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Centromeres pose an evolutionary paradox: strongly conserved in function but rapidly changing in sequence and structure.

However, in the absence of damage, centromere locations are usually conserved within a species. We report here that iso-

lates of the pathogenic yeast species Candida parapsilosis showwithin-species polymorphism for the location of centromeres on

two of its eight chromosomes. Its old centromeres have an inverted-repeat (IR) structure, whereas its new centromeres have

no obvious structural features but are located within 30 kb of the old site. Centromeres can therefore move naturally from

one chromosomal site to another, apparently spontaneously and in the absence of any significant changes in DNA sequence.

Our observations are consistent with amodel in which all centromeres are genetically determined, such as by the presence of

short or long IRs or by the ability to form cruciforms. We also find that centromeres have been hotspots for genomic rear-

rangements in the C. parapsilosis clade.

[Supplemental material is available for this article.]

Centromeres are the point of assembly of the kinetochore, the po-
sition at which the spindle microtubules are connected to the
chromosomes, enabling efficient and accurate separation of chro-
mosome/chromatid pairs during cell division. Most eukaryotes
have large “regional” centromeres that have been proposed to be
epigenetically determined. They are specified by arrays of chroma-
tin, compacted by di- or trimethylation at lysine 9 of histone H3
(H3K9me2/3). The position of the centromere in most species is
determined by the presence of a variant of histone H3, called
CENPA in mammals or Cse4 in yeast.

Centromere repositioning occurs on an evolutionary time-
scale, leading to the formation of evolutionarily new centromeres
(ENCs). ENCs have played an important role in speciation, includ-
ing inmanymammals (Stanyon et al. 2008; Rocchi et al. 2012). An
ancient ENC at one chromosome in orangutans is polymorphic;
individuals can be homozygous for either the old or the new cen-
tromere or can be heterozygous for both (Locke et al. 2011; Rocchi
et al. 2012). The new centromere location lacks the repetitive alpha
satellites observed at other centromeres. In addition, damage to, or
loss of, existing centromeres can be rescued by the formation of
new (neo) centromeres at different locations. Neocentromere for-
mation following damage has been observed in human clinical
samples, as well as in other primates, in Equidae, marsupials,
plants, and yeasts (for reviews, see Burrack and Berman 2012;
Rocchi et al. 2012; Schubert 2018). Movement of centromeres
among individuals within a species in a nonclinical context is
much more rarely described. A small number of neocentromeres
formed in human cells that have no obvious clinical effect have
been reported; these were usually observed during routine amnio-
centesis (for review, see Rocchi et al. 2012). In addition, the loca-
tion of one centromere in the horse (devoid of satellite DNA)
varies among individuals (Wade et al. 2009; Purgato et al. 2015).

The mechanisms underlying the formation of new centromeres
are not fully understood, althoughmany are likely to be associated
with chromosomal inversion and translocation (Schubert 2018).
The formation of neocentromeres following damage is particularly
well studied in the yeast Candida albicans (Burrack and Berman
2012). Koren et al. (2010) suggested that, in this species, centro-
meres are associated with the presence of early origins of replica-
tion and that the formation of neocentromeres changes the
activity of nearby origins.

Basic centromere organization is conserved inmany fungi, in-
cluding the basidiomycetes and the filamentous ascomycetes
(Friedman and Freitag 2017). Centromeres in the budding yeasts
(the Saccharomycotina) have undergone substantial changes
associated with the loss of the lysine methylation machinery
(Malik andHenikoff 2009).Within Saccharomycotina, the Saccha-
romycetaceae clade, containing themodel yeast Saccharomyces cer-
evisiae, is by far the best studied. These species have small “point”
centromeres, in which function is determined by sequence. The
S. cerevisiae centromere consists of three conserved regions called
centromere-determining elements (CDEs): CDEI, CDEII, and
CDEIII (Schulman and Bloom 1991). Cse4 is present in one nucle-
osome at the centromere (Meluh et al. 1998; Furuyama andBiggins
2007; Henikoff and Henikoff 2012). Similar point centromeres are
found in other Saccharomycetaceae species (Kitada et al. 1997;
Mattei et al. 2002; Gordon et al. 2011). In Naumovozyma species,
the sequences of the CDEs are different, but they still act as point
centromeres (Kobayashi et al. 2015). The point centromeres in S.
cerevisiae are among the fastest evolving sequences in the genome
(Bensasson et al. 2008). However, point centromeres are not pre-
sent in most fungal genomes (Malik and Henikoff 2009).

Centromere structure has also been investigated in other fam-
ilies in the Saccharomycotina, including the Pichiaceae and the
CUG-Ser1 clade. Within the Pichiaceae, centromere structure is
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known in Kuraishia capsulata and Komagataella phaffii. In K. capsu-
lata, centromeres lie in 2- to 6-kb regionswith lowGCcontent, and
a 200-bp motif is conserved across some chromosomes (Morales
et al. 2013). In K. phaffii, the centromeres consist of a 1-kb central
(mid) region, flanked by a 2-kb inverted repeat (IR) (Coughlan et al.
2016). There is no conservation in sequence among the four cen-
tromeres in K. phaffii, and Cse4 localizes across the mid region
and the IR.

The CUG-Ser1 clade within the Saccharomycotina contains
many Candida and other species, characterized by translating
CUG as serine rather than leucine (Ohama et al. 1993). The centro-
meres of C. albicans and Candida dubliniensis are described as
“small regional”; they are characterized by gene-free regions of
4–18 kb, with 3–5 kb occupied by Cse4 (Sanyal et al. 2004;
Padmanabhan et al. 2008; Roy and Sanyal 2011). The flanking
compact chromatin extends up to 25 kb for C. albicans CEN7
(centromere of Chromosome 7) (Sreekumar et al. 2019). There is
no sequence conservation between centromeres of different chro-
mosomes. There are short unique IRs surrounding C. albicans
CEN1, CEN4, and CENR, as well as longer repeats surrounding
CEN5 (Sanyal et al. 2004). In the related species Candida tropicalis,
the centromere cores are all flanked by IRs, and there is significant
sequence conservation between different centromeres (Chatterjee
et al. 2016). Centromeres in the more distantly related Clavispora
lusitaniae have 4-kb regions occupied by Cse4, with no sequence
conservation (Kapoor et al. 2015). The C. lusitaniae centromeres
lie in regions with low GC content, which has also been proposed
to mark centromeres in the CUG-Ser1 clade species Debaryomyces
hansenii and Scheffersomyces stipitis (Lynch et al. 2010). The puta-
tive centromeres in these latter species contain clusters of retro-
transposons (Lynch et al. 2010; Coughlan et al. 2016).

In this study, we aimed to determine the locations of
centromeres in Candida parapsilosis using chromatin immuno-
precipitation (IP) with DNA sequencing (ChIP-seq) and to use
comparative genomics to study centromere evolution in the
C. parapsilosis clade. Unexpectedly, we found that the locations
are different in two different C. parapsilosis isolates that we
examined.

Results

Identification of centromeres in C. parapsilosis

Many fungal centromeres are located in large intergenic regions
and may be flanked by IR sequences. When we looked for regions
that matched these criteria in the genome of C. parapsilosis
CDC317 (the sequenced reference genome) (Butler et al. 2009),
we identified one candidate centromere per chromosome (Fig.
1A,B). These regions range from 5.8 to 7.1 kb and lack genes.
Each contains an IR sequence (shown in red in the dot matrix
plot Fig. 1A), flanking a middle (mid) sequence. The IRs vary in
size. Some are relatively short (e.g., 443 bp on Chromosome 6),
and in others, the repeat region is broken into several sections
(e.g., Chromosome 1, total size ∼1600 bp). The similarity between
IRs ranges from 85%–96.7%. The sequences of the IRs are con-
served among chromosomes, and the conservation extends be-
yond the IRs (Fig. 1B, black boxes). All IRs are predicted to form
large secondary structures using RNAfold (Lorenz et al. 2011).
However, there is no conservation among the mid regions that
lie between the IRs on different chromosomes.

To validate these predictions, we determined the location of
the variant histone H3, Cse4, by ChIP. C. parapsilosis has a diploid

genome.We introduced three copies of a nine-amino-acid epitope
from human influenza hemagglutinin (HA), near the N terminus
of both Cse4 alleles using CRISPR-Cas9 editing together with a
synthetic repair template (Fig. 1C; Lombardi et al. 2017). The epi-
tope was introduced into Cse4 twice independently in two differ-
ent strains: C. parapsilosis CLIB214, which is the type strain, and
C. parapsilosis 90-137, which was originally isolated from orbital
tissue (Tavanti et al. 2005) and which can be efficiently edited us-
ingCRISPR-Cas9 (Lombardi et al. 2017, 2019a).We confirmed that
the tagged protein is expressed and that it does not interfere with
growth of the tagged strains, and we used ChIP-PCR to show that
Cse4 binding is enriched at the predicted CEN1 sequence
(Supplemental Fig. S1).

To identify all the regions in the genome where Cse4 binds,
we used ChIP-seq. We obtained one very strong ChIP-seq signal
per chromosome that was present in only the immunoprecipitated
Cse4-HA strains and not in the input chromatin (Fig. 1D). We also
identified a signal from the ribosomal DNA on Chromosome 7, an
artifact owing to the high copy number that is also present in the
control sample. More detailed analysis shows that the Cse4 signals
fromC. parapsilosisCLIB214 correspondwith the regions that were
bioinformatically identified as centromeres (Fig. 2). The centro-
meres are in regions that are devoid of open reading frames and
are generally low in transcription (Fig. 2). Unlike C. tropicalis
(Chatterjee et al. 2016) but similar to K. phaffii (Coughlan et al.
2016), Cse4 binding extends beyond the mid regions into the
IRs, reducing in frequency toward the ends of the repeats.

Polymorphic centromere locations in C. parapsilosis

TheCse4 signal inC. parapsilosis90-137 is very similar toC. parapsi-
losis CLIB214 (Fig. 1D). Closer examination shows the pattern is
almost identical for six of the eight chromosomes (Fig. 2).
However, there are surprising differences at CEN1 and CEN5. For
Chromosome 1, there is a signal at the expected centromere in C.
parapsilosis 90-137, similar to C. parapsilosis CLIB214. However,
there is an additional signal, ∼17 kb away in 90-137 (Fig. 2). This
second signal, or neocentromere, partially overlaps two open read-
ing frames, CPAR2_101630 and CPAR2_101640, which are tran-
scribed in C. parapsilosis CLIB214 (RNA track in Fig. 2). The
difference is even more striking on Chromosome 5. Here, C. para-
psilosis 90-137 has no obvious Cse4 signal at the expected position
ofCEN5 (the small numberof reads shown is an artifact of themap-
ping process, resulting from the presence of repeat sequences).
Instead, theCse4 signal is localized∼29 kb away, againoverlapping
transcribed ORFs, CPAR2_502960 and CPAR2_502970. There are
no IRs surrounding the new centromeres, and there is no sequence
relationship with other centromeric regions.

We considered that the occurrence of neocentromeres in
C. parapsilosis 90-137 might coincide with possible rearrange-
ments of the chromosomes in this isolate. We therefore deter-
mined the genome structure of the Cse4-HA tagged strain using
long-read sequencing (Oxford Nanopore Technologies). The nu-
clear genome was assembled into 12 to 16 scaffolds >100 kb using
Flye (Kolmogorov et al. 2019) or Canu (Koren et al. 2017), respec-
tively (Fig. 3). The assemblies failed at some centromeric regions.
However, Figure 3 shows that Chromosomes 1 and 5 are collinear
between C. parapsilosis 90-137/Cse4-HA and the reference ge-
nome, including around the centromere regions. The IR structures
andmid region at the original CEN1 and CEN5 locations are intact
in C. parapsilosis 90-137, and in the Flye assembly, they are 99%
identical to the reference genome.
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The species C. parapsilosis is therefore polymorphic for cen-
tromere location on two chromosomes. The centromere reloca-
tions are associated with a transition from a structured (IR)
format to a format with no obvious structure or sequence depen-
dence, within a single species. On Chromosome 5, it is likely that
the centromeres on both copies of this chromosome have moved
to a new location. It is possible thatC. parapsilosis 90-137 is hetero-
zygous atCEN1, with Cse4 at the expected location on one copy of
Chromosome 1 and at a new location on the other copy.

Genomic rearrangements in C. orthopsilosis coincide with
centromere locations

C. parapsilosis is closely related toCandida orthopsilosis andCandida
metapsilosis; they are all members of the C. parapsilosis sensu lato
clade (Tavanti et al. 2005). We surmised that the centromeres in
these other species may have a similar structure to C. parapsilosis.
The C. orthopsilosis 90-125 reference assembly (Riccombeni et al.
2012; Schröder et al. 2016) is not fully assembled at putative cen-
tromeres, so we used a minION assembly of this strain from

Lombardi et al. (2019b). We identified one large region per chro-
mosome likely to represent the centromere. The size of the regions
ranges from4.9–7.1 kb (Fig. 4A). Candidates onChromosomes1, 2,
5, 6, and 7 have a similar structure toC. parapsilosis centromeres. A
pair of IR sequences, varying in size from788bponChromosome5
to 2.2 kb on Chromosome 6, flank a core region of ∼3 kb. The sim-
ilarity between IRs ranges from 91.0% to 99.8%, the sequences are
conserved among chromosomes, and for Chromosomes 5, 6, and
7, the conservation among chromosomes extends beyond the
IRs. The remaining inferred centromeres (CEN3, -4, -8) do not con-
tain IR sequences.However, 135bp to2.2 kbof the flanking regions
surrounding the 2.6- to 3.4-kbmid regions are conserved with oth-
er centromeres. Like in C. parapsilosis, there is no conservation
between the mid regions identified on different chromosomes. In
addition, none of the C. orthopsilosis CEN regions (not just the IR-
less ones) share significant sequence similarity with any of the C.
parapsilosis CEN regions.

We compared the conservation of centromere position and
gene order between C. parapsilosis and C. orthopsilosis using
SynChro, a tool designed to visualize synteny blocks in eukaryotic

BA

C D

Figure 1. C. parapsilosis centromeres consist of unique mid regions surrounded by partially conserved inverted repeats (IRs). (A) Dot matrix plot com-
paring the putative centromere sequences in C. parapsilosis. Centromere regions (see Supplemental Table S2) were concatenated and are delineated by
dark blue lines. IRs (right, IRR; left, IRL) are separated with cyan lines. Each dot represents a 25-bp window. Inverted sequences are shown in red; direct
repeats, in black. (B) Diagrammatic representation of the information in A. Regions that are conserved among chromosomes are shown in black.
Locations of IRs (>75% DNA sequence identity) are shown with white arrows. The mid regions are illustrated in different colors that indicate that each
of them has a unique sequence. Adjacent genes are shown in gray. Each region shown is ∼10 kb in length. (C) Three copies of an HA tag were introduced
into both alleles of the endogenous CSE4 gene in C. parapsilosisCLIB214 and 90-137 using CRISPR-Cas9 editing. The gene was cut between glycine 69 and
glycine 70, and a repair template containing the HA tags was inserted by homologous recombination. The construct was confirmed by sequencing. (D)
Visualization of the ChIP-seq signal across all chromosomes (Chr) in Cse4-tagged derivatives of C. parapsilosis CLIB214 and 90-137. (In) Input (before im-
munoprecipitation); IP1 and IP2 show two independent immunoprecipitation replicates from each strain. Strains derived from C. parapsilosis CLIB214 are
shown in blue; from 90-137, in purple. There is one signal per chromosome in the IP samples, identifying the centromere, except for Chromosome 7, in
which the rDNA locus (black asterisk) also generates a signal. The x-axis in each plot is the chromosome coordinates, and the y-axis is the number of reads
mapping to a position. Themaximum scale for C. parapsilosisCLIB214 is restricted to reduce the signal from the rDNA. Data are visualized using Integrative
Genomics Viewer (IGV) (Thorvaldsdóttir et al. 2013).
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genomes (Drillon et al. 2014). Putative orthologs between the two
species were assigned by identifying reciprocal best hits (RBHs).
Figure 4B shows the locations of genes in C. orthopsilosis that
have a RBH in C. parapsilosis. Each chromosome is assigned a spe-
cific color. Figure 4C shows the locations of the same RBHs on the
C. parapsilosis chromosomes, colored with respect to C. orthopsilo-
sis chromosomes. It is immediately obvious that there is strong
conservation of synteny between C. orthopsilosis and C. parapsilo-

sis, as we have described previously (Riccombeni et al. 2012).
One chromosome pair (Chromosome 7 in each species) is essen-
tially collinear, as shown by the brown color (Fig. 4B,C). Most of
the other chromosomes are represented by two major colors
in C. parapsilosis, indicating that there has been onemajor translo-
cation per chromosomebetweenC. parapsilosis andC. orthopsilosis.

Overlaying the position of the mapped centromeres
shows that most of the evolutionary rearrangements between

Figure 2. Natural polymorphisms for centromere location in C. parapsilosis. The ChIP-seq data from Figure 1D is shown in more detail, and the neocen-
tromeres are highlighted with black boxes. The order of the tracks is the same in each panel but is labeled for CEN1 only. The top track shows the location of
C. parapsilosis protein coding genes. The second track shows the IR sequences only (red), with an arrow indicating the direction of the repeat. The extent of
the regions conserved between chromosomes is not shown. ChIP-seq read coverage is plotted in blue for C. parapsilosis CLIB214 and in purple for C. para-
psilosis 90-137. Two independent immunoprecipitation experiments were performed per strain (IP1 and IP2). Only one control is shown; the total chro-
matin from C. parapsilosisCLIB214 (input). The equivalent data for C. parapsilosis 90-137, and for an experiment with no tagged Cse4, are available at GEO,
accession number GSE136854. The bottom track (gray) shows gene expressionmeasured by RNA-seq during growth in YPD (taken from SRR6458364 from
Turner et al. 2018). The read depth scale is indicated in brackets; the total number of reads varied in each experiment. Themaximum scale for C. parapsilosis
CLIB214 is restricted to 500 to reduce the signal from the rDNA. The RNA expression data are plotted on a log scale. The apparent dips in coverage at the
centromeres in the input data are likely to be an artifact of the mapping procedure because reads that map to more than one site in the genome were
discarded. Some reads are also incorrectly mapped to nonidentical repeat sequences, resulting in a small Cse4 signal at CEN5 in 90-137. All data are visu-
alized using IGV.
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C. parapsilosis and C. orthopsilosis involve breakpoints at or near
the C. parapsilosis centromeres (Fig. 4C). For some chromosomes,
there is a single breakpoint (e.g., Chromosome 1). For others,
whereas most of the two arms of the C. parapsilosis chromosome
matches two C. orthopsilosis chromosomes, the junction near the
centromere includes short sections from a third chromosome
(e.g., on Chromosome 8). These relationships are explored in
Figure 5, which shows the gene order around each C. parapsilosis
centromere in more detail. Individual RBHs (identified and visual-
ized using SynChro) (Drillon et al. 2014) are shown. EachC. parapsi-
losis centromere is compared with all C. orthopsilosis chromosomes,
and syntenic blocks are highlighted.

Multiple rearrangements have occurred exactly at, or very
close to, the centromere on almost all chromosomes (Fig. 5). For
example, on C. parapsilosis Chromosome 1, genes to the right of
the centromere are syntenic with genes on C. orthopsilosis
Chromosome 2, and genes to the left of the centromere are syn-
tenic with C. orthopsilosis Chromosome 6 (Fig. 5A). The break in
synteny coincides exactly with the location of the predicted cen-
tromeres on the two C. orthopsilosis chromosomes and with C. par-
apsilosis CEN1. More complex rearrangements are seen at CEN2,
CEN4, CEN6, and CEN8 (Fig. 5B,D,F,H). In each of these examples,

there is a break in synteny at the C. para-
psilosis centromere, so that the left and
right flanks of the C. parapsilosis centro-
meresmatch two differentC. orthopsilosis
chromosomes, and the breakpoints in
C. orthopsilosis also occur at or near its
centromeres. However, in these four cas-
es, there are also additional rearrange-
ments nearby, at which at CEN2 (Fig.
5B) corresponds with a third centromere
in C. orthopsilosis on Chromosome 4.

Even on Chromosome 7 (Fig. 5G),
which is almost collinear between the
two species, there has been an inversion
beside the centromere. C. parapsilosis
CEN3 is also collinear with C. orthopsilo-
sis CEN5 (Fig. 5C). However, there have
been two rearrangements on the left of
C. parapsilosis CEN3, where a short block
of genes on C. parapsilosis Chromosome
3 matches a region on C. orthopsilosis
Chromosome 1. Most of the remainder
of the left side of C. parapsilosis Chromo-
some 3 is syntenic with C. orthopsilosis
Chromosome 8. Something similar is
seen at C. parapsilosis Chromosome 5
(Fig. 5E), except here one rearrangement
occurs at a second C. orthopsilosis cen-
tromere (CEN2). In summary, C. parapsi-
losis has synteny breakpoints relative
to C. orthopsilosis at seven of its eight
centromeres, and most of these break-
points also map to C. orthopsilosis cen-
tromeres. We examined the sequences
around each inter-chromosomal rear-
rangement site but did not find any se-
quence repeats that could have facilitated
the rearrangements.

Genomic rearrangements in C. metapsilosis and L. elongisporus

C. metapsilosis originated from hybridization between two related
species, generating a hybridwith a highly heterozygous diploid ge-
nome (Pryszcz et al. 2015). The best assembly of its genome is de-
rived from Illumina sequencing only and is a consensus built from
both haplotypes from two different isolates (Pryszcz et al. 2015).
Of the nine largest C. metapsilosis scaffolds, we identified putative
centromeres on seven (Fig. 4D,E). Scaffold 2 contained two candi-
date regions. Closer examination revealed that this scaffold con-
tains a region (around CMET_4044) that is syntenic with two
telomeres in C. parapsilosis (Chromosomes 5 and 6). We do not
know if this represents a recent telomere-to-telomere fusion in
C. metapsilosis or if it is an assembly error. We split scaffold 2 at
CMET_4044, generating scaffolds 2A and 2B (Fig. 4E) and giving
a total of eight centromeres. All the centromeres are surrounded
by IRs, which have high levels of sequence similarity among chro-
mosomes. The IRs on scaffolds 5, 6, 7, and 9 are relatively long
(2.1–2.6 kb). IRs in conserved regions on scaffolds 6 and 7 are frag-
mented (Fig. 4D). IRs on scaffolds 1, 2A, 2B, and 3 are highly repet-
itive, with regions that sometimes overlap. The mid regions of
C. metapsilosis centromeres vary in size from 1.2 to 2.2 kb, and

Figure 3. Lack of rearrangements at CEN1 and CEN5 in C. parapsilosis 90-137/Cse4-HA. The Circos plot
compares the eight chromosomes of the reference strain C. parapsilosisCDC317 (gray; left) to the 16 larg-
est minION scaffolds from the Canu assembly of C. parapsilosis 90-137/Cse4-HA (white; right).
Centromeres aremarked by black bands.Most chromosomes are collinear, including Chromosome 1 (as-
sembled in two contigs in 90-137, contig 2 and contig 30) and Chromosome 5 (contig 20457). There is
an apparent translocation between Chromosomes 3 and 4 (contig 5 and contig 20455) at a repetitive
gene that is near (but not at) the centromere. This may represent an error in the reference assembly
or represent a natural structural polymorphism. Some zeros have been removed from the contig (tig)
names for clarity.
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unlike C. parapsilosis and C. orthopsilosis, there is sequence conser-
vation among chromosomes. CEN2B, -5, -6, -7, and -9 share >75%
identity, and CEN1 is ∼60% identical to these (Fig. 4D;
Supplemental Fig. S2).

Figure 4F shows a pattern of interspecies chromosomal break-
age at centromeres between C. metapsilosis and C. parapsilosis, sim-
ilar to that seen with C. orthopsilosis, although the rearrangements
are different and have therefore occurred independently. C.

E F

BA C

D

Figure 4. Identification of centromeres and centromere-proximal rearrangements in C. orthopsilosis and C. metapsilosis. (A) Cartoon of centromere struc-
ture in C. orthopsilosis 90-125 (Lombardi et al. 2019b). All mid regions are unique and are shown in different colors. Sequences in black are conserved
among chromosomes. IRs are shown with white arrows, and adjacent genes are shown with gray boxes. Putative transposases with DDE domains are in-
dicated. More detail is provided in Supplemental Figure S2 and Supplemental Table S2. (B,C) Synteny relationship between C. parapsilosis and C. orthop-
silosis. SynChro (Drillon et al. 2014) was used (delta value of two) to identify potential orthologs (reciprocal best hits [RBHs]), represented by colored lines in
the two species, and to generate synteny maps. (B) Location of RBHs on C. orthopsilosis chromosomes. The approximate location of the putative centro-
meres is indicated with a gray polygon. (C) C. parapsilosis chromosomes, colored with respect to the RBH from C. orthopsilosis. The location of the C. para-
psilosis centromeres are indicated with an offset white circle. The location of syntenic C. orthopsilosis centromeres is shown in more detail in Figure 5.
(D) Cartoon of centromere structure in C. metapsilosis. Sequences in black are conserved among chromosomes. IRs are shown with white arrows, which
are sometimes fragmented and overlapping. Mid-core regions from some CENs are similar in sequence (>60%) and are shown in the same color. Adjacent
genes are shown with gray boxes. More detail is provided in Supplemental Figure S2 and Supplemental Table S2. (E,F) Synteny relationship between
C. parapsilosis and C. metapsilosis. (E) Location of RBHs on C. metapsilosis chromosomes. The approximate location of the putative C. metapsilosis centro-
meres are indicatedwith a gray star (centromereswere not identified on scaffolds 4 and 8). (F) C. parapsilosis chromosomes, coloredwith respect to the RBH
from C. metapsilosis. The location of the C. parapsilosis centromeres are indicated with a white circle. The approximate location of syntenic C. metapsilosis
centromeres are shown by name and with gray stars. The same colors are used for C. orthopsilosis (B) and C. metapsilosis (E). This does not indicate that
synteny is completely conserved between these species; it is a feature of SynChro, which carries out pairwise comparisons.
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parapsilosis Chromosome 6 and C. metapsilosis scaffold 2B are col-
linear. Most other chromosomes have undergone a major rear-
rangement at points that correspond to the centromeres of both
species. There have been complex rearrangements at these sites,
similar to theC. orthopsilosis/C. parapsilosis comparisons. For exam-
ple, the region aroundC. parapsilosis CEN2 is syntenic with regions
nearC. metapsilosis CEN2A,CEN5, andCEN7. Other apparent rear-
rangements may reflect gaps in the C. metapsilosis assembly (e.g.,
C. metapsilosis scaffold 8, which does not contain a centromere,
maps to the end of C. parapsilosis Chromosome 8).

Lodderomyces elongisporus is an outgroup to the C. parapsilosis
sensu lato species group (Fitzpatrick et al. 2006). We did not find
any structures similar to the C. parapsilosis centromeres in the

L. elongisporus genome (Butler et al. 2009). However, Koren et al.
(2010) hypothesized that centromeres in L. elongisporus are adja-
cent to early-firing origins of replication, as in C. albicans. They
identified putative regions by characterizing GC skew, which
switches between strands at replication origins. Koren et al.
(2010) identified nine candidate centromeres in the 11 largest
L. elongisporus scaffolds that lie within intergenic regions and
have a strong GC skew. Threemay not represent true centromeres;
one (on scaffold 9) is adjacent to the rDNA locus (Donovan et al.
2016), and two are in strongly transcribed regions (scaffold 7, scaf-
fold 10) (Donovan et al. 2016) that are probably incorrectly anno-
tated in the L. elongisporus genome. The most likely centromeres
and a comparison of the synteny of C. parapsilosis with

E F

BA

C D

G H

Figure 5. Interspecies synteny breakpoints occur at centromeres. Synteny between C. parapsilosis and C. orthopsilosis was visualized using SynChro
(Drillon et al. 2014), with a delta value of two. Changing delta values had minor effects on predicted synteny. A diagrammatic representation of each
C. parapsilosis chromosome, colored as in Figure 4C, is shown to scale at the top of each panel. The lower sections of each panel show the gene order around
the centromere. (A–H) Gene order around the eight centromeres in C. parapsilosis comparedwith C. orthopsilosis. The bottom row in each panel shows gene
order on the C. parapsilosis chromosome, and the eight C. orthopsilosis chromosomes are shown above. Each gene is indicated by a colored dot, and RBHs
are joined by lines. Syntenic blocks are surrounded with a box. Centromeres are shown by large black circles. The chromosome number is indicated at the
side of each panel. The names of some genes are shown for orientation purposes. We removed the prefix “CORT0” from C. orthopsilosis genes and
“CPAR2_” from C. parapsilosis genes for brevity. The color of the dots indicates the similarity of the proteins. Noninverted RBHs are shown in green, ranging
from darkest (>90% similarity) to lightest (<30% similarity), and inverted orthologs are shown in red. Genes without RBH orthologs are shown in blue.
Genes in gray were not identified as RBHs by SynChro but were identified using CGOB (Fitzpatrick et al. 2010; Maguire et al. 2013).
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L. elongisporus are shown in Supplemen-
tal Figure S3. There are more rearrange-
ments than observed between C.
parapsilosis and C. orthopsilosis or C.
metapsilosis. However, C. parapsilosis
Chromosome 6 and L. elongisporus Chro-
mosome 7 are collinear, and major rear-
rangements in the other chromosomes
coincide with the location of the centro-
meres in C. parapsilosis and several of the
remaining centromeres in L. elongisporus
(Supplemental Fig. S3). It is therefore
likely that six of the proposed centro-
mere locations in L. elongisporus are cor-
rect and that centromeres are fragile
sites in all four species. However, the cen-
tromere structure in L. elongisporus is very
different to the C. parapsilosis sensu lato
species. There are no IRs, and the se-
quences are mostly unique (Koren et al.
2010). They are therefore more similar
to the epigenetic centromeres described
in C. albicans and C. dubliniensis (Sanyal
et al. 2004; Padmanabhan et al. 2008;
Thakur and Sanyal 2013).

To identify the number of translo-
cations that have occurred during
the evolution of the C. parapsilosis clade,
we inferred the most likely ancestral
chromosomal structure using AnChro
(Supplemental Fig. S4; Vakirlis et al.
2016). Some of the reference assemblies
are quite fragmented, and the number
of predicted chromosomes in the ances-
tral species are probably overestimated
(13–15) (Supplemental Fig. S4). It is
therefore difficult to fully resolve every
rearrangement. However, the synteny
comparisons identified 13 inter-chromo-
somal breaks between C. parapsilosis
and C. orthopsilosis, and all are at or close
to the centromeres as shown in Figure 5.
Most rearrangements occurred on the
branch leading toC. orthopsilosis (Supple-
mental Fig. S4). It is therefore clear that
inter-chromosomal breaks are enriched
at centromeres.

Discussion

Centromeres evolve remarkably rapidly,
considering their conserved function
(Henikoff et al. 2001). Species in the
CUG-Ser1 clade have a very wide range
of centromere types (Fig. 6). Centromeres
of C. albicans and C. dubliniensis have
been proposed to be epigenetically deter-
mined and have little obvious sequence
similarity and few IRs (Sanyal et al.
2004; Padmanabhan et al. 2008). We
have shown that the centromeres in the

Figure 6. Organization of centromeres in Saccharomycotina species. The phylogeny is adapted from
Shen et al. (2016). The size indicated on the centromeres refers to the region bound by Cse4 when
known, or else when predicted bioinformatically, except for the Saccharomycetaceae, for which the
size of the point centromere is shown. Solid color indicates conservation of sequence across centromeres
in the same species, whereas a color gradient indicates unique sequences. IRs are shown with arrows; Ty
clusters, as red and green boxes. Black circles show known (solid) or predicted (open) early-firing origins
of replication (for details, see text). Point centromeres are conserved across the Saccharomycetaceae ex-
cept for the Naumovozyma lineage, which has different sequences. Question marks indicate that locali-
zation of Cse4 nucleosomes has not been determined.
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C. parapsilosis sensu lato species group consist of a mid region that
is mostly unique and is usually surrounded by IR sequences. The
centromere structures in the C. parapsilosis sensu lato clade
are most similar to those of C. tropicalis (Fig. 6; Padmanabhan
et al. 2008; Chatterjee et al. 2016). However, in C. tropicalis, the
mid regions of all centromeres are similar (∼80% identity), and
the IRs are highly homogenized. Chatterjee et al. (2016) suggested
that the ancestral centromere in Candida species consisted of an IR
surrounding a core and that most of the IRs have been lost in
C. albicans and C. dubliniensis. Orthology of the centromeres on
each chromosome within the CUG-Ser1 clade, despite their struc-
tural variation, is supported by evidence that gene order is partially
conserved around centromeres among C. albicans, C. dubliniensis,
and C. tropicalis (Padmanabhan et al. 2008; Chatterjee et al.
2016). Synteny is conserved betweenC. albicans CEN3 andC. para-
psilosis CEN5, and there is partial conservation of synteny around
C. albicans CEN5 with centromeres in C. parapsilosis, Scheffersomy-
ces stipitis, and C. lusitaniae, even though centromeres do not con-
tain IRs in the latter two species (Lynch et al. 2010; Chatterjee et al.
2016).

The IR structure of centromeres is likely to be old because it
is also found in some species in the sister clade, the family
Pichiaceae (Fig. 6). In Pichia kudriavzevii, the IRs at each CEN
are very similar and they are conserved across centromeres. In ad-
dition, these IRs share some similarity with mid sequences on
other chromosomes (Douglass et al. 2018). In K. phaffii (Pichia
pastoris), both the IRs and the mid regions are unique at each
CEN (Coughlan et al. 2016). The ancestor of the Pichiaceae and
the CUG-Ser1 clade species therefore likely had an IR surround-
ing a mid region, with unique sequences at each centromere.
The IRs have undergone homogenization in several species
(P. kudriavzevii, C. tropicalis, and C. parapsilosis sensu lato), and
the mid regions have been homogenized in C. tropicalis and to
a lesser extent in C. metapsilosis. IRs have probably been lost in
C. albicans, C. lusitaniae, and K. capsulata. In other species in the
CUG-Ser1 clade (D. hansenii, S. stipitis) and in the Pichiaceae
(Ogataea polymorpha), the CENs are associated with retrotranspo-
sons (Ty5-like elements). A retrotransposon (member of the Ty3/
Gypsy family) is found at CEN7 in C. tropicalis, C. albicans, and
C. dubliniensis (Padmanabhan et al. 2008; Chatterjee et al.
2016). DDE-type transposases are found adjacent to C. orthopsilo-
sis CEN4 and CEN8, but these are likely to be DNA transposons
(Nesmelova and Hackett 2010), more similar to CEN-associated
transposons in the basidiomycete Cryptococcus neoformans
(Janbon et al. 2014).

It is not clear what the ancestral centromere structure was
in the subphylum Saccharomycotina because centromeres have
been characterized in very few species outside the Pichiaceae and
the CUG-Ser1 clade (Fig. 6). The point centromeres in the
Saccharomycetaceae are unusual and probably represent a derived
state (Malik and Henikoff 2009; Lefrançois et al. 2013; Kobayashi
et al. 2015). Centromeric regions have been identified in
Yarrowia lipolytica, an outgroup to the three clades (Fig. 6). These
lie in regions of poor GC-content, adjacent to autonomously repli-
cating sequences (Fournier et al. 1993; Lynch et al. 2010). Y. lipoly-
tica centromeres may be small and have conserved short
palindromic repeats of 17–21 bp (Yamane et al. 2008). However,
the exact structure of the centromere and the location of CENPA
(Cse4) in Y. lipolytica has never been determined. More experi-
mental analysis of centromeres from other clades of the
Saccharomycotina is therefore required before conclusions can be
drawn about the ancestral centromere structure.

Kasinathan and Henikoff (2018) postulated that all centro-
meres, whether apparently epigenetic or sequence-dependent,
share a common feature: They are at regions that can make non-
B form DNA. This can be achieved via dyad symmetry (IRs) in
the DNA or by the activity of specific DNA-binding proteins
(such as binding of Cbf1 in the Saccharomycetaceae). IRs have
the capacity to form cruciform structures, especially when associ-
ated with replication origins (Pearson et al. 1996). In particular,
Kasinathan and Henikoff (2018) found that neocentromeres in
vertebrates are particularly enriched in regions of short dyad
symmetry.

The formation of “rescue” neocentromeres when the endog-
enous centromere is damaged has been well studied in C. albicans
(for review, see Burrack and Berman 2012).WhenCEN5 orCEN7 is
damaged, neocentromeres form, either adjacent to the original
centromere or up to 450 kb away (Ketel et al. 2009; Thakur and
Sanyal 2013). Koren et al. (2010) found that natural C. albicans
CENs are near early-firing replication origins and that the forma-
tion of neocentromeres changes the timing of firing at adjacent or-
igins. By characterizing the switches in base composition skew that
occur at replication origins, they predicted that CENs are also near
early-firing origins of replication in L. elongisporus, C. lusitaniae,
and Y. lipolytica (experimentally confirmed for Y. lipolytica by
Fournier et al. [1993]).

Examination of the known and predicted centromeres in
CUG-Ser1 clade species shows that they all contain IRs (either
long or short, including retrotransposon LTRs), and/or they are lo-
cated near early-firing replication origins (known or predicted). All
of these structures can form cruciforms, whichmay be necessary to
recruit Cse4, as has been reported for Schizosaccharomyces pombe
(Folco et al. 2008). The loss of the IRs at centromeres in L. elongis-
porus and C. lusitaniae, and from some centromeres in C. albicans
andC. dubliniensis, may be compensated by the presence of a near-
by early-firing replication origin (Fig. 6). Therefore, there may be
no true “epigenetic” centromeres in this clade; as Kasinathan
and Henikoff (2018) suggest, at least some part of centromere for-
mation always requires cruciform or non-B form DNA, however it
is made. The neocentromeres formed in C. parapsilosis 90-137 do
not contain large IRs like the originals in this species. The hypoth-
esis predicts that the neocentromeres form in regions capable of
making cruciform structures, which may be facilitated by tran-
scription. TheC. parapsilosis neocentromeres are formed at regions
that are transcribed, and transcription is known to facilitate cen-
tromere activity in S. cerevisiae (Ohkuni and Kitagawa 2011).

We found that the majority of chromosomal rearrangements
between species in the C. parapsilosis/L. elongisporus clade involve
breakpoints at or near centromeres and that, in several cases, mul-
tiple closely spaced breaks occurred near centromeres. Rearrange-
ments between C. albicans and C. tropicalis also appear to be
enriched around centromeres, which Chatterjee et al. (2016) sug-
gested was facilitated by repeat sequences. However, rearrange-
ments at centromeres in other species are unusual and, for
example, were rarely seen in Saccharomycetaceae species (Dujon
et al. 2004; Gordon et al. 2011; Vakirlis et al. 2016). It therefore ap-
pears that centromeres are hotspots for chromosome breakage in
the CUG-Ser1 clade and particularly in species closely related to
C. parapsilosis (e.g., CENs in C. albicans and C. dubliniensis are col-
linear) (Padmanabhan et al. 2008). Although fragility may be asso-
ciated with the presence of repeats (IRs) at the centromeres and
with the similarity of centromere sequences among chromosomes,
even the centromeres of L. elongisporus, which have no IRs or other
repeats, coincide with evolutionary breakpoints (Supplemental
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Fig. S3). Interspecies rearrangements of the karyotype by breakage
at centromeres have also been reported in the basidiomycete yeast
Cryptococcus (Sun et al. 2017).

There are many unanswered questions about how and why
the centromere relocations in C. parapsilosis 90-137 occurred. We
do not know how frequent centromere location polymorphism
is in C. parapsilosis, but the fact that we observed it in one of
only two strains tested, affecting two of eight chromosomes, sug-
gests that it is not rare. There are some genome differences between
C. parapsilosis strains. However, there is little evidence of substan-
tial diversity, and heterozygosity levels are generally low (Butler
et al. 2009; Pryszcz et al. 2013; Zhai et al. 2020). Such centromere
sliding may also be frequent in other organisms (including hu-
mans) but has not been observed because of a lack of investigation
(Rocchi et al. 2012). We also do not know what factors caused the
original centromere sites to become disused in C. parapsilosis 90-
137. The IR structure at the original sites appears to be intact, so
it is unclear why neither allele of CEN5 binds Cse4. Similarly, we
do not know what makes the new centromere sites, at both
CEN1 and CEN5, attractive for Cse4 binding. They have no repeats
and no obvious features such as strong base composition skew.
However, they are both within 30 kb of the original site, which
means that diploids heterozygous for Cse4 bound at old and
new sites (like at CEN1 in C. parapsilosis 90-137) can still establish
proper spindle tension. Similar heterozygous centromeric sites
have been reported in orangutans (Locke et al. 2011), in horses
(Wade et al. 2009; Purgato et al. 2015), and inC. albicans following
damage at one allele (Thakur and Sanyal 2013). Lastly, we do not
know why the new sites only bind Cse4 in C. parapsilosis 90-137
and not inC. parapsilosisCLIB214. Our discovery of “natural” neo-
centromeres in C. parapsilosis is one of the few known examples of
within-species polymorphism for CEN locations and provides an
ideal opportunity for further future investigation of how centro-
mere location and function are determined (Wade et al. 2009;
Locke et al. 2011; Rocchi et al. 2012).

Methods

Bioinformatic prediction of centromere location

Genomic sequences of intergenic regions >2 kb were extracted
from the reference sequence of C. parapsilosis CDC317 (Butler
et al. 2009), C. orthopsilosis 90-125 (Riccombeni et al. 2012;
Schröder et al. 2016), and the chimeric reference assembly of
C. metapsilosis strains PL429 (SZMC1548) and SZMC8094
(Pryszcz et al. 2015) using a custom script (Supplemental Code).
Sequences were compared using BLASTN v 2.2.26 with default pa-
rameters and tabular alignment output (Altschul 1990). An IR pair
was defined as a sequence identity >75% with a region in the op-
posite orientation (E-value cutoff 0.005). Candidate regions were
selected for manual investigation. Predicted centromere locations
in the C. orthopsilosis 90-125 reference assembly (Riccombeni et al.
2012; Schröder et al. 2016), available at CGOB (Fitzpatrick et al.
2010), had long regions of ambiguous bases, sowe extracted equiv-
alent regions from a minION assembly from Lombardi et al.
(2019b; Supplemental Table S2). Dot matrix plots were construct-
ed using DNAMAN (www.lynnon.com) with a criterion of 23
matches per 25-bp window. Synteny was visualized using
SynChro with a delta value of two (Drillon et al. 2014), using ge-
nome assemblies and annotations from CGOB (Fitzpatrick et al.
2010; Maguire et al. 2013). To reconstruct ancestral genomes,
SynChro was run using delta values between one and six. The an-
cestor of C. parapsilosis and C. orthopsilosis (A1) was reconstructed

using AnChro (Vakirlis et al. 2016), varying delta values from one
to six for each branch. C. metapsilosis and L. elongisporuswere used
as outgroups. The best A1 candidate, with the smallest number of
chromosomes (13) and conflicts (six), was chosen as recommend-
ed by Vakirlis et al. (2016; Supplemental Fig. S4). The A1 recon-
struction was then compared with the other genomes using
SynChro (delta values one to six), and a second ancestral genome
(A2) was constructed fromA1 andC.metapsilosis, with L. elongispo-
rus as an outgroup. The best A2 candidate, with the smallest num-
ber of chromosomes (15) and conflicts (one) and the highest
number of genes (4409) was chosen (Supplemental Fig. S4).
Inter-chromosomal breaks were identified using pairwise compar-
ison of synteny maps.

Tagging Cse4

C. parapsilosis strains CLIB214 and 90-137 were edited using a
tRNA plasmid based CRISPR-Cas9 gene editing system as described
by Lombardi et al. (2017, 2019a). Primers gRNA_CSE4_TOP and
gRNA_CSE4_BOT were annealed and cloned into pCP-tRNA, and
5 µg plasmid was transformed together with 5 µg of a 594-bp syn-
thetic DNA fragment containing a section of the H3 histone vari-
ant Cse4 with a 3xHA tag inserted between amino acids 69 and 70,
and 250 bp homology arms (Integrated DNA Technologies)
(Supplemental Fig. S1). Transformants were selected on YPD agar
supplemented with 200 µg/mL nourseothricin and screened by
colony PCR using primers CSE4_N_RT_fw and CSE4_col_inTag_
rv. The structure was confirmed using ChIP-seq and minION
sequencing as described below (Supplemental Fig. S1). Loss of
pCP-tRNA was induced by patching transformants onto YPD
agar without nourseothricin. For western blots, protein extracts
were prepared from 15 A600 units of C. parapsilosis 90-137 and
two Cse4-HA tagged strains cultured overnight in YPD. Cell pellets
were washed in 500 µL water, resuspended in 500 µL ice-cold ex-
traction buffer (1× PBS, 0.1% Tween 20, 1mMPMSF), and homog-
enized with glass beads. The protein extract was separated by
centrifugation at 10,000 rpm at 4°C. Twenty microliters of protein
extracts diluted 1:1 (v/v) with ice-cold 2× Laemmli sample buffer
(Sigma-Aldrich) was separated by 12% SDS-PAGE, at 200 V cons-
tant voltage for 1 h, and electroblotted onto nitrocellulose mem-
branes at 100 V for 45 min. Immunoblotting was performed
using the mouse epitope tag antibody, Anti-HA.11 (BioLegend
901513), at a 1:1000 dilution inmilk/TBS blocking buffer (5 g non-
fat dry milk to 100 mL TBS–100 mM Tris-HCl at pH 7.5, 150 mM
NaCl) and HRP-conjugated secondary antibody anti-mouse
IgG (Cell Signaling Technology 7076P2) at 1:2000 dilution.
Immunoblots were detected using the Pierce ECL western blotting
substrate (Thermo Fisher Scientific) and enhanced chemilumines-
cence (G:BOX Chemi XRQ, Syngene).

ChIP-PCR and ChIP-seq

ChIP was performed as described by Coughlan et al. (2016) from
log phase cultures in 200 mL YPD using EZview Red Anti-HA
Affinity Gel from Sigma-Aldrich (E6779). Control IPs were per-
formed in the absence of the anti-HA antibody (Mock-IP), and
from C. parapsilosis 90-137 without a tagged Cse4 (CTRL).
Dilutions of the protein extracts before IP (Input), and following
IP andmock IP were used to assess binding to CEN1 by PCR ampli-
fication, using primers from five regions within the predicted
CEN1 area, one pair fromwithin the next largest intergenic region
on Chromosome 1 (Chr 1: 1,948,277–1,955,373; to serve as nega-
tive control), and a region from within the actin gene ACT1
(Supplemental Fig. S1; Supplemental Table S1). ChIP sequencing
was performed by Beijing Genomics Institute (BGI) on the
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BGISEQ500 platform. Approximately 20 million single-end reads
(50 bases) were obtained per sample. ChIP-seq reads were mapped
to the genome of C. parapsilosis CDC317 (Butler et al. 2009) using
the aln/samse algorithm from BWA v0.7.17-r1188 (Li and Durbin
2010), with default parameters. Mapped reads were sorted and in-
dexed with SAMtools v 1.9 (Li et al. 2009), and the read coverage
across the genome was computed using BEDTools v2.27.1
(Quinlan and Hall 2010). Genome coverage files were changed
into bigWig format using bedGraphToBigWig v4 (Kent et al.
2010) and loaded into IGV (Thorvaldsdóttir et al. 2013) for
visualization.

minION sequencing

One derivative of C. parapsilosis 90-137 containing Cse4-HA was
sequenced using the minION device from Oxford Nanopore
Technologies (ONT). DNA was extracted using the MagJET geno-
mic DNA kit K2721 from Thermo Fisher Scientific. Libraries were
prepared with the rapid sequencing kit (RSK-SQK004) from ONT
and sequenced on a minION flow cell (FLO-MIN106), yielding
30× coverage. Base-calling was performed using Guppy v2.3.7
+e041753. Read length and quality were assessed using NanoPlot
v1.23.1 (De Coster et al. 2018). NanoFilt v2.3.0 (De Coster et al.
2018) was used to remove reads with a quality score of less than
seven. Assemblies were constructed using Canu v1.8 (Koren et al.
2017) with options genomeSize= 13030174 (to specify the ge-
nome size) and -nanopore-raw (for ONT data), generating 25 nu-
clear contigs, and using Flye v2.5 (Kolmogorov et al. 2019) with
options ‐‐nano-raw (for ONT data), and -i 5 (five rounds of polish-
ing), generating 14 nuclear contigs. Nanopolish v0.11.1 (Loman
et al. 2015) was used to improve the consensus accuracy of the
Canu assembly, and the sequence qualities of both assemblies
were further improved by incorporating the BGISEQ data from
the “input” sample of the ChIP-seq experiment using Pilon
v1.23 (Walker et al. 2014). The assembly qualities were assessed
with Quast v4.6.1 (Gurevich et al. 2013). Circoletto and Circos
v0.69 (Krzywinski et al. 2009; Darzentas 2010) were used to visual-
ize alignments between the C. parapsilosis CDC317 reference ge-
nome and the Canu C. parapsilosis 90-137/Cse4-HA assembly.
There were some differences between the Canu and Flye assem-
blies, including some small deletions/insertions at the left IR of
the original CEN1 location in the Canu assembly of C. parapsilosis
90-137/Cse4-HA. However, Chromosomes 1 and 5 are collinear
in both.

Data access

The raw and processed ChIP-seq and minION data generated in
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