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Abstract

Deletion of native centromeres in the human fungal pathogen Cryptococcus deuterogattii
leads to neocentromere formation. Native centromeres span truncated transposable elements,
while neocentromeres span actively expressed genes. Neocentromeres in cen10A mutants are
unstable and chromosome-chromosome fusions occur. After chromosome fusion, the
neocentromere is silenced and the native centromere of the chromosome fusion partner remains
as the sole active centromere. In the present study, the active centromere of a fused
chromosome was deleted to investigate if epigenetic memory promoted re-activation of a
silenced neocentromere. Our results show that the silenced neocentromere is not re-activated
and instead a novel neocentromere forms directly adjacent to the deleted centromere of the
fused chromosome. To explore the epigenetic organization of neocentromeres, we characterized
the distribution of the heterochromatic histone modification H3K9me2 and 5mC DNA
methylation. Native centromeres were enriched for both H3K9me2 and 5mC DNA methylation
marks, while neocentromeres lacked these specific histone and DNA modifications. To study
centromere dynamics, the actively expressed URA5 gene was introduced into a native
centromere. Introduction of the URA5 gene led to loss of CENP-A from the native centromere,
and a neocentromere formed directly adjacent to the native centromere location. Remarkably,
the silenced native centromere remained enriched for heterochromatin, yet the integrated gene
was expressed and devoid of H3K9me2. Analysis of multiple CENP-A distribution profiles revealed
centromere drift in C. deuterogattii, a previously unknown phenomenon in fungi. The CENP-A-
enriched region shifted within the pericentric regions, and a truncated transposable element in
centromere 5 acted as a barrier between the CENP-A-associated regions of chromatin.
Interestingly, this truncated transposable element was devoid of CENP-A binding or H3K9me2
modification and was instead marked by 5mC DNA methylation. Taken together, our findings
reveal novel aspects about the epigenetic mechanisms that distinguish native centromeres and

neocentromeres.
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Introduction

To undergo proper cell division, chromosomes require a functional centromere that
mediates binding of the kinetochore and microtubules to the chromosome [1]. In most
organisms, the kinetochore assembles on a specific centromeric histone H3 (known as CENP-A,
CENH3, or Cse4 depending on the species), which replaces the canonical histone H3 within the
centromere [2]. Species lacking CENP-A are either holocentric or differ in their kinetochore
structural organization [3-5]. The majority of studied centromeres are regional centromeres that
are epigenetically regulated; there are however some exceptions, such as point centromeres that
are sequence dependent [6,7].

The deletion of centromeres frequently results in neocentromere formation in genomic
hotspots, and these are often in the vicinity of the native centromere [8]. This has been observed
in model organisms such as Candida albicans and also in chicken DT40 cells, and might be
attributable to the CENP-A cloud [9-13]. Unlike native centromeres in C. albicans,
neocentromeres are not enriched for flanking repeats and genes spanned by CENP-A are
silenced, although neocentromeres respond similarly to stress as native centromeres [12]. All
native pericentric regions of C. albicans, except for chromosome 7, harbor either inverted repeat
or long-terminal repeat sequences, which might function as pericentric domains in some
chromosomes [14]. The pericentric regions are enriched for the euchromatic histone marks
H3K9Ac and H4K16Ac, but are hypomethylated at H3K4, a feature of heterochromatic chromatin
[15]. Histone H3 is completely depleted at the native centromeres of C. albicans and H3K9
methylation is absent in the C. albicans genome, as this pathway was lost during evolution
[16,17]. The mixture of euchromatin and heterochromatin results in reduced expression of genes
located in close proximity to the centromeres.

The majority (76%) of neocentromeres in chicken DT40 cells form in close proximity to
the native centromere [10]. Chickens have a diploid genome, but the Z sex chromosome is
present in only one copy in DT40 cells (ZW/female cells). Both the native centromere and
neocentromeres of chromosome Z lack repeats, do not contain a specific DNA motif, and are
similar in length (~35-45 kb). Based on chromatin immunoprecipitation sequencing (ChIP-seq)

and immunofluorescence microscopy, native centromeres of chromosomes (Chr) 5, 27, and Z, as
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well as all neocentromeres, are not enriched for H3K9me3. This is in contrast to the native
centromeres of Chr 1 and 2, which span repeats and are enriched for H3K9me3. Despite the lack
of H3K9me2, the expression level of a gene (MAMDC2) within a neocentromere is reduced by
20- to 100-fold relative to wild-type expression levels [10]. These findings suggest
heterochromatin is not essential for centromere function in DT40 cells and that heterochromatin
may serve only as a repressor of repetitive regions.

Native centromeres of Schizosaccharomyces pombe have a higher order structure with a
CENP-A-enriched central core and heterochromatic inner and outer repeats that serve as
pericentric regions [18]. The pericentric regions are enriched for H3K9me2/3, and this
modification is RNAi-dependent and essential for CENP-A localization to the central core [19,20].
Neocentromeres in S. pombe form adjacent to heterochromatic regions, close to the telomeres,
where pre-existing repeats mimic the higher-order repeat architecture of native centromeres
[21]. Similarto C. albicans, S. pombe neocentromeres span genes that are silenced due to CENP-
A binding [21]. Interestingly, deletion of native centromeres in wild-type S. pombe leads to either
neocentromere formation or chromosome fusion, while centromere deletion in H3K9me2-
deficient cells results in only chromosome fusion, suggesting that heterochromatic regions are
essential for neocentromere function [21,22].

Similar to many fungal centromeres, the native centromeres of Cryptococcus neoformans
are enriched for both full-length and truncated transposable elements [23,24]. Previous studies
have shown that these elements are silenced via RNAi [25-27]. Cryptococcus centromeres are
also enriched for H3K9me2 and 5mC DNA methylation, which is interesting because a recent
study showed that the pathogenic Cryptococcus species complex has lost the de novo DNA
methyltransferase and retained only the maintenance DNA methyltransferase (Dnmt5) [28,29].
In contrast to heterochromatin formation in S. pombe, heterochromatin formation in C
neoformans is not mediated by small RNAs [25].

Cryptococcus deuterogattii is the only member of the pathogenic species complex that is
RNAi-deficient, and loss of RNAi has been correlated with the presence of only truncated
transposable elements in centromeres [24,30,31]. Previously we showed that deletion of a native

centromere in C. deuterogattii leads to neocentromere formation [32]. Neocentromeres of both
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Chrs 9 and 10 spanned genes, which continued to be expressed at wild-type levels. This wild-type
expression of neocentromeric genes suggests neocentromeres may not be heterochromaticin C.
deuterogattii. However, neocentromeres of Chr 10 were unstable and centromere deletion often
led to chromosome-chromosome fusions through non-homologous recombination between sub-
telomeric regions. After chromosome fusion, the neocentromeres were silenced and only the
native centromere of the fusion partner chromosome served as the centromere of the fused
chromosome [32].

Here we show that deletion of the native centromere in a fused chromosome results in
neocentromere formation in close proximity to the native centromere, not at the previously
formed neocentromere location. This observation suggests that the CENP-A cloud determines
the location for neocentromere formation, rather than epigenetic memory of the position of the
silenced neocentromere. We find that, in contrast to native centromeres, neocentromeres are
not enriched for the heterochromatin mark H3K9me2 or 5mC DNA methylation. Additionally,
native centromeres that have lost CENP-A binding as a consequence of integration of a selectable
marker gene remain enriched for H3K9me2 and neocentromeres form adjacent to the native
centromere. Overall, our results demonstrate that neocentromeres in C. deuterogattii lack
epigenetic marks that are present at native centromeres and do not retain any epigenetic

memory when silenced.
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Results
Silenced neocentromeres lack epigenetic memory

In a previous study we observed that cen10A mutant isolates with a neocentromere
maintaining Chr 10 exhibited aneuploidy for Chr 10 and produced both large and small colonies
at 37°C. Isolation and analysis of larger colonies at 37°C revealed that chromosome-chromosome
fusions had occurred involving Chr 10 fusion with other chromosomes [32]. After chromosome-
chromosome fusion, the neocentromere was silenced and the native centromere of the fusion
partner chromosome acted as the active centromere. As the neocentromere was silenced in the
fused chromosome, centromeric proteins were displaced from the neocentromere locus, and we
experimentally confirmed this by showing that the neocentromere lacked CENP-A. However, we
hypothesized that the silenced neocentromere might still bear epigenetic marks, and if so these
marks might render this a preferred site for subsequent neocentromere formation.

To investigate whether such epigenetic memory existed at the silenced neocentromeric
location, we deleted the active centromere of the fused chromosome and performed ChlP-seq
analysis for CENP-A. For this experiment, we focused on an isolate (KS123) in which Chr 10 was
fused with Chr 4. Using CRISPR-Cas9, we deleted native CEN4 and obtained two independent
cen10A cen4A mutants. In addition, we also deleted CEN4 in the wild type (WT) as a control, and
two independent cen4A mutants were isolated. All four mutants lacking CEN4 were subjected to
CENP-A ChIP-seq analysis and reads were mapped to the genome assembly. Interestingly, in all
four mutants, the neocentromeres formed close to the location of native CEN4 (Figure 1). In three
cases, neocentromeres formed in the same chromosomal location, directly flanking the native
centromere on the 3’ side. These neocentromeres were smaller in size (~5 kb) than the native
CEN4 (~10 kb) and spanned three genes (CNBG_0196, CNBG_0195, and CNBG_0194).
CNBG_0196 encodes a serine/threonine-protein kinase, CNBG_0195 encodes a purine-specific
oxidized base lesion DNA N-glycosylase, and CNBG_0194 encodes a protein predicted to localize
to the endoplasmic reticulum. In the fourth case, the neocentromere formed next to the native
centromere on the 5’ side. This neocentromere was much smaller in size (~1.3 kb) than the native
CEN4 as well as the other three neocentromeres and spanned only the first two exons of the

CNBG_0197 gene, which encodes topoisomerase Il alpha-4. Unlike cen10A mutants, cen4A
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mutants in the otherwise wild-type background had uniform colony sizes, as was observed with

cen9A mutants [32].
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Figure 1. Neocentromeres in C. deuterogattii lack epigenetic memory.
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(A) A full-length chromosomal view of two cen4A mutants in a Chr 4-10 fusion derived from a cen10A mutant
background (KS123) is shown. The initial cen10A mutant had two CENP-A-enriched neocentromeric regions, and these silenced
neocentromeres are indicated with gray triangles. (B) Full-length chromosome view for Chrs 10 and 4. The cen4A mutation in
the wild type did not affect CEN10, and as shown in the second panel, neocentromeres of chromosome 4 formed proximal to the
original chromosomal location of native CEN4. The additional low-abundance CENP-A peak at 1490 kb colocalized with the rDNA

cluster. (C) Detailed view of native CEN10 and CEN4 regions. cenl0A-A is the initial neocentromere mutant and the
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neocentromere position is indicated by the CENP-A enrichment in cen10A-A. As shown with two independent cen4A deletions
isolated in the strain harboring the fused chromosome, the neocentromere was silenced after chromosome fusion. The panel
with CEN4 shows that neocentromeres formed proximal to the native CEN4, and this was independent of the presence of a

silenced neocentromere.

Taken together, these results provide evidence that silenced neocentromeres in C.
deuterogattii do not possess an epigenetic memory and suggest that de novo neocentromere
formation may instead occur due to the presence of a CENP-A cloud.

To study the impact of chromosome fusion on centromeres in further detail, we
generated a fusion of Chrs 4 and 10 to model the previously isolated Chr 4-10 fusion, but without
the CEN10 deletion to result in a presumptive dicentric Chr 4-10 fusion chromosome. Pulsed-field
gel electrophoresis (PFGE) confirmed two isolates in which the two chromosomes had fused, as
indicated by the absence of bands corresponding to Chrs 4 and 10 (Figure S2). However, from the
EtBr stained banding pattern, it appears that the dicentric chromosome in one of the
transformants (dicentric isolate 1) underwent chromosomal-fusion, followed by breakage and a
new chromosomal band appeared at ~890 kb. The second transformant (dicentric isolate 2) did
not show any new band suggesting that either the dicentric chromosome might have been stable
or the PFGE was not able to resolve the new chromosomes. To confirm the chromosome fusion
we performed Nanopore sequencing for both putative dicentric isolates. For dicentric isolate 2,
Nanopore sequencing confirmed the presence of a stable chromosome fusion. For dicentric
isolate 1, a scaffold (443 kb) with chromosome 10 fused to a 51 kb region of chromosome 4 was
identified. Interestingly, we noticed that the same 51 kb region was duplicated in the genome
and still present on a scaffold (433 kb) which corresponds to chromosome 4 (Figure S3). Short
read sequencing confirmed that the 51 kb region was duplicated as the ploidy level of this regions
is two instead of one. Thus in this isolate, the dicentric chromosome broke, and two new
chromosomal ends were produced resulting in a 51 kb segmental duplication shared by the new
Chr 4 and 10.

To test if either centromere 4 or 10 was silenced after chromosome fusion in the dicentric
isolate 2 in which no new chromosomes were apparent by PFGE analysis, ChIP-qPCR analyses

targeting CEN4 and CEN10 of the putative dicentric chromosome were performed (Figure S2).
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Compared to the positive control (CEN6), the CENP-A enrichment for CEN4 was 2-fold higher,
while the CENP-A enrichment for CEN10 was 0.5-fold lower. This could suggest that some cells in
the population have an active CEN4 whereas a smaller subset of cells have CEN10 as the active

centromere.

Neocentromeres are not enriched for the heterochromatic mark H3K9me2

Because the RNAI pathway is absent in C. deuterogattii and the genome contains only
truncated transposable elements, it is possible that other pathway(s) are involved in
silencing/suppression of transposable elements; for example, heterochromatin or DNA
methylation, might have evolved differently in this species. To test if heterochromatin is still
functional in C. deuterogattii, we performed ChlIP followed by high-throughput sequencing (ChIP-
seq) with an antibody specific to H3K9me?2.

Despite the lack of active transposable elements, the native centromeres were still
enriched for H3K9me2 that spanned the entire ORF-free region (Figure 2A and S5). Further
analysis revealed that the CENP-A-bound region was embedded within the H3K9me2-enriched
region and displayed a similar pattern as was previously shown in the closely-related species C.
neoformans (Figure S5) [28]. Telomeres and sub-telomeric regions were also enriched for
H3K9me2. In addition to the expected regions, we identified several short chromosomal regions
that were enriched for H3K9me2; however, compared to the centromeres, the H3K9me?2
enrichment was at least five-fold lower in these regions (Table S3). Some of these H3K9me2-
enriched regions spanned genes whose products are predicted to be involved in sugar
metabolism or drug transport.

The presence of a heterochromatic mark on a gene can lead to epimutation-mediated
drug resistance. To test whether H3K9me?2 is involved in such a phenomenon, we deleted the
gene encoding the Clr4 methyltransferase and tested the strains for resistance to multiple drugs.
Fluctuation assays with two antifungal drugs (5-Flourocytosine and Rapamycin+FK506) showed
that, compared to the wild-type, c/r4A mutants generated fewer or no resistant colonies (Figure
S4). These results suggest Clr4 may be involved in regulating drug resistance in this species and

this will be the subject of future studies.
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specific TE family color, and RNA-seq is shown in green. CENP-A ChIP-seq is shown in black and ChIP-seq for H3K9me2 is shown
in red. (A) H3K9me?2 distribution of Chr 3 is shown as an example. The top panel shows the full-length Chr 3 and the lower panel
shows an expanded view of the centromeric region. (B) CENP-A and H3K9me2 ChIP-seq with previously generated cen10A
mutants. For three cen10A mutants the CENP-A enrichment and the H3K9me2 profile is shown. Mutant cen10A-F shows a slight

H3K9me2 enrichment at the native centromere location (indicated with an asterisk) due to IGV viewer limitations, and detailed
analysis shows that this is an artifact.

Previously, we deleted native CEN10 and obtained multiple isolates with neocentromeres
[32]. To test if neocentromeres are enriched for H3K9me2, ChIP-seq with an H3K9me2 antibody
was performed for three cen10A strains containing neocentromeres (Figure 2B). Isolate cen10A-

A has two CENP-A-enriched regions of which one is the primary peak and the second is a less

10
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abundantly enriched peak [32]. Isolate cen10A-E has a neocentromere directly flanking the left
telomere and isolate cen10A-F has a neocentromere proximal to the deleted native centromere
[32]. After mapping the H3K9me2 ChlIP-seq reads to the genome, we observed that the
neocentromeres of cen10A-A and cenl0A-F lacked H3K9me2 enrichment. The sub-telomeric
regions of all 14 chromosomes and the native centromeres of the other 13 chromosomes were
still enriched for H3K9me?2 as expected. As the neocentromere of cen10A-E is telocentric, it was
enriched with H3K9me2. However, the sub-telomeric regions were modestly enriched for
H3K9me2 in the wild type; thus, we think the enrichment in this isolate was not due to

neocentromere formation but rather to its location at a subtelomeric region.

Integration of a URAS5 transgene into CEN2 inactivated the native centromere and resulted in
neocentromere formation

C. deuterogattii neocentromeres are present in gene-rich regions and span genes that are
actively expressed despite CENP-A binding. This prompted us to test the impact of insertion of
an actively transcribed gene into native centromeres on centromeric chromatin. We introduced
the URA5 gene into the CENP-A-binding region of CEN2 by homologous recombination. We
hypothesized four possible outcomes from this experiment: 1) CENP-A would cover the URA5
gene, making the CENP-A-bound region larger than the native centromere; 2) the URA5 gene
might divide the CENP-A enrichment into two independent regions; 3) only one of the regions
flanking URA5 would be enriched for CENP-A, generating a smaller centromere; or 4) URA5
integration might abolish CEN2 function leading to neocentromere formation (Figure S6).

Through homologous recombination, the URA5 gene was introduced into the CENP-A-
enriched region of CEN2 in an R265 ura5- strain. Following transformation, isolates were selected
for growth on SD-ura medium. Isolates were further screened by inoculating the mutants on SD-
ura and 5-FOA media. PCR analysis confirmed the desired integration of the URA5 gene into
CEN2. Prior to ChlIP-seq, we verified that the URA5 gene introduced into CEN2 was expressed
based on growth on SD-URA medium (Figure S6). Southern blot analysis was performed to
confirm a single insertion event of the URA5 gene in the genome at the desired location in CEN2,

and that integration had occurred in a single copy and was not a tandem integration. A probe

11
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corresponding to the URA5 gene hybridized to only two locations in the genome corresponding
to the ura5- gene at its native location and the URAS5 gene integrated into CEN2 (Figure S7).

Subsequently, we performed CENP-A ChIP-seq to investigate which of the four
hypotheses might be correct. After mapping the ChIP-seq reads to the wild-type reference
genome, we found that the CENP-A distribution shifted dramatically and co-localized with a
region slightly enriched for H3K9me2, flanking one side of the native CEN2 (Figure 3). Despite the
formation of a de novo CENP-A peak flanking CEN2, there was still a small amount of residual
CENP-A binding at the native location. The H3K9me2-enriched region spanned ~6 kb, and
included three genes with low expression levels: CNBG_4498 which encodes a pyridoxal kinase,
CNBG_10170 which encodes the DNA mismatch repair protein Msh4, and CNBG_4497 which
encodes a hypothetical protein.

The shift in CENP-A binding after URA5 insertion into CEN2 provided a unique opportunity
to test if H3K9me2 enrichment remained at the native location. To characterize H3K9me2
enrichment in this strain (KS174), we performed ChIP-qPCR and quantified H3K9me2 enrichment
at four loci within CEN2 (Figure 3C). The first gPCR primer pair was located outside of the URA5
allele used for homologous recombination. The second and fourth primer pairs were located
inside the upstream flank (UF) and downstream flank (DF) of the URA5 homologous
recombination allele, respectively. Primer pair three was specific for the URA5 gene, and this
region lacked enrichment for H3K9me2, consistent with the observation of continued expression
of the URA5 gene despite its integration within the original CEN2. As a control, a primer pair
located inside CEN6 was also employed. All data were normalized to the ACT1 gene, which lacks
H3K9me2. All ChIP-gPCRs showed significant enrichment for H3K9me2, indicating that regions
within CEN2 were still enriched for heterochromatin, despite the loss of CENP-A binding. Overall,
these results suggest that H3K9me2 localization can be maintained independently of CENP-A

enrichment or the presence of active transposable elements.
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Figure 3. Insertion of a transgene into a native centromere leads to a shift in the CENP-A-binding region.

(A) Schematic representation of the introduction of the URA5 gene into CEN2 by homologous recombination. The top
panel (black) shows the CENP-A-enriched region of the native CEN2. The middle panel shows the wild-type genome annotation.
The sequences used as flanking regions for homologous recombination of the URAS5 integration construct are depicted in dark
gray. The third panel shows a hypothetical map after the integration of the URA5 gene into native CEN2. (B) ChIP-seq of CENP-A
enrichment in the wild-type and URAS5 insertion strain. Genes are shown with blue arrows and RNA-seq is shown in green. The
first and second panel show CENP-A and H3K9me2 enrichment, respectively, for wild-type native CEN2. The third panel shows
the CENP-A enrichment for the URAS5 integration in CEN2 (URA5 in CEN2). The CENP-A in ‘URA5 in CEN2' co-localizes with a
secondary H3K9me2 peak directly flanking the native CEN2. (C) Enrichment for H3K9me2 in the silenced native CEN2 of ‘URA5 in
CEN2’ was tested by ChIP-gPCR. Four regions were tested for H3K9me2 enrichment at the modified CEN, these are numbered 1
to 4, and the chromosomal location is shown at the top. Genes flanking the native CEN2 are shown with blue arrows and the
region enriched for CENP-A in the wild type is indicated with a black line. ChIP-qPCRs were normalized to actin and show the fold
enrichment of H3K9me2 in the four chromosomal regions tested by gPCR for URA5 in the CEN2 strain and the wild type. As a

positive control, CEN6 was included in the qPCR analysis. Error bars show SD.

Correlation between 5mC DNA methylation and H3K9me2 across centromeres

Previously we reported that the DNA methyltransferase gene DMT5 was truncated in the
C. deuterogattii R265 reference genome, and 5mC methylation was thought to be entirely absent
based on PCR-based assays with methylation-sensitive restriction enzymes [24]. An updated gene
annotation of the R265 reference genome and re-mapping of RNA-seq data revealed that the
DMT5 gene was previously misannotated and encodes a putative fully functional gene [33] Figure
S8). To corroborate this finding, bisulfite sequencing was performed with DNA isolated from the
wild-type strain and a dmt5A deletion mutant. Bisulfite sequencing data analysis showed that
centromeres are enriched for 5mC in C. deuterogattii; however, methylation was significantly
reduced compared to the C. neoformans wild-type reference strain H99 (Figure 4 and S5). As
expected, 5mC methylation was abolished in the R265 dmt5A mutant strain. The bisulfite
sequencing analysis confirmed that 5mC was lacking in the R265 genomic regions that were

previously analyzed by PCR following methylation-sensitive restriction enzyme digestion [24].
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Figure 4. Heterochromatin marks H3K9me2 and 5mC DNA methylation do not always overlap with each other in C.
deuterogattii centromeres.

For each panel, the full-length chromosome, is on the top and the lower section shows a region spanning the native
centromere with one or two flanking genes. Each panel shows the chromosome coordinates, with arrows indicating the cds/TEs,
RNA-seq shown in green, CENP-A reads indicating the native centromere shown in black, H3K9me2 enrichment is in red, and 5mC
enrichment is shown in blue (for both the wild type and dmt5A). Panel (A) shows Chr 1, panel (B) shows Chr 5, and panel (C)
shows Chr 14.

5mC DNA methylation in C. neoformans is co-localized with H3K9me2 and was also found
to be dependent on the presence of H3K9me2 [32]. However, our results showed that these two
modifications were not well-correlated with each other in C. deuterogattii. Specifically, the two
longest Tcn3 elements (~5 kb), located in CEN3 and CENS5, which lacked CENP-A and H3K9me2
enrichment, were among the most abundant 5mC-enriched regions in the C. deuterogattii
genome. In total, there are six Tcn3 elements, ranging from 0.4 to ~5 kb in length. The four
shorter Tcn3 elements (~0.4 to 2.2 kb) were enriched for H3K9me2 and CENP-A. Re-mapping of
previously generated RNA-seq to the C. deuterogattii reference genome showed that the two
longest Tcn3 elements are weakly expressed (Table S4) [34]. Transposable elements Tcn4 and
Tcn6 were also enriched with 5mC but showed binding of H3K9me2. Furthermore, CEN4, CENG,
and CEN7 completely lacked any 5mC enrichment but were significantly enriched with H3K9me?2.
Based on these results, we conclude that even though 5mC methylation is present in C.
deuterogattii, the overall level is significantly reduced compared to C. neoformans. Furthermore,
the 5mC localization pattern in C. deuterogattii differs significantly from the closely related

species C. neoformans.

A 5mC-enriched Tcn3 element generates centromere drift

All C. deuterogattii centromeres have a pericentric region enriched with H3K9me2, which
harbors the CENP-A enriched region. Comparison of the CENP-A profiles of cen4A, cen9A, cen10A,
and wild-type strains revealed that the CENP-A-bound regions of most centromeres are co-linear
and coincident within the strains sequenced (Figure 5) [24]. However, for CEN5 and CEN14, CENP-
A binding was observed to drift within the ORF-free, heterochromatin-enriched centromeric

regions. For CEN5, centromeric drift was observed to be strongly associated with the presence of
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one of the two longest Tcn3 elements in the middle of the centromere. None of the strains
analyzed in ChIP-Seq experiments exhibited CENP-A binding to this Tcn3 element, and instead
the binding was localized to either the 5’ or 3’ end of the Tcn3 element. Interestingly this Tcn3
element was also not enriched for H3K9me2, but was enriched for 5mC DNA methylation. The
centromeric drift in CEN14 was less distinct and the CENP-A-enriched region shifted within the
pericentric region; therefore, no definitive barrier could be identified. In addition to the CENP-A
profiles, we re-mapped the earlier obtained CENP-C ChIP-seq data and this analysis further

supported the presence of centromeric drift in the pericentric region.
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Figure 5. Centromeric drift occurs in pericentric regions of C. deuterogattii.

(A) Centromeric drift in CENS is correlated with the presence of a large Tcn3 element. The truncated Tcn3 element
functions as a barrier and for all isolates with the exception of cen10A-G, CENP-A is present on only one side of the truncated
Tcn3 element. (B) Centromere drift occurs in CEN14; however, in this case there is no Tcn element acting as a barrier and the

CENP-A peaks drift within the ORF-free region of CEN14 and lack a defining feature.
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Discussion
Neocentromere formation

Previously, we have shown that most neocentromeres of C. deuterogattii chromosomes
9 and 10 form in close proximity to the deleted native centromere [32]. In S. pombe,
neocentromeres form near heterochromatic repeats in sub-telomeric regions [21], whereas in
C. albicans and chicken DT40 cells, neocentromeres typically form in close proximity to native
centromeres, likely due to the seeding of CENP-A near the native centromere (i.e. the CENP-A
cloud) [10-12,35]. The CENP-A cloud not only influences the chromosomal regions directly
flanking the centromere, but also chromosomal regions that are in close vicinity to the
centromere due to chromosome folding, and these regions can be several kilobases away from
the native centromeric chromosomal location [36]. While C. albicans has clustered centromeres,
neocentromere sites in chicken cells were found to be connected to heterochromatin that might
have seeded them with CENP-A. Several studies employing HiC analysis have shown that
clustering of centromeres and pericentric regions occurs in S. pombe, plants, and chicken cells
[9,37,38]. Fluorescence microscopy studies have shown that the native centromeres of C.
deuterogattii and C. neoformans are organized as multiple nuclear foci during interphase, but
cluster together into one focus during mitosis [39]. This stage-specific clustering has been shown
to be dependent on the association of centromeres with the nuclear envelope, which involves
proteins other than kinetochore proteins [40]. Such a connection might aid in clustering of the
DNA next to a deleted centromere along with other native centromeres during mitosis, thus
enabling seeding of CEN-proximal regions with CENP-A [24,39].

Naturally occurring dicentric B-chromosomes in maize (Zea mays) are stabilized by
silencing of one of the centromeres [38]. Interestingly the silenced centromere can be reactivated
due to chromosome recombination, which suggests there is an epigenetic memory or at least a
preference for the centromere location and chromosomal content. Dicentric chromosomes in S.
pombe have been obtained by chromosomal fusion of chromosomes 2 and 3 [41]. This study
revealed multiple fates for these dicentric chromosomes: 1) epigenetic silencing of a centromere,
resulting in a stable, fused chromosome; 2) stabilization of the chromosome fusion by deletion

of a centromeric region; or 3) chromosome breakage resulting in three chromosomes with
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functional centromeres. Furthermore, silencing of a centromere was found to be associated with
spreading of heterochromatin into the CENP-A-bound central core.

All of these examples describe chromosome fusions resulting in stable chromosomes with
only one active centromere. Stable dicentric chromosomes in human cell lines have been
engineered by displacement of the telomere protein Trf2 [42]. Half of the isolates obtained were
bona fide dicentrics and stable for >150 cell divisions. In the other half of the isolates, the
chromosome was stabilized either by partial deletion of centromeric repeats in one centromere

or via epigenetic silencing.

Native centromeres, but not neocentromeres, are heterochromatic in C. deuterogattii

Like the centromeres of the closely related species C. neoformans [28], our studies show
that the centromeres and pericentric regions of C. deuterogattii are enriched for the
heterochromatic mark H3K9me2. This feature is also observed in several other fungi,
including Neurospora crassa and Fusarium fujikuroi, in which centromeres are enriched for
H3K9me2/3 [43,44]. Similar observations have been made in the oomycete Phytophthora sojae
[45]. This is in contrast to S. pombe, in which the CENP-A-enriched regions lack heterochromatin,
but pericentric regions are enriched for heterochromatin [20-22]. A few other fungi, such as C.
albicans and S. cerevisiae, lack the H3K9me2/3 modification in their genomes. The regional
centromeres of the fungal plant pathogen Zymoseptoria tritici lack heterochromatic marks and
span actively expressed genes, while transposable elements are silenced by this heterochromatic
mark [46].

Beyond fungi, neocentromeres have been studied in a number of additional species. The
native centromeres of chickens can be repetitive or non-repetitive, and heterochromatin
enrichment depends upon the presence of centromeric repeats [9]. Similar to their non-
repetitive native centromeres, chicken neocentromeres lack repeats and are not enriched for any
of the histone marks tested [9]. Centromere repositioning occurs in plants when evolutionarily
new centromeres (ENCs) are formed; however, the majority of ENCs are formed in

heterochromatic regions flanking the native centromere [47]. These studies suggest that while
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heterochromatin might play a role in defining the location of neocentromeres in some species, it

is mostly dispensable for neocentromere function.

The centromeric URAS5 transgene lacks heterochromatin silencing

Some species have native centromeres that span actively expressed genes, and human
artificial chromosomes have centromeres that are only sparsely enriched for heterochromatin
[46,48]. Neocentromeres in C. deuterogattii can also span actively expressed genes, whereas
neocentromeres in C. albicans and S. pombe silence the underlying genes [10,12,21,32]. Along
similar lines, when a transgene is inserted into the native centromeres of C. albicans or S. pombe,
the gene is silenced. In S. pombe, the extent of transgene silencing depends on the location of
the insertion and the transgene is not silenced when integrated into a CENP-A-binding region
[49]. On the other hand, when the URA3 gene is inserted into a centromere of C. albicans, the
gene is expressed conditionally and exhibits reversible silencing [50]. Moreover, the transgene in
C. albicans is bound by CENP-A when it is silenced but not when it is expressed. We found that
neocentromeric genes are expressed in C. deuterogattii [32]. Integration of a transgene into a
native centromere in C. deuterogattii also led to a shift of CENP-A binding, similar to observations
in C. albicans. The URA5 gene integrated into CEN2 is expressed based on complementation of
the auxotrophic uracil requirement and the URA5 gene was not decorated with H3K9me2. Our
ChlP-seq experiments for CENP-A and the ChIP-gPCR experiments for H3K9me2 conducted to
characterize this phenomenon were performed with cells isolated from overnight cultures
without selection for URA5 expression, providing further evidence for stability of the transgene
and its expression status. However, we cannot exclude the possibility that CENP-A binding might
revert back to the native CEN2 position and that H3K9me2 would span the URA5 gene if the strain

were grown for many generations in media without selection.

The genomic distributions of H3K9me2 and 5mC DNA methylation differ in C. deuterogattii
5mC DNA methylation and H3K9me2 are present at centromeres in many fungal and plant
species. The pericentric regions of N. crassa are enriched for 5mC, while H3K9me3 is found at

both pericentric and CENP-A-enriched regions [43]. S. pombe lacks 5mC DNA methylation but
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H3K9me2 is present in the pericentric regions. As in C. neoformans, there is a link between DNA
methylation and H3K9me2 enrichment in tomatoes, and it was shown that the 5mC DNA
methylation enrichment level at transposable elements in plants depends on the age of the
specific transposable element [51].

In the closely related species C. neoformans, 5mC DNA methylation is enriched in
heterochromatic regions and deletion of CLR4, which encodes the enzyme that generates
H3K9me?2, leads to reduced 5mC levels but does not abolish them completely [29]. The authors
of that study further showed that H3K9me2 regulates DNA methylation levels through two
different pathways: the first pathway depends on binding of the N-terminal chromodomain of
the DNA methyltransferase Dnmt5 directly to H3K9me2, and the second pathway that directs
5mC DNA methylation involves the HP1 (Heterochromatin protein 1) ortholog Swi6, which
recruits Dnmt5 to H3K9me2-enriched regions. In the double mutant, in which SWI6 is deleted
and the N-terminal chromodomain of Dnmt5 is mutated, 5mC levels are similar to those in the
clr4A mutant [29]. These results and our finding that not all 5mC-enriched regions are enriched
for H3K9me2, suggest that H3K9me?2 is not the only determining factor for DNA methylation in
the Cryptococcus species complex. Swib is also present in C. deuterogattii, and future studies
could focus on the interaction of these proteins in this species and how this may differ from their
interactions in C. neoformans. Moreover, DNA methylation levels in C. deuterogattii are very
diminished and restricted compared to C. neoformans, suggesting a different and possibly less

prominent role for this modification in C. deuterogattii.

Centromeric drift in C. deuterogattii

Several studies have shown that CENP-A peaks drift (or shift) within a defined
chromosomal region. For example, CENP-A profiles of several maize isolates showed that
centromeric drift occurs in centromeres 5 and 8 [52]. Centromeres 4 and 7 in donkeys have two
distinct CENP-A peaks; however, hybrid mules derived from donkeys and horses have only one
CENP-A-enriched region in both centromeres [52]. Compared to donkey centromeres 4 and 7,
the CENP-A-enriched regions of mule centromeres are slightly shifted and not completely

homologous to the parental donkey CENP-A locations. ChIP-seq of five independent horses
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revealed five unique CENP-A-bound regions for the non-repetitive centromere 11 [53].
Additionally, the CENP-A-enriched region of the non-repetitive centromere Z in chicken DT40
cells drifts in the population, and this drift occurs more frequently in CENP-U and CENP-S mutants
[54].

We observed a similar phenomenon of centromere drift in C. deuterogattii. We observed
drifting of CENP-A binding in two different centromeres: CEN5 and CEN14. Centromere drift has
not been observed in any fungal species yet, and this is possibly due to a lack of multiple ChlIP-
seq datasets for a single species. While we observed that drift in CEN5 was associated with the
presence of fragments of a specific transposon, CEN14 lacked this feature. Based on this and
other studies, centromere drift seems to happen more frequently with centromeres lacking
active transposable elements compared to centromeres harboring active transposable elements.
This model is further supported by previous studies where centromere drift occurred in the
neocentromeres of species with repeat-rich native centromeres, suggesting that accumulation
of repeats or satellite DNA occurs after neocentromere formation and possibly restricts

centromere drift.
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Material and methods
Strains, primers, and culture conditions

Primers are listed in Supplementary Table 1. Strains used in this study are listed in
Supplementary Table 2. All strains were stored in glycerol stocks at -80°C, inoculated on solid
YPD (yeast extract, peptone, and dextrose) medium, and grown for two days at 30°C. Liquid YPD
cultures were inoculated with single colonies from solid medium and grown, while shaking, at

30°C overnight.

Genetic manipulations

Prior to biolistic transformation or CRISPR-Cas9-mediated transformation, PCR products
with homologous DNA sequences (1 to 1.5 kb) flanking the deleted region were PCR-amplified
with Phusion High-Fidelity DNA Polymerase (NEB, Ipswich MA, USA). These flanking PCR products
were fused to both sides of either a NEO or NAT dominant selectable marker via overlap PCR,
conferring G418 or nourseothricin resistance, respectively. For the deletion of CEN4, two guide
RNAs (gRNAs) flanking CEN4 were designed. The chromosome fusion of Chrs 4 and 10 was also
mediated by two gRNAs targeting the sub-telomeric region of Chr 4 and the sub-telomeric region
of Chr 10, respectively. Biolistic transformation and CRISPR-Cas9-mediated transformation were
performed as previously described, and transformants were selected on YPD medium containing
G418 (200 pg/mL) or nourseothricin (100 pug/mL) [32,55,56]. All mutations were introduced into
a previously generated C. deuterogattii strain that expresses mCherry-CENP-A. To confirm the
correct replacement of the region of interest by the appropriate drug resistance marker, PCR
analysis was conducted for the 5" junction, 3’ junction, and spanning the target locus.

To delete the DMT5 gene, 1-kb homologous flanking sequences were utilized to make a
deletion allele with a NEO selectable marker in a similar approach as described above. Two
independent gRNAs cleaving the DMT5 gene at two different locations were used along with the
recombination template for the CRISPR-Cas9-mediated transformation. Transformants obtained
were screened and confirmed with 5’ and 3’ junction PCRs.

Prior to the integration of URA5 in centromere 2 (CEN2), an mCherry-CENP-A tagged wild-

type strain was plated on medium containing 5-FOA, and spontaneously-derived resistant
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colonies were isolated. These colonies were further screened for their lack of growth on SD-URA
drop-out medium and normal growth on 5-FOA-containing medium. Colonies growing on 5-FOA
but not on SD-ura were identified as ura5 mutant colonies and utilized for further experiments.
One such 5-FOA resistant, uracil auxotrophic isolate (KS174) was shown to be auxotrophic for
uracil and sequence analysis of the URA5 gene revealed a single base-pair deletion mutation
resulting in the lack of an adenine at position 156 resulting in a frameshift. This ura5 mutant then
served as the background strain in which the URA5 gene was integrated into CEN2, and
transformants were selected on SD-ura medium. The integration of URA5 at the correct location
was then confirmed by PCR analysis and Southern blot hybridization (as shown in Figures S1 and
S7).

For the dicentric isolates, chromosome fusion was mediated by CRISPR-Cas9 with two
guide RNAs targeting the sub-telomeric regions of Chrs 4 and 10 and the resulting double-
stranded breaks were repaired using a linear overlap PCR product that contained a 1.5 kb region

homologous to Chr 4, a NAT selection marker, and a 1.5 kb region homologous to Chr 10.

Chromatin immunoprecipitation (ChIP) followed by high-throughput sequencing or qPCR

ChIP analyses were performed as previously described [32]. A polyclonal antibody against
mCherry (ab183628, Abcam) was used to identify the CENP-A-enriched regions. To identify
histone H3K9me2-enriched regions, ChIP analysis was conducted with a murine monoclonal
antibody against histone H3K9me2 (ab1220, Abcam). Subsequently, the samples were analyzed
by gPCR or subjected to library preparation and Illumina sequencing at the Duke University
Sequencing and Genomic Technologies Shared Resource facility. Sequencing was performed with
a NovaSeq 6000 sequencer and 50-bp PE reads were obtained. Reads were mapped to the C.
deuterogattii R265 reference genome, similar to whole-genome sequencing reads. To analyze
the ChlIP-seq data, the ChIP sample was normalized with the input sample and visualized with IGV
viewer. qPCRs were performed in triplicate with Brilliant Il Ultra-Fast SYBR® Green qPCR Master
Mix (Agilent Technologies) on an ABI 1900HT qPCR machine.
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Fluctuation assays

Fluctuation assays were performed as previously described [57].

Pulsed-field gel electrophoresis (PFGE)
Isolation of whole chromosomes and conditions for PFGE analysis were performed as

previously described [58].

Bisulfite sequencing

Genomic DNA was isolated following the CTAB method, checked for quality, and
submitted to the Duke University Sequencing and Genomic Technologies Shared Resource facility
for whole-genome bisulfite sequencing [59]. After sequencing, the reads were analyzed and
mapped to the C. deuterogattii R265 reference genome using Bismark

(https://www.bioinformatics.babraham.ac.uk/projects/bismark/). The default parameters for

alignment and methylation extraction were used for both the wild-type strain and the dmt5A
mutant. Methylation extraction results were obtained as a .bed file that was then imported into

IGV for visualization.

Deposited data

ChIP sequences have been deposited under NCBI BioProject Accession ID: #####.
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Supplementary figures
Figure S1. PCR confirmation of gene deletion mutants.

PCR confirmations for dmt5A, cen4A, and clr4dA mutants. For dmt5A mutants, the 5’ and
3’ junction PCRs are shown. For cen4A and c/r4A mutants, the 5" and 3" junction PCRs and internal
PCRs are shown. Panel (A) shows PCR confirmations for dmt5A, panel (B) shows PCR

confirmations for cen4A, and panel (C) shows PCR confirmations for c/r4A.

Figure S2. Formation of a dicentric chromosome.

(A) Schematic view of the formation of a dicentric chromosome. At the top, a sub-
telomeric region of wild-type Chr 4 and 10 is shown. The chromosomal targets of the guide RNAs
are depicted by red triangles. The double-stranded DNA breaks were repaired by homologous
recombination that was mediated by an overlap PCR product containing regions homologous to
both chromosomes flanking a selectable marker. The homologous regions are depicted by black
lines and labeled “Flank”. (B) Spanning PCR analysis confirmed chromosome fusion in mutant 1
(G418R 4) and 2 (Nat® 6) are shown. (C) PFGE analysis with all mutants obtained after recovering
mutants on selective media. Dicentric 1 and2 lack a wild-type size band for Chr 10 confirming
the spanning PCR products in panel A. Instead of the wild-type Chr 10 band, mutant dicentric 1
has an additional band (~60 kb higher) than the wild-type Chr 10 band. Based on this PFGE,
dicentric 1 has no additional resolvable bands. (D) PFGE analysis shows that wild-type Chr 10 is
absent in dicentric strains 1 and 2, which confirms that Chrs 4 and 10 are fused in these two
strains. However, an additional chromosomal band at 60 kb appears in dicentric 1, suggesting
that the dicentric chromosome broke. (E) ChIP-qPCR analyses were performed for dicentric
mutant 2 and wild type. CENP-A fold enrichment is shown for CEN4 and CEN10 and a positive

control (CENG6). The fold-enrichment was compared to actin

Figure S3. Nanopore sequencing reveals that the fused dicentric chromosome underwent
chromosomal breakage.
Panel (A) shows the two scaffolds that harbor the ~60 kb duplicated region. Scaffold 13

corresponds to chromosome 4 and scaffold 12 is the broken chromosomal fusion product of
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chromosome 10 and 4. (B) lllumina sequencing indicated that a ~60 kb region of chromosome 4
is duplicated and has a ploidy level of 2. The panel shows short reads of dicentric 2 mapped to
the wild-type genome. As a control, dicentric isolate 1 was sequenced and this strain has a ploidy
level of 1 for chromosome 4. (C) Putative model explaining the chromosome fusion between
chromosome 4 and 10, the intermediate state in which the fused chromosome is intact and the

final karyotype after the chromosomal breakage.

Figure S4. Fluctuation assay with WT, dmt5A, and cir4A mutants.

Panels (A & B) show a fluctuation assay with dmt5A and c/r4A mutants, respectively. As a
positive control an msh2A hypermutator strain was included. Panels (C & D) show fluctuation
analysis (N=10) to measure mutation rates to resistance to antifungal drug 5-fluorocytosine
(5FC), which results from loss of function mutations in several possible genes. Panel D shows the
same information as in panel C, but the data from the msh2A mutant is removed from the plot.
Panels (E & F) show fluctuation analysis (N=10) to measure mutation rates on the combination
of the antifungal drugs rapamycin and FK506, which selects for loss of function mutations in the
FRR1 gene encoding the common drug target FKBP12. Panel F shows the same information as in
panel E, but the data from the msh2A mutant is removed from the plot. Error bars represent

upper and lower 95% confidence intervals.

Figure S5. Whole-genome view of histone marker enrichment and 5mC DNA methylation.

All 14 chromosomes are depicted for both C. neoformans and C. deuterogattii. For each
chromosome, plots presented show the chromosome coordinates, gene content, TE content,
RNA-seq (for C. deuterogattii only), CENP-A enrichment, H3K9me2 enrichment, H3K27me3

enrichment (for C. neoformans only), and 5mC data [28].

Figure S6. URAS5 integration in CEN2.
(A) A schematic model of CEN2 is shown. The CENP-A peak is shown in black, genes
flanking the pericentric region are shown in blue. The URA5 gene is shown in red and the

truncated transposable elements are shown in orange and green (Tcn4 and Tcn6). Hypothetical
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outcomes for URA5 integration into CEN2 include: (1) CENP-A would cover the URA5 gene making
the CENP-A-bound region larger than the native centromere. (2) The URA5 gene might divide the
CENP-A-enriched region into two independent regions. (3 & 4) Only one of the regions flanking
URA5 would be enriched for CENP-A, generating a smaller centromere. (5) URA5 integration
might abolish CEN2 function leading to neocentromere formation. (B) Prior to the ChIP-seq
experiment for URA5insCEN2, the strain was tested for URA5 expression. For all three plates, the
wild type was included as a control and ura5- is the parental strain in which the URA5 gene was
integrated into CEN2. As expected all three strains grew on the control medium (YPD). Only ura5-
was able to grow on medium containing 5-FOA. On SD-URA medium, the wild-type and

URAS5insCEN?2 strains were able to grow due to the presence of an active URAS gene.

Figure S7. Southern blot analysis confirms URAS5 integration into CEN2 in the genome.

(A) Southern blot analysis with three independent restriction digest analyses of the
CEN2insURAS5 strain. The URA5 gene was used as a probe. The Southern blot hybridization
pattern confirms that a single copy of the URA5 gene has been inserted at the desired targeted
site in CEN2. (B) Table indicating the expected restriction digest product sizes. Because the
CEN2insURAS strain still has the ura5- gene present at its native locus, the pattern shows

products from both the ura5 native gene and the CEN2insURA5 transgene.

Figure S8. The C. deuterogattii DMT5 gene encoding Dnmt5 is intact and expressed similarly to
the C. neoformans ortholog.

(A) Alignment view with genomic regions surrounding the DMT5 gene (CNAG_07752 and
CNBG_3156) of C. neoformans and C. deuterogattii. Shown at the top of the panel are the
chromosomal coordinates of C. neoformans. The genes are indicated with blue arrows with exons
and introns marked. For C. deuterogattii, two gene annotations are shown. The old (FungiDB)
annotation predicted that DMT5 was truncated. The new genome annotation shows that the
DMTS5 gene is full-length and has a similar length to the C. neoformans ortholog [33]. (B) Detailed
view of C. deuterogattii introns and exons of the DMT5 gene are supported by RNA-seq reads,

which are shown to support the gene structure.
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