of shared adjacencies between every pair of species in each GOB.
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M2: Komagataella phaffii vs. Ko. pastoris
M3: Pichia kudriavzevii vs. Pi. membranifaciens
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0.08

Frequency of class relative to total

0.04
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0.28

YGOB

0.24
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Figure 3. Distribution of sequence identity in orthologous proteins, for all pairs of genomes in each GOB. Each curve compares all orthologous proteins from one pair
of genomes. The X-axis is % protein sequence identity (in 5% bins) and the Y-axis is the fraction of proteins with that level of sequence identity. Labels M1–M3, Y1–Y3
and C1–C4 identify the curves from the three to four closest genome pairs in each GOB. Complete lists of all the species included in each plot are given in Table S1
(Supporting Information).
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Figure 4. Correlation between sequence divergence and gene order divergence. The relationship between average protein sequence identity (Y-axis) and the total
number of shared gene adjacencies (X-axis) is plotted. Each point is a pair of species in MGOB (blue), YGOB (pink) or CGOB (green).

Table 2. Percentages of shared adjacencies between each species in the MGOB dataset, including S. cerevisiae and the YGOB Ancestor (Anc).

S.cer.
Anc
P.kud.
P.mem.
B.bru.
O.par.
O.pol.
K.cap.
K.pas.
K.pha.
P.tan.

Anc

P.kud.

P.mem.

B.bru.

O.par.

O.pol.

K.cap.

K.pas.

K.pha.

P.tan.

50%

9%
15%

8%
14%
73%

10%
18%
41%
35%

9%
16%
51%
43%
40%

10%
17%
54%
45%
42%
92%

10%
19%
28%
24%
22%
32%
32%

10%
17%
21%
18%
17%
25%
24%
27%

10%
18%
24%
20%
19%
28%
27%
29%
88%

13%
23%
18%
16%
18%
21%
22%
22%
24%
24%

14%
12%
16%
14%
15%
15%
16%
16%
20%

67%
39%
49%
50%
24%
22%
23%
18%

35%
45%
45%
22%
20%
21%
16%

41%
41%
20%
19%
19%
18%

89%
28%
27%
28%
21%

30%
27%
28%
22%

32%
34%
24%

85%
23%

24%

Numbers represent the percentage of genes in one species (rows) that have shared adjacencies in the other species (columns). Bold cells show intragenus comparisons.
The matrix is not perfectly symmetrical due to the variation in the number of genes among species. Full species names are given in Table 1.

This quantity is the number of orthologs in the two species that
are immediate chromosomal neighbours (in both genomes) of
another pair of orthologs.
All three GOB datasets showed clear correlations between
levels of protein sequence identity and levels of synteny conservation, in pairs of species (Fig. 4). The three datasets have almost
identical slopes for linear regression fits (0.010–0.011), although
their extrapolated Y-axis intercepts are different (YGOB: 15%
sequence identity; CGOB: 26%; MGOB: 31%). Most of the MGOB

data do not overlap the range of data in the other GOBs, as
they are lower on both axes. Interestingly, for any given level
of sequence identity, the number of shared adjacencies is lower
in MGOB than in CGOB, which, in turn, is lower than YGOB
(Fig. 4). This result shows that the Pichiaceae species are more
diverged than the other families, as measured by both sequence
divergence and loss of synteny. These differences highlight the
importance of using separate GOBs for different yeast families
that cover different branches of the phylogenetic tree. We did
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P.kud. vs. K.cap.

P.kud. vs. O.pol.
Cumulative proportion

Cumulative proportion
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Centromeric distance

Centromeric distance

O.pol. vs. K.cap.

Cumulative proportion

Cumulative proportion

P.kud. vs. K.pha.

Centromeric distance

Centromeric distance

K.cap. vs. K.pha.
Cumulative proportion

Cumulative proportion

O.pol. vs. K.pha.

Centromeric distance

Centromeric distance

Figure 5. Interspecies conservation of centromere linkage. Each plot shows one species pair. Red curves (real data) show the cumulative distribution of the average
distance to the centromere in the two species, for genes in a pillar (i.e. orthologs), after sorting the pillars in increasing order of distance. Blue curves (randomisations)
show the means of cumulative distributions from 1000 simulations in which pillar content was shuffled (see MATERIALS AND METHODS). Distances were measured
as numbers of genes.

not attempt to incorporate the MGOB, CGOB and YGOB data into
a single browser because the level of conserved synteny between
the different yeast families is too low.

Synteny conservation within Pichiaceae
Whereas Fig. 4 gives an overview of genome divergence in the
three yeast families represented by the three GOBs, we also
examined synteny conservation within the Pichiaceae in more
detail. Table 2 shows levels of shared adjacency, expressed as a

percentage of the number of genes in the genome, for each pair
of species in Pichiaceae. The highest levels of adjacency conservation are within the Ogataea, Komagataella and Pichia species
pairs, in that order, matching the order of sequence conservation in these genera (Fig. 3). Between genera, synteny conservation is highest between Pichia and Ogataea (43–54%), and lowest
between Pichia and Pachysolen (16–18%) (Table 2). The low level
of synteny conservation between Pachysolen and other genera is
consistent with its phylogenetic position in the CUG-Ala clade
and as an outgroup to the other MGOB species (Fig. 1).
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Figure 6. Centromeres are conserved in location but not in structure. A–E, relationships involving the five centromeres of Pi. kudriavzevii. F, relationship between O.
polymorpha CEN1 and Ku. capsulata CEN2. Circles represent centromeres and rectangles represent protein-coding genes. Small white rectangles represent genes without
orthologs in these regions in other species. Connecting lines indicate the conservation of gene order, including some small inversions.

Douglass et al.

Interestingly, B. bruxellensis shows accelerated levels of both
sequence divergence and genome rearrangement, relative to
Pichia. Ogataea is an outgroup to Brettanomyces + Pichia (Fig. 1),
but the Brettanomyces/Pichia pair shows fewer shared adjacencies and more sequence divergence than the Ogataea/Pichia pair
(Table 2; Fig. 3).
We found that levels of synteny conservation between genera are lower in Pichiaceae than in Saccharomycetaceae. For
non-WGD Saccharomycetaceae species, the proportion of adjacencies shared between genera ranges from 54% (Kluyveromyces
marxianus vs. Eremothecium cymbalariae) to 82% (Zygosaccharomyces rouxii vs. Torulaspora delbrueckii). In contrast, in Pichiaceae, it ranges from only 16 to 54% (Table 2). Considering that the YGOB dataset includes genome sequences from
all known genera of family Saccharomycetaceae, whereas the
MGOB dataset is relatively incomplete, this result suggests that
Pichiaceae encompasses a deeper evolutionary divergence than
Saccharomycetaceae. Consistent with this, Shen et al. (2018) estimated that the deepest divergence within Pichiaceae (including
the CUG-Ala clade) is 204 Myr, whereas within Saccharomycetaceae it is 114 Myr.

Ancient synteny
The YGOB ‘Ancestor’ gene order is the order of genes along
chromosomes that was inferred to have existed in the ancestral Saccharomycetaceae species that underwent WGD (Gordon,
Byrne and Wolfe 2009). Even though evidence now indicates that
the WGD was the result of hybridisation between two distinct
species, the two parents of the hybrid appear to have had almost
no differences in their gene orders (Gordon, Byrne and Wolfe
2009; Marcet-Houben and Gabaldón 2015), so the YGOB Ancestral gene order is still a useful concept. The proportion of shared
adjacencies between the YGOB Ancestor and the MGOB species
ranges from 12 to 23% (Table 2). It is interesting that Pachysolen’s
level of synteny conservation to the Ancestor (20–23%) is the
highest among Pichiaceae (Table 2) and approximately the same
as between Pachysolen and other Pichiaceae species (16–24%),
even though the Ancestor represents a different yeast family,
Saccharomycetaceae. These results suggest that the Pachysolen
genome is less rearranged, relative to the common ancestor of
the two families, than other Pichiaceae genomes.
The fact that about one-fifth of gene adjacencies are shared
between the YGOB Ancestor and Pichiaceae species (Table 2)
suggests the existence of ancient pairs of neighbouring genes
that have been preserved as neighbours during hundreds of millions of years of evolution. We searched for gene pairs that are
conserved as immediate chromosomal neighbours in all nine
MGOB species and the YGOB Ancestor, and found 205 such
pairs. These 205 pairs correspond to 4% of adjacencies in the
YGOB Ancestor, and are located in 181 syntenic blocks. The
longest block consists of six genes: CPR6, RPO21, BPL1, CRD1,
CCT4 andCDC123 [loci Anc 7.313 to Anc 7.318 in the Ancestral
genome nomenclature (Gordon, Byrne and Wolfe 2009)]. The
second longest consists of four genes: COQ1, RER2, YRB1 and
NTH1 (Anc 3.202 to Anc 3.205, which is close to a centromere).
There is no obvious functional link between the genes in either
of these clusters. There were also 19 triplets, and the remaining
160 were pairs. These anciently syntenic regions encompass 387
genes in total.
Genes that are part of these ancient adjacencies were found
to be slower evolving than the rest of the genome (Fig. S2, Supporting Information). The average non-synonymous divergence
(KA ) in these ancient adjacency genes is 0.46, compared to 0.53 in
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other genes, for comparisons between Pi. kudriavzevii and O. polymorpha orthologs. The rate difference is statistically significant
(P = 8e−6 by the Kolmogorov–Smirnov test). These genes are also
more likely to be essential in S. cerevisiae (29% essential vs. 17%
for other genes; P = 1.2e−5 by Fisher’s exact test). This result is
consistent with the previous observation that regions containing essential genes are less likely to undergo rearrangements in
multiple ascomycete families (Fischer et al. 2006). By Gene Ontology analysis (Table S2, Supporting Information), we found that
the lists of genes involved in ancient adjacencies are enriched
in ribosomal protein genes (both cytosolic and mitochondrial)
and genes for subunits of RNA polymerase. The enrichment
of ribosomal protein and RNA polymerase genes explains why
anciently adjacent genes are more likely to be slow-evolving
and essential. However, the ancient adjacencies generally do
not involve pairs of ribosomal protein genes or RNA polymerase
genes, but genes of these types adjacent to other genes.

Conserved centromere locations
Centromeres have been characterised in four methylotroph
species in our dataset: Pi. kudriavzevii, Ko. phaffii, O. polymorpha
and Ku. capsulata. The centromeres are annotated in each of
these genomes and are shown as features in MGOB (they have
names such as Pkud CEN1; see also the online help pages). The
four species show an enormous diversity of centromere structures, so we were curious to investigate whether there is any
conservation of centromere locations. In Ko. phaffii and Pi. kudriavzevii, centromeres consist of simple IR structures. Each chromosome has two near-identical sequences in opposite orientations, separated by a unique central region (Coughlan et al. 2016;
Douglass et al. 2018). Each Ko. phaffii centromere is ∼6 kb long,
whereas each Pi. kudriavzevii centromere is ∼35 kb. In O. polymorpha, centromeric regions contain no large IRs, but instead contain clusters of a Ty5-like retrotransposon and its long terminal
repeats in regions of ∼10 kb that are devoid of other genes (Ravin
et al. 2013; Hanson, Byrne and Wolfe 2014). This retrotransposon
is found only near centromeres, but the exact position of the
functional centromere within the retrotransposon cluster is not
known. In Ku. capsulata, centromere locations were mapped by
chromosome conformation capture (3C) experiments (Morales
et al. 2013; Marie-Nelly et al. 2014). The Ku. capsulata centromeres
do not contain IRs or retrotransposons, but five of the seven
chromosomes contain a conserved sequence motif of ∼200 bp
(Morales et al. 2013), which we refer to as a point centromere,
although it does not contain the CDE I-II-III elements characterised in S. cerevisiae. The YGOB Ancestor is also inferred to have
had point centromeres, because all its descendants have point
centromeres (Gordon, Byrne and Wolfe 2011).
We found that some genes had remained centromereproximal over long evolutionary periods during methylotroph
evolution. To search for such genes, we first calculated the distance of each gene from its centromere, for every gene in an
MGOB pillar, for all species with known centromere locations.
For each pair of species, we then sorted the distances to find the
pillars with the lowest average distance in the two species. To
test whether these putatively conserved centromere-proximal
genes exist to a greater extent than expected by chance, we
compared the observed data to 1000 randomisations in which
pillar content was shuffled, for each species pair (see MATERIALS AND METHODS). The results (Fig. 5) show that, in all six
possible pairs of species, there are more conserved centromereproximal pillars than expected by chance. For short distances
from the centromere, there is an excess of pillars in the observed
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data (red curves), compared to the null expectation (blue curves).
The excess extends out to a distance of at least 150 genes from
the centromere for every species pair (Fig. 5). Every species
pair showed a highly significant difference between distributions (Kolmogorov−Smirnov tests, P < 1e−8 in each pair). Thus,
more genes are close to centromeres in multiple species than
expected by chance. The most likely explanation for this pattern is that the linkage between the genes and the centromeres
is an ancient feature of the genomes, inherited from their common ancestor, and relatively undisturbed by genomic rearrangements. In turn, this explanation implies that the centromeres of
different species are orthologous, or at least that the centromere
locations are orthologous. We are not suggesting that there is
any connection between the function of the genes and the function of the centromere.
To identify putative ancient centromere locations, we identified all genes that are ≤10 genes away from a centromere in at
least two species. There are 23 such genes (Fig. 6). They define
synteny relationships between the centromeric regions of all
five Pi. kudriavzevii chromosomes and centromeric regions in
other methylotrophs (Fig. 6A–C and E) and/or the YGOB Ancestor (Fig. 6B and D). The largest conserved blocks are a five-gene
block shared by Pi. kudriavzevii CEN5 and O. polymorpha CEN7, and
a four-gene block shared by Pi. kudriavzevii CEN4 and the YGOB
Ancestor (Fig. 6D and E). As well as involving all five Pi. kudriavzevii centromeres, the synteny relationships involve six of the
seven O. polymorpha centromeres, four of the seven Ku. capsulata
centromeres, one of the four Ko. phaffii centromeres and two of
the eight YGOB Ancestral centromeres (Fig. 6). In every case, the
synteny relationship between a pair of chromosomes does not
span the centromere itself and is present on only one side, suggesting that centromeres may have been frequent sites of chromosomal breakage during evolution.
Although the regions of synteny near centromeres shown in
Fig. 6 are short, the result in Fig. 5 indicates that a significant
level of interspecies synteny conservation extends into much
larger regions around the centromeres. Together, these results
show that the approximate locations of some centromeres
have been conserved among multiple distantly related Pichiaceae species and have therefore been reasonably stable for
up to 200 Myr. Moreover, some centromere locations are conserved between Pichiaceae and Saccharomycetaceae (i.e. the
YGOB Ancestor). The syntenic regions involve similarities of
gene content between centromeres with different structures—
IRs, Ty5-like clusters and point centromeres (Fig. 6). Therefore, during Pichiaceae evolution, centromeres seem to have
been able to change their structures without changing their
locations. Given the limited extent of synteny conservation,
we cannot tell whether centromeres with new structures were
formed at exactly the same sites as previous old centromeres,
or just close to them. A similar situation occurs in the genus
Naumovozyma, which transitioned from one type of point centromere to another without making major changes in centromere location (Kobayashi et al. 2015). What the ancestral
structure of centromeres was in Pichiaceae and why so much
upheaval of centromere structure occurred in budding yeasts
remain unanswered questions.

CONCLUSIONS
MGOB provides a resource for exploring gene orthology and synteny relationships among Pichiaceae species. This yeast family

shows significant differences from the model organism S. cerevisiae in many aspects of biology, including centromere structures, control of mating types and even the genetic code in some
species. It is likely that further insights into the evolutionary history of yeasts will be gained using MGOB.
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