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The centromere DNA locus on a eukaryotic chromosome facilitates
faithful chromosome segregation. Despite performing such a
conserved function, centromere DNA sequence as well as the
organization of sequence elements is rapidly evolving in all forms
of eukaryotes. The driving force that facilitates centromere evolution
remains an enigma. Here, we studied the evolution of centromeres
in closely related species in the fungal phylum of Basidiomycota.
Using ChIP-seq analysis of conserved inner kinetochore proteins, we
identified centromeres in three closely related Cryptococcus species:
two of which are RNAi-proficient, while the other lost functional
RNAi. We find that the centromeres in the RNAi-deficient species
are significantly shorter than those of the two RNAi-proficient spe-
cies. While centromeres are LTR retrotransposon-rich in all cases, the
RNAi-deficient species lost all full-length retroelements from its cen-
tromeres. In addition, centromeres in RNAi-proficient species are
associated with a significantly higher level of cytosine DNA modifi-
cations compared with those of RNAi-deficient species. Furthermore,
when an RNAi-proficient Cryptococcus species and its RNAi-deficient
mutants were passaged under similar conditions, the centromere
length was found to be occasionally shortened in RNAi mutants. In
silico analysis of predicted centromeres in a group of closely related
Ustilago species, also belonging to the Basidiomycota, were found to
have undergone a similar transition in the centromere length in an
RNAi-dependent fashion. Based on the correlation found in two in-
dependent basidiomycetous species complexes, we present evidence
suggesting that the loss of RNAi and cytosine DNA methylation trig-
gered transposon attrition, which resulted in shortening of centro-
mere length during evolution.
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The centromere is a specialized DNA locus that is required for
assembly of a multiprotein complex, the kinetochore, which

drives faithful chromosome segregation in eukaryotes. Centro-
meres can be classified as point centromeres of short DNA se-
quences of <400 bp (e.g., Saccharomyces cerevisiae), and regional
centromeres which are long, and can range between a few kilo-
bases (kb) (e.g., Schizosaccharomyces pombe) to several mega-
bases (Mb) (e.g., humans and plants) (1, 2). The repetitive DNA
present in regional centromeres (core and pericentromeres)
consists of either arrays of satellite DNA or transposons or both.
Transposons, despite being present in lower copy numbers than
the satellites, are proposed to play a major role in regional cen-
tromere evolution (1, 3, 4). Transposon domestication at the
centromere can also give rise to functional domains or repeats,
including satellite DNA repeats in a centromere. The dh/dg repeats
in the fission yeast or α-satellite repeats in humans are proposed to
be the result of such domestication events (4). The presence of
CENP-B, a centromere DNA binding protein that shows a high
level of similarity with DNA transposons in humans and its ho-
mologs in other organisms, provides another line of evidence
toward the role of transposons in the evolution of centromere

structure and function (5, 6). Notably, a large number of trans-
posons present in centromeres are RNA transposons or retro-
transposons, which propagate through RNA intermediates in the
“copy–paste” mode. These elements are different from DNA
transposons, which excise themselves from the original site and
move to a new target site in the genome, and thus propagate in the
“cut–paste” mode (7). Retrotransposons, owing to their mode of
propagation, have been proposed as architects of the regional
centromeres (4). These elements can produce multiple copies of
themselves and integrate into the same centromere locus or cen-
tromeres of other chromosomes (3, 4, 8, 9).
A retroelement must be transcribed to generate its RNA in-

termediates required for transposition. A low level of transcription
from the centromere in a range of organisms, including budding
yeast, fission yeast, mouse, humans, and maize, has been reported
(10, 11). Studies on centromere function in various organisms
suggest that neither a complete absence of transcription nor a high
level of transcription at the centromere supports assembly of the
multisubunit kinetochore complex on the centromere DNA (10,
12). Long noncoding centromeric transcript RNAs are shown to be
required for loading of critical kinetochore proteins such as CENP-
C (13, 14). In fission yeast, transcripts from dh/dg repeat regions of
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the centromere are targets of the RNA interference (RNAi) ma-
chinery and are required for heterochromatin formation (15, 16).
Lack of proper heterochromatinization at dh/dg repeats causes
abnormal centromere function leading to chromosome mis-
segregation, although RNAi does not directly affect CENP-A
loading in this organism (16). These results highlight the impor-
tance of transcription of centromeres. However, the level of
transcription at the centromere must be regulated at an optimal
level for proper kinetochore assembly and genome stability.
By regulating transcription from retrotransposons, present at

the centromere or elsewhere in the genome, RNAi contributes to
genome defense (17, 18). The functional RNAi pathway involves
key proteins, including Dicer (Dcr), Argonaute (Ago), and RNA-
dependent RNA polymerase (Rdp). The RNAi machinery targets
double-stranded RNA being generated from retroelements/re-
peats leading to its degradation and in some cases promoting
heterochromatinization through repressive histone modifications
(such as H3K9 dimethylation) and/or DNA methylation (15, 19).
Thus, by controlling expression of transposons at centromeres,
RNAi could play an important regulatory role in the structural
evolution of centromeres. However, except in S. pombe, no spe-
cific study has been conducted to explore a possible link between
RNAi and centromere structure–function evolution (9).
The presence/absence of retrotransposons or repetitive DNA

sequences can also contribute to rapid divergence of centromeres in
a species complex. For example, centromeres in three related species
of the Schizosaccharomyces clade, S. pombe, Schizosaccharomyces
japonicus, and Schizosaccharomyces octosporus, exhibit di-
vergence in the centromeric architecture (9). S. japonicus
centromeres contain mostly transposons, whereas S. pombe and
S. octosporus contain repeat-rich centromeres, and have lost
most of the active transposons (9). Another group of fungi, the
Candida species complex in the CTG clade, have been studied
extensively with respect to centromere structure and function.
Candida albicans, Candida dubliniensis, and Candida lusitaniae
harbor repeatless centromeres where centromere DNA sequences
are unique and different in each species (20–22). On the other hand,
Candida tropicalis contains highly homogenized repeat-associated
fission yeast-like centromeres (23). Both of these genera,
Schizosaccharomyces and Candida, belong to the phylum Ascomycota
of the fungal kingdom.
In this study, we identified centromeres in three closely related

Cryptococcus species in the fungal phylum Basidiomycota. The
three species, Cryptococcus neoformans (type strain H99), Cryp-
tococcus deneoformans (reference isolate JEC21), and Crypto-
coccus deuterogattii (outbreak isolate R265), are haploid and
diverged from a common ancestor as recently as 34 Mya (24–26).
All three species are human pathogens and two of these pri-
marily infect immunocompromised individuals, including HIV/
AIDS patients, to cause cryptococcal meningitis, a leading cause
of death in these patients. While C. neoformans and C. deneo-
formans are the most studied species in this complex, a recent
rise in cases of drug resistance and infections in otherwise healthy
individuals have attracted attention to the lesser explored species
C. deuterogattii (27, 28). Unlike C. neoformans and C. deneofor-
mans, C. deuterogattii lost key components of the functional RNAi
machinery (29). Here, we show that centromeres in all three
Cryptococcus species are regional centromeres featuring retro-
elements or their remnants. Notably, the RNAi-deficient C.
deuterogattii species harbors significantly shorter centromeres com-
pared with the RNAi-proficient species C. neoformans or C.
deneoformans. We also predicted centromere locations in the Ustilago
species complex, a group of plant pathogens in the Basidiomycota,
and observed a similar correlation between the loss of RNAi and
shortening of putative centromeres. Overall, this study provides
mechanistic insights into the structural evolution of centromeres in
an RNAi-dependent manner.

Results and Discussion
Cryptococcus Species Harbor Large Regional Centromeres. We pre-
viously reported the probable structure of centromeres in

C. neoformans as long ORF-free regions that are rich in retro-
transposable elements (25). In addition, centromeres inC. deneoformans
were predicted as a single transposon-rich locus on each of the
14 chromosomes (26). In this study, we sought to identify the
centromeres experimentally in three pathogenic species: C.
neoformans, C. deneoformans, and C. deuterogattii, of the
Cryptococcus species complex, including verifying centromere loca-
tions predicted earlier in C. neoformans and C. deneoformans.
To achieve this goal, two of the evolutionarily conserved inner

kinetochore proteins, CENP-A and CENP-C, were identified in
each of the three species (SI Appendix, Fig. S1 A and B). Both of
these proteins were tagged with mCherry and showed localiza-
tion patterns as reported previously (Fig. 1A and SI Appendix,
Fig. S1C) (30). To identify functional centromeres in C. neofor-
mans, we performed CENP-A and CENP-C chromatin immu-
noprecipitation (ChIP) followed by deep sequencing (ChIP-seq).
ChIP-seq analysis revealed overlapping binding of both proteins
at a single locus on each of the 14 chromosomes of C. neofor-
mans (SI Appendix, Fig. S2 and Table S1). The binding regions of
both proteins were largely overlapping and these regions spanned
across the ORF-free, poorly transcribed regions on most chro-
mosomes (Fig. 1B and SI Appendix, Fig. S3). The minor varia-
tions observed between the binding sites of these two proteins
could be due to different sequencing approaches employed.
While no specific patterns could be detected in CENP-A/CENP-
C binding across these regions, occasional dips in the binding
pattern of both proteins were observed (SI Appendix, SI Materials
and Methods). The length of the CENP-A– and CENP-C–bound
regions varied from 20 kb to 40 kb in C. neoformans unlike
centromeres of many other fungi where the CENP-A–bound
region remains nearly constant across chromosomes (2). A
similar CENP-A binding pattern across the entire stretch of the
centromere was found in Neurospora crassa (31). It is important
to note here that centromeres in C. neoformans were not com-
pletely assembled, as they contain a few sequence gaps in the
current assembly. We attempted to close these gaps by PacBio as
well as Sanger sequencing (SI Appendix, SI Materials and Meth-
ods). This resulted in a significant improvement of the genome
assembly as we could close the sequence gaps in 11 of 14 cen-
tromeres, leaving only CEN3, CEN11, and CEN14 with some
sequence gaps. While this is the best assembly obtained thus far
for the C. neoformans genome, the presence of additional breaks/
gaps cannot be excluded.
The C. neoformans genome shares a high level of gene synteny

with that of C. deneoformans (SI Appendix, Fig. S4A and Table
S2) (25, 32). By performing synteny analysis across centromere
flanking regions of C. neoformans, we were able to predict pu-
tative centromeres in C. deneoformans. The predicted regions
were large, ORF-free, poorly transcribed, and map to loci pre-
viously predicted as centromeres (SI Appendix, Figs. S3 and S4B
and Table S1) (26). CENP-C ChIP-qPCR confirmed the au-
thenticity of each of these regions as functional centromeres in
all 14 chromosomes of C. deneoformans (Fig. 1C). Compared
with the noncentromeric locus, we obtained significant enrich-
ment of centromeric CENP-C binding using two pairs of primers
located distantly on each of the 14 centromeres.
We performed PacBio and Nanopore sequencing for the C.

deuterogattii genome and generated a complete, chromosome-
level de novo genome assembly, improving on the previous as-
sembly of 26 scaffolds (Fig. 2A and SI Appendix, SI Materials and
Methods). A comparison of the C. deuterogattii genome with that
of C. neoformans revealed a number of rearrangements between
the two species (SI Appendix, Fig. S4C and Table S2). It was
previously predicted that the C. neoformans and C. deuterogattii
genomes have undergone an arm exchange involving chromo-
somes 1 and 2 (25). The new long-read assembly provides com-
pelling evidence supporting this rearrangement. Next, we
performed CENP-C ChIP-seq in C. deuterogattii and analyzed the
data using the chromosomal assembly and obtained 14 binding
peaks, one on each chromosome (Fig. 2B and SI Appendix, Fig. S4D
and Table S1). Similar to C. neoformans and C. deneoformans, all
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14 peaks mapped to ORF-free poorly transcribed regions in the
C. deuterogattii genome (SI Appendix, Fig. S3).
Sequence analysis of the CENP-A/CENP-C–bound ORF-free

centromere regions in all three species revealed the presence of
retrotransposons Tcn1–Tcn6 (Fig. 3A) (33). While Tcn1–Tcn5
belong to the Ty3-gypsy family of retroelements, Tcn6 belongs to
the Ty1-copia family of retroelements. The retroelements have a
high degree of conservation (70% or more identity) across the
three species (Dataset S1). However, they differ in their se-
quence from the centromeric retroelements of a closely related
nonpathogenic Cryptococcus species, Cryptococcus amylolentus
(SI Appendix, Fig. S5A and Dataset S1) (34). It is important to
note that Tcn1–Tcn6 elements are not found in the C. amylo-
lentus genome, indicating that these elements are specific to the
pathogenic Cryptococcus species. Based on these results, we
conclude that centromeres in pathogenic Cryptococcus species
are large regional-type, and enriched in the same retroelements.
These results suggest that neither the location nor the sequence
elements of the centromeres have diverged significantly among
these closely related fungal species. However, further analysis
revealed that the centromeres in C. deuterogattii are significantly
shorter, with an average length of around 14 kb compared with
those of C. neoformans or C. deneoformans, which have an av-
erage length of 44 kb and 62 kb, respectively (Fig. 3B). Conse-
quently, the CENP-C–bound regions were also found to be
shortened in C. deuterogattii (5–15 kb) compared with C. neo-
formans (20–40 kb). Thus, we conclude that the Cryptococcus
species have CENP-A/CENP-C–rich regional centromeres of
varying lengths, but the centromere DNA sequence elements are
highly conserved.

Loss of the RNAi Machinery and Shortening of Centromeres Are
Correlated in C. deuterogattii. Ago, Dcr, and Rdp—the key pro-
teins of the RNAi machinery—are all present in C. neoformans
and C. deneoformans but all are absent in C. deuterogattii (29).
We previously demonstrated that RNAi suppresses transcription
and transposition of retrotransposons, including the Tcn ele-
ments in the RNAi-proficient species C. neoformans and C.
deneoformans (35, 36). Real-time PCR analysis of two of the Tcn
elements confirmed that the expression levels of these elements
are higher in C. deuterogattii compared with C. neoformans (SI
Appendix, Fig. S5B). To further investigate alterations in the
centromere length observed, we performed a detailed analysis of
the retrotransposons, Tcn1–Tcn6, in all three species. These ret-
roelements are specifically enriched and mostly restricted (>95%)
to centromeric regions in all three species (Fig. 3C and SI Ap-
pendix, Figs. S2 and S4). The most striking observation is that the
centromeres in C. neoformans and C. deneoformans harbor a
significant proportion of full-length retroelements (20–30%),
whereas the C. deuterogattii centromeres are completely devoid
of such full-length elements (Fig. 3D). Instead, retroelements pre-
sent inC. deuterogattii centromeres are only remnants of transposons
(Fig. 3E). They lack one or more of the essential domains (LTRs,
reverse transcriptase, integrase) required for transposition activity,
rendering them nonfunctional for further transposition. Thus, this
analysis reveals that loss of RNAi in C. deuterogattii is correlated
with the loss of full-length retrotransposons and an overall reduction
in the length of the centromeres.
By comparison with C. neoformans, the genome of C. deuter-

ogattii seems to have lost additional genes besides key enzymes in
the RNAi pathway (24, 29, 37). These additional lost genes in-
clude genes involved in protein processing, protein degradation,
and the mitochondrial oxidation pathway. In addition, we found

Fig. 1. The Cryptococcus species complex has large
regional-type centromeres. (A) The subcellular lo-
calization patterns of a conserved kinetochore pro-
tein CENP-C at various cell cycle stages (interphase,
prometaphase, and anaphase) in C. neoformans, C.
deneoformans, and C. deuterogattii. (Scale bar,
5 μm.) (B) Overlapping binding of CENP-A (red) and
CENP-C (green) on each of the 14 chromosomes of C.
neoformans as revealed by ChIP-seq analysis of these
proteins. An 80-kb DNA sequence harboring the
centromere is shown for each of the 14 chromo-
somes. (C) CENP-C (mCherry)-ChIP-qPCR analysis
confirmed enrichment of CENP-C on the predicted
centromeres in C. deneoformans. Fold enrichment
was normalized to a non-CEN region, the level of
which is marked by the dotted line in the graph.
Error bars represent SEM.

Fig. 2. ChIP sequencing and PacBio sequencing map
centromeres on each of the 14 chromosomes in C.
deuterogattii. (A) Map showing the 14 chromosomes
in C. deuterogattii with the telomeres and centro-
meres marked. The centromeres are marked to scale,
while the telomeres are marked as 10-kb regions for
visualization purposes. (B) CENP-C (mCherry)-ChIP-
seq identified 14 binding regions among 14 chro-
mosomes in C. deuterogattii’s latest assembly. A 30-kb
region spanning the CENP-C–bound region is shown
for each chromosome.
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that the sole DNA methyltransferase encoding gene, DNMT5, is
truncated in C. deuterogattii (SI Appendix, Fig. S6A). A recent
study reported that putative centromeres of C. neoformans are
methylated at the DNA level (38). Combining the available bi-
sulfite sequencing results with our ChIP-seq results revealed that
the centromere DNA sequence of C. neoformans is indeed ex-
tensively methylated (SI Appendix, Fig. S2). Incidentally, due to
the presence of a truncated form of DNMT5, cytosine DNA
methylation at centromeres is found to be absent in C. deuterogattii
(SI Appendix, Fig. S6 B and C). The lack of centromere DNA
methylation in C. deuterogattii was further supported by base
modification analysis based on PacBio single-molecule real-time
(SMRT) sequencing (Fig. 4A and SI Appendix, Fig. S6D). While
C. neoformans centromeres harbor extensive base modifications,
little or no methylation is associated with C. deuterogattii centro-
meres. Previous reports suggest that the DNA methylation sup-
presses recombination as well as regulates retrotransposition in
various organisms (39, 40).
To strengthen support for our hypothesis on the roles of RNAi

in centromere evolution, we also identified centromeres in an-
other basidiomycete species complex, the Ustilago species com-
plex. Similar to the Cryptococcus species complex, the Ustilago
species complex harbors three species of which Ustilago maydis
lost all three major proteins of the RNAi machinery along with
the DNA methyltransferase while Ustilago hordei and Ustilago
bromivora harbor the complete machinery (41, 42). In Crypto-
coccus, centromeres are present in large ORF-free and poorly
transcribed regions of the genome. The centromeres in three
Cryptococcus species are also syntenic with each other. Keeping
in mind these centromeric features, we predicted centromeres in
all three species of the Ustilago complex by in silico analysis
and found that the RNAi-deficient species U. maydis possesses
shorter centromeres (average length 12 kb) compared with both
of the RNAi-proficient species U. hordei (average length 36 kb)
and U. bromivora (average length 27 kb) (Fig. 4B and SI

Appendix, Fig. S7 and Table S3). The centromere locations
identified in U. maydis matched well with the ones predicted
previously (43). Earlier studies have reported that U. maydis
harbors fewer transposons than U. hordei and U. bromivora (41,
42). These observations further confirmed the correlation be-
tween loss of RNAi and a reduction in centromere length. We
further extended our analysis to fungal species harboring regional
centromeres, and in which RNAi status is known, and found that
species with all components of the RNAi machinery harbor longer
centromeres than the species that lack one or more of the RNAi
components (Fig. 4C and SI Appendix, Table S4).
Rather than a single optimized DNA sequence, centromeres

are among the most rapidly changing loci in the genome despite
having a conserved and essential function, a phenomenon termed
the “centromere paradox” (44). A number of studies verified that
centromeres are evolving rapidly, even among very closely related
species of plants and animals (3, 8, 45). This process of rapid
evolution of centromeres is well studied in fungal species, espe-
cially among the members of the Ascomycota (9, 23, 46). The
nature of centromeres in another significant fungal phylum, the
Basidiomycota, was unknown. In this report, we identified cen-
tromeres in three pathogenic species of the Cryptococcus species
complex. Using multiple sequencing and analysis methods, we
significantly improved the genome assembly for C. neoformans
and obtained a full genome-wide, chromosome-level assembly for
C. deuterogattii. The three Cryptococcus species also provided an
opportunity to test the role of RNAi in centromere evolution. We
discovered that centromeres in the RNAi-deficient species are
shorter compared with the RNAi-proficient species. Analysis of
the centromere DNA sequence revealed that the RNAi-deficient
species possesses fewer and truncated retrotransposons compared
with the RNAi-proficient species. Taken together, our study re-
veals that centromeres evolve rapidly among closely related
species in the Basidiomycota phylum of fungi.

Fig. 3. Centromeres are enriched with retrotransposons in the Cryptococcus species complex. (A) The presence of various retrotransposons across the
centromeres in C. neoformans, C. deneoformans, and C. deuterogattii. The numbers refer to centromere-flanking ORFs which are preceded by “CNAG_” for C.
neoformans, “CN” for C. deneoformans, and “CNBG_” for C. deuterogattii. The diagrams are drawn to scale. (B) The length of each centromere of the
respective species was plotted. Each dot represents one centromere, and the horizontal red line depicts the mean centromere length of the corresponding
species. (C) Distribution of retrotransposons, Tcn1–Tcn6, in centromeres and across the genome in C. neoformans, C. deneoformans, and C. deuterogattii. (D)
A bar diagram showing the distribution of full-length versus truncated Tcn elements at the centromeres in all three species. (E) Comparison of retro-
transposon elements present in centromeres of RNAi-proficient (C. neoformans and C. deneoformans) and RNAi-deficient (C. deuterogattii) species. INT,
integrase; LTR, long terminal repeat; RH, RNaseH; RT, reverse transcriptase; Unique, unique DNA sequence in each retroelement.
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The majority of the siRNA in C. neoformans maps to centro-
meric retrotransposons, the level of which drops in RNAi-
defective mutants of C. neoformans (36, 47). The key proteins
required for a functional RNAi machinery were found to be
absent in C. deuterogattii (29). We propose that loss of RNAi in
this species might have led to amplification of retroelements,
which in turn would have integrated into the centromere-proxi-
mal sites, leading to a transient elongation of the centromeres.

Consequently, the presence of retroelements in close vicinity to
each other might have enhanced the rate of recombination be-
tween these elements. Recombination would cause shortening of
these regions and might render retrotransposons inactive. Further,
the absence of RNAi along with cytosine DNA methylation can
contribute to enhancing the rate of recombination between these
elements (39, 40, 48). It is notable that both transposition and re-
combination can be damaging to the genome if they are associated
with loss of essential genes. Thus, cells that have no essential genes
inactivated after transposition and recombination would survive.
Because the partial loss of a centromere may not affect its function
(49, 50), the probability of such events being tolerated at the cen-
tromere locus may be higher. Thus, RNAi-deficient strains with a
stabilized genome will be likely to have shorter centromeres with
truncated retroelements, similar to those of C. deuterogattii or U.
maydis, while the intermediate population during evolution might
have possessed centromeres of varying length (Fig. 4D).
We attempted to test our hypothesis by performing experi-

mental evolution experiments. C. neoformans and its derived
RNAi mutants were grown for 1,000 doublings under standard
laboratory conditions (SI Appendix, Fig. S8 and SI Materials and
Methods). The passaged strains did not show any obvious growth
defects as measured by their generation time (SI Appendix, Table
S5). PacBio sequencing of wild-type and mutant strains (both
passaged and unpassaged) revealed two rearrangements in the
centromeric regions of RNAi mutants compared with the wild-
type grown under similar conditions (SI Appendix, Table S6).
CEN7 of rdp1Δ mutant exhibited a reduction in length in the
1,000 doubling passaged strains compared with the 1,000 doubling
wild-type and unpassaged strains (Fig. 4E). In addition, both
unpassaged and passaged RNAi mutants carried a shorter CEN2
compared with the wild type (SI Appendix, Fig. S8 and Table S6).
These results suggest that centromeres are prone to structural
alterations in the absence of RNAi. Overall, our study provides
evidence of RNAi in maintaining the structure of retrotransposon-
rich centromeres in fungi. Experimental evolution in RNAi as well
as cytosine DNA methylation mutants under conditions that favor
retrotransposon expression, such as during the sexual cycle, will be
tested in the future to gain further insight into this process.
Transposons play a major role in shaping the evolution of

genomes, including the centromere, in multiple ways (18, 51). It
has been proposed that the centromeric repeats present in fission
yeast, maize, and the α-satellite repeats in human centromeres
evolved from transposable elements (4). Transposons also have
been shown to play an active role in centromere evolution among
closely related species in plants (3). Based on a study in the
Schizosaccharomyces group, it was proposed that loss of trans-
posons observed in S. pombe centromeres occurred as a result of
recombination between LTR elements that remained present in
the S. japonicus genome (9). The loss of retrotransposons was
also correlated with a shift in transposon regulation from RNAi
to the CENP-B homolog in S. pombe, Cbp1 (5). In this study, we show
structural changes in centromeres mediated by retrotransposons.
Centromeres in the RNAi-proficient species C. neoformans and C.
deneoformans harbor full-length retrotransposable elements, whereas
RNAi-deficient C. deuterogattii centromeres contain only foot-
prints of these elements. We propose that the truncation of ret-
rotransposons could have occurred due to recombination among
retroelements rendering them inactive. One such example is re-
ported in angiosperms where retrotransposon truncation via ille-
gitimate recombination resulted in genome size reduction (52, 53).
Loss of full-length retroelements can prove to be advantageous for
C. deuterogattii as a pathogen. Host conditions might induce ret-
rotransposition and damage a pathogen’s genome despite sup-
pression of active transposition by RNAi in an RNAi-proficient
species (54, 55). While loss of RNAi in such situations can be lethal
due to unregulated transposition, truncation and inactivation of
full-length retroelements can provide selective advantages. The C.
deuterogattii genome is 1.3 Mb smaller compared with C. neofor-
mans and centromere shortening accounts for approximately one-
third of this reduction (total centromere lengths being >630 kb in

Fig. 4. RNAi as a key determinant of longer centromeres in closely related
fungi. (A) Base modification analysis based on SMRT PacBio sequencing
revealed a high level of methylation in C. neoformans CEN14 (depicted as
gray-shaded region) but not in C. deuterogattii CEN14 (see SI Appendix, Fig.
S6D for remaining centromeres). (B) Comparison of the predicted centro-
mere length in U. maydis, U. bromivora, and U. hordei. Only 20 predicted
centromeres are plotted for U. hordei, while all 23 are shown for both U.
maydis and U. bromivora. Each dot represents one centromere, and the
horizontal line depicts the mean value. (C) Graph showing the correlation
between centromere (ORF-free region) lengths and status of RNAi among
the fungal species. The star in each of the boxes represents the mean value,
the boxes depict the range from the 25th percentile to 75th percentile
values, and the terminal vertical lines mark the range of centromere lengths.
Species lacking any one of the three key proteins (Ago, Dcr, or Rdp) of the
RNAi machinery were considered to harbor incomplete RNAi machinery for
this analysis (SI Appendix, Table S4). (D) Possible sequence of events that
might have occurred due to loss of RNAi machinery and/or DNA methylation
in an RNAi-proficient strain (C. neoformans or C. deneoformans) that led
to a genome with truncated retrotransposons that are unable to trans-
pose in an RNAi-deficient strain (C. deuterogattii). (E ) PacBio sequencing
results of strains passaged for 1,000 doublings revealed reduction in CEN7
length in the rdp1Δ mutant but not in C. neoformans wild-type or the
ago1Δ strains.
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C. neoformans versus 203 kb in C. deuterogattii). A relatively faster
generation time (SI Appendix, Table S5) ofC. deuterogattii compared
with C. neoformans or C. deneoformans may be due to the smaller
genome of the former. Thus, we speculate that loss of full-length
retroelements triggered by the loss of RNAi in C. deuterogattii
could provide a pathogenic advantage over its related RNAi-
proficient species in addition to other factors (27). There is as yet
no established direct correlation between pathogenesis and the loss
of RNAi along with full-length retrotransposon. The Cryptococcus
species complex might prove to be a good model system with which
to address such questions.

Materials and Methods
The strains and primers used in this study are listed in SI Appendix, Tables
S7 and S8, respectively. Cryptococcus was grown in YPD (1% yeast extract,
2% peptone, and 2% dextrose) media at 30 °C. Cryptococcus cells were
transformed using biolistics. Transformants were selected on YPD agar me-
dia containing 200 μg/mL of G418 (Sigma-Aldrich) or hygromycin

(Invitrogen). Details of all of the experimental procedures and sequence
analysis are given in SI Appendix, SI Materials and Methods. All of the se-
quencing data (including ChIP-seq and PacBio sequencing) have been de-
posited under NCBI BioProject accession no. PRJNA395628 and the Nanopore
data under PRJNA13691. The reference number for each study is provided in
SI Appendix, Table S9.
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