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Abstract

In most eukaryotes, chromosomal DNA terminates with tandem repeats of a short G-rich motif, such as the canonical TTAGGG sequence. The
arrays of telomeric repeats are maintained by telomerase or by alternative lengthening of telomeres (ALT). Here, we report that nuclear chromo-
somes of several basidiomycetous yeasts classified into the order Microstromatales carry unusual telomeres. We demonstrate that instead of
TTAGGG-like repeats these telomeres are composed of unique, tandemly repeated motifs, which are in most cases specific to a particular chro-
mosomal end. In contrast to other basidiomycetes, the Microstromatales genomes lack orthologs coding for the telomerase catalytic subunit
Est2 and a shelterin component Tpp1 indicating that noncanonical telomeric repeats are maintained by a telomerase-independent mechanism.
We hypothesize that in a common ancestor of Microstromatales the loss of telomerase and Tpp1 was compensated by activation of an ALT-like
mechanism, which promoted amplification of various motifs and formation of distinct telomeric repeat arrays at most chromosomal ends.
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Introduction

Eukaryotic chromosomes terminate with specialized nucleo-
protein structures termed telomeres that protect the genome
integrity by preventing nucleolytic degradation and unwanted
DNA repair activity [1, 2]. Telomeric DNA typically con-
sists of arrays of a short G-rich motif repeated in tandem. In
all major eukaryotic lineages, the motif is represented by the
hexanucleotide TTAGGG. Its minor variations (e.g. TTAGG
and TTTAGGG) were identified in protists, fungi, plants, and
animals. Yet, noncanonical telomeric motifs occur in many
species. Particularly puzzling variability was described in as-
comycetous yeasts, whose telomeric sequences may be unusu-
ally long and/or irregular and may differ even between closely
related species [3-9]. The length of telomeric repeats varies
between organisms, from tens of base-pairs (bp) in ciliates
[10] up to above 150 000 bp in mice [11] or even more, as
has been reported in barley callus culture [12]. The very ends
of chromosomes usually terminate with a 3’ single-stranded
(ss) G-rich overhang of telomeric DNA [10, 13], which has
a propensity to fold into quadruplex (G4) structures [14].
Mammalian telomeric DNA is bound by a six-subunit com-
plex dubbed shelterin (Pot1-Tppl-Tin2-Rap1-Trfl1-Trf2)
and a heterotrimeric protein complex CST (Ctc1-Stn1-Ten1),
which mediate the chromosomal end protection and telomere
length regulation [2, 15, 16]. Telomeric repeats are commonly
synthesized by the enzyme telomerase reverse transcriptase
(TERT), whose core components are the catalytic subunit Est2
and telomerase RNA (TR) providing both a structural scaffold
for protein subunits and a template for the synthesis of telom-
eric repeats [17-19]. The telomerase provides a robust means
of telomere maintenance. However, cells lacking its activity,
including a significant subset of human cancers and immortal-
ized cell lines, employ ALT (alternative lengthening of telom-
eres) mechanisms dependent on homologous recombination
and DNA repair processes via break-induced replication [1,
20-24]. The ALT pathways may operate both in telomerase-
positive and telomerase-negative cells and represent a back-up
mechanism that can be selectively induced in cells depleted of
telomerase activity either due to a mutation or chemical in-
hibition. For example, surviving clones arising in a senescent
population of mutant yeast Saccharomyces cerevisiae lacking
functional telomerase amplify either subterminal Y’ elements
(type I survivors requiring a strand invasion protein Rad51)
or the telomeric repeats (type II survivors dependent on the
MRX complex subunit Rad50 and DNA helicase Sgs1) even-
tually generating hybrid (type I/type II) telomeres. Mainte-
nance of these telomeres relies on recombinational protein
Rad52 [25-28]. Yet, the telomerase-deficient mutants with
long telomeric repeat arrays may remain viable even in the
absence of Rad52 employing the “inherited-long-telomere”
pathway [29]. In addition, yeast mutants defective for telom-
erase, Rad52, and exonuclease Exol generate survivors that
stabilize their chromosomal termini by formation of palin-
dromes [30]. Analyses of Schizosaccharomyces pombe mu-
tants revealed that the loss of telomerase can also be overcome
by chromosome circularization [31] or by the “heterochro-
matin amplification-mediated and telomerase-independent”
mechanism [32].

The ALT mechanisms represent the primary mode of telom-
ere maintenance in eukaryotes that naturally lack telom-
erase. This can be exemplified by dipterans in which vari-

ous noncanonical telomeres have evolved [33]. Studies of chi-
ronomids (e.g. Chironomus pallidivittatus) and the mosquito
Anopheles gambiae revealed that their chromosomal ends
are composed of complex repeats elongated by a recombina-
tional mechanism [34-36]. In contrast, the fruit fly Drosophila
melanogaster maintains its chromosomal termini by trans-
position of non-LTR retrotransposons [37]. Noncanonical
telomeric repeats presumably maintained by an ALT mech-
anism were recently reported also in several nematode species
from the genus Meloidogyne [38] and Strongyloides sterco-
ralis [39]. Interestingly, the first case of a vertebrate naturally
lacking the telomerase has been reported in highly regener-
ative newt Pleurodeles waltl, whose chromosomes terminate
with interspersed variant repeats, which are maintained by an
ALT mechanism [40].

In this study we show that Jaminaea angkorensis, a ba-
sidiomycetous yeast taxonomically classified into the order
Microstromatales (class Exobasidiomycetes, subphylum Usti-
laginomycotina), lacks canonical TTAGGG-like telomeric re-
peats maintained by telomerase, which are typical for basid-
iomycetes [41-43], including the model species, corn smut
Mycosarcoma maydis (formerly Ustilago maydis [44]). By
combination of nuclease mapping, long read sequencing, and
bioinformatic analysis, we demonstrate that 20 chromosome-
sized contigs in the genome assembly of J. angkorensis termi-
nate with noncanonical telomeric sequences. The very ends in
36 out of 40 chromosomal termini are composed of distinct
motifs varying both in size and nucleotide composition. Some
chromosomes terminate with complex arrays, composed of
distinct proximal and distal repeats. For comparative pur-
poses, we generated the chromosome-level genome assem-
blies of additional three Microstromatales species, Jaminaea
pallidilutea, Parajaminaea (Jaminaea) phylloscopi, and Sym-
podiomycopsis kandeliae. These species also lack TTAGGG-
like telomeres, and their chromosomes terminate with vari-
ous noncanonical repeats distinct from those identified in J.
angkorensis. We also show that all investigated species lack
the genes for the catalytic subunit of telomerase Est2 (TERT)
and a component of the shelterin complex Tpp1, which forms
a structured interface with N-terminal domain of Est2 and
is crucial for chromosomal end protection as well as telom-
erase recruitment to telomeric DNA [45, 46]. Except for Est2
and Tppl, the orthologs coding for other key proteins in-
volved in telomere maintenance are encoded in the Microstro-
matales genomes. As both the telomerase and TTAGGG-like
telomeric repeats commonly occur in basidiomycetes, we hy-
pothesize that noncanonical telomeres in Microstromatales
emerged by activation of an ALT-like mechanism, which
compensated for the loss of telomerase-dependent telomere
synthesis and the complete erosion of ancestral telomeric
repeats.

Materials and methods

Genome and transcriptome sequencing

Yeast strains and cultivation are described in Supplementary
Data (Supplementary Methods and Supplementary Table S1).
Yeasts from overnight cultures were harvested by centrifuga-
tion, resuspended in 100 mM ethylenediaminetetraacetic acid
(EDTA, pH 8.0) and 2% (v/v) 2-mercaptoethanol, and incu-
bated for 30 min at room temperature. The cells were pel-
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leted, washed, and resuspended in CPES (40 mM citric acid,
120 mM Na,HPO4, 20 mM EDTA, 1.2 M sorbitol) sup-
plemented with 5 pg/ml lysing enzymes (Sigma), 3.3 pg/ml
chitinase (Sigma), and 4 pl/ml Viscozyme (Sigma) and then
incubated for 4.5 h at 37°C with occasional shaking. High
molecular weight (HMW) genomic DNA was then isolated
using series of phenol and phenol:chloroform:isoamyl alco-
hol (25:24:1) extractions, precipitated with an equal volume
of 96% (v/v) ethanol, washed with 70% (v/v) ethanol, and air-
dried. The precipitate was dissolved in TE (10 mM Tris—=HCI,
1 mM EDTA, pH 8.0) and RNA was digested by RNase A
(150 pg/ml) for 30 min at 37°C. DNA was then extracted
by phenol:chloroform:isoamylalcohol (25:24:1), precipitated
with 0.1 M NaCl and two volumes of 96% (v/v) ethanol,
washed with 70% (v/v) ethanol, air-dried, dissolved in TE,
and further purified by anion-exchange chromatography on
a Genomic-tip 100/G (Qiagen).

For nanopore sequencing, the libraries were prepared
from ~2-3 ug HMW DNA using Ligation Sequencing
kits (SQK-LSK108, SQK-LSK109) and sequenced on a
MinION Mk1B with a FLO-MIN106 (R9.4.1) flow cell
(Oxford Nanopore Technologies) according to manufac-
turer’s instructions, except the fragmentation step was
omitted.

Short read sequencing was performed using TruSeq DNA
PCR-free (350) paired-end (2 x 101, 2 x 151-nt) libraries
on Illumina platforms (HiSeq2000, NovaSeq6000) in Macro-
gen Europe. For RNA-seq, yeast cultures were grown in YPD
media till ODgpg ~1. Total cellular RNA was extracted with
hot acidic phenol [47] and purified using an RNeasy Mini Kit
(Qiagen). TruSeq mRNA paired-end (2 x 101) and TruSeq
stranded mRNA paired-end (2 x 151-nt) libraries were se-
quenced on NovaSeq6000 or NovaSeqX platforms in Macro-
gen Europe. Jaminaea angkorensis RNA was sequenced also
using a Direct RNA Sequencing kit (SQK-RNA004) on a Min-
ION Mk1D and with a FLO-MINO0O4RA (R10.4.1 RNA)
flow cell (Oxford Nanopore Technologies) according to man-
ufacturer’s instructions.

For telomere mapping by long read sequencing, two exper-
iments with BAL-31 nuclease were performed. In the first ex-
periment, two samples of J. angkorensis HMW DNA (~5 ng)
were digested with 2 U BAL-31 nuclease (New England Bio-
labs) in 50 ul of 1x BAL-31 reaction buffer at 30°C for 15
and 30 min. In the second experiment, J. angkorensis HMW
DNA samples (~5 ug) were digested with 1 and 3 U BAL-
31 in 50 ul of 1x BAL-31 reaction buffer at 30°C for 30
min. In both experiments, the undigested control samples were
incubated for 30 min in a 1x BAL-31 reaction buffer with-
out the enzyme. The nuclease reactions were stopped by ad-
dition of 100 mM ethylenebis(oxyethylenenitrilo)tetraacetic
acid (EGTA, pH 7.0) to a final concentration of 20 mM and
the samples were incubated for 20 min at 65°C. DNA was then
purified using Agencourt AMPure XP magnetic beads (Beck-
man Coulter) and the tagmentation library was prepared us-
ing a Rapid Barcoding kit (SQK-RBK004) and sequenced on
a MinION Mk1B with a FLO-MIN106 (R9.4.1).

All nanopore reads were basecalled by Guppy 4.4.1. Later
they were basecalled by newer Dorado base caller v.0.7.2,
with dna_r9.4.1_e8_sup@v3.6 model. These newer basecalls
were used for estimating telomere array lengths. RNA-seq
nanopore data was basecalled with Dorado v.1.4.0 using
rna004_130bps_sup@v5.3.0 model.
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Genome assemblies

For |. angkorensis, we assembled nanopore reads by Miniasm
v.0.3-r179 [48] and Flye v.2.8.3 [49] genome assemblers, and
[llumina reads by SPAdes v.3.12.0 [50]. The overall assem-
bly is mostly based on the Miniasm assembly, which was pol-
ished by two iterations of Racon v1.4.3 [51] using nanopore
reads. Based on manual examination of read alignments to all
three assemblies and the assemblies to each other, two contigs
were connected together, some local misassemblies caused by
nanopore sequencing errors were replaced by SPAdes versions
and some telomeres missing in the Miniasm assembly or hav-
ing wrong length were replaced by Flye versions. The resulting
assembly was polished using Illumina reads by three iterations
of Pilon v.1.24 [52]. A single ribosomal DNA (rDNA) repeat
was polished separately and replaced in the assembly because
repetitive regions without uniquely mapping reads are difficult
to polish by short reads.

The other three species (]. pallidilutea, P. phylloscopi, and
S. kandeliae) were assembled by similar methods. Jaminaea
pallidilutea is based mostly on Miniasm assembly, whereas P.
phylloscopi and S. kandeliae are based mostly on Flye assem-
blies. SPAdes assemblies were not used in these cases. Adjust-
ments were again made by comparing assemblies with long
reads and with each other and replacing problematic pieces.
Low coverage sequences were trimmed from contig ends. In
J. pallidilutea and S. kandeliae, two contigs were connected
manually. In S. kandeliae, chromosome 6 was expanded with
two 20-kb inverted repeats based on detailed read analy-
sis. Again, Miniasm assemblies were polished by two iter-
ations of Racon v1.4.3 using nanopore reads, the result-
ing assembly was polished by three iterations of Pilon using
short reads and a single ribosomal DNA repeat was polished
separately.

Bioinformatic analyses of BAL-31 data

For the BAL-31 experiments, our goal was to compare se-
quencing coverage in the nuclease-treated and control sam-
ples to determine which regions were depleted by the enzyme
treatment. As read alignments are not reliable in non-unique
repetitive regions, we used k-mer analysis (for k& = 21). First,
k-mer occurrences were counted in nanopore reads using Jel-
lyfish [53]. For each k-mer in the assembly, we tested the de-
pletion of the k-mer in the treated sample compared to the
control sample using the one-sided Fisher exact test. We se-
lected k-mers with P-value <2.5% after the Bonferroni multi-
ple testing correction. Next, we computed the coverage of 1 kb
windows with step 100 by these significantly depleted k-mers.
Windows covered >50% we considered as depleted regions.
Nearby windows (distance <5 kb) were merged to a single re-
gion. The window coverage by significant k-mers and centers
of depleted regions were visualized along chromosomes using
the ggplot2 library in R [54].

Sensitivity of telomeric DNA to BAL-31 nuclease

Total cellular DNA of J. angkorensis (~4.5 ug) was di-
gested with 0, 3, 6, 12, and 24 U BAL-31 nuclease (New
England Biolabs) for 30 min at 30°C in a final volume
120 ul of 1x BAL-31 reaction buffer. The reaction was
stopped by addition of EGTA to 30 mM and heated for
10 min at 65°C. DNA was then purified using Agen-
court AMPure XP beads (Beckman Coulter) and digested



4 Brejova et al.

with restriction endonuclease EcoRV (New England Bio-
labs). Agarose gel electrophoresis and Southern blot hy-
bridization were performed essentially as described in the
Supplementary Data.

Analysis of single-stranded telomeric DNA

In the first experiment, total cellular DNA samples (75 ng
each) of J. angkorensis were digested in 50-ul reactions us-
ing 26.7 U of exonuclease 1 (Exol, New England Biolabs),
12 U of Rec]J; (New England Biolabs), and 13.3 U of mung
bean nuclease (MBN, New England Biolabs) at 37°C for 3 h
(Exol, RecJs) or at 30°C for 45 min (MBN). The volumes of
native nuclease-treated as well as undigested control samples
were adjusted to 100 pul with 1x SSC. For denatured sam-
ples, DNA in 50 pl of 0.2 M NaOH was incubated at 65°C
for 15 min and the final volume adjusted to 100 pl with 1x
SSC. In the second experiment, J. angkorensis DNA (~9 ng)
was digested using 20 U MBN at 30°C for 30 min in a total
volume of 80 ul. The reaction was stopped by addition of 9
ul of 0.1% (w/v) sodium dodecyl sulfate (SDS) and then di-
luted with deionised water to 990 ul. For a control undigested
sample, genomic DNA (~9 pg) was diluted with deionised
water to a final volume of 990 ul. For denatured samples,
the 90-ul aliquots of both the nuclease-digested and control
DNAs were mixed with 10 pl of 2 M NaOH and incubated
for 30 min at 65°C. Dot blotting was performed using Immo-
bilon Ny+ membrane (Millipore) and DHM-48 plastic mani-
fold (Scie-Plas) under 80 mbar vacuum. The crosslinking was
performed in a CX-2000 UV crosslinker (UVP) for 18 s at
5000 pJ/cm?. The membrane strips were pre-hybridized in § x
SSC, 5x Denhardt solution, and 0.5% (w/v) SDS at 47.5°C
for 1 h, and then hybridized overnight with labeled oligonu-
cleotide probes (Supplementary Table S2) in the same buffer
at 47.5°C. The membranes were washed for 15 min with 5x
SSC; 0.1% (w/v) SDS at 25°C, followed by two more washes
at 42°C. Following the exposure to a phosphor storage screen,
image acquisition was performed with Amersham Typhoon
scanner.

Rolling-circle amplification

To identify telomeric circular molecules such as C-circles, we
digested genomic DNA samples (~25 ng per reaction) of J.
angkorensis with 5 U exonuclease V (RecBCD) (New Eng-
land Biolabs) at 37°C for 30 min to remove linear molecules.
The enzyme was inactivated at 80°C for 20 min. The sam-
ple was then amplified using 5 U phi29 DNA polymerase
(New England Biolabs) at 30°C for 24 h. The amplifica-
tion was self-primed, i.e. carried out without the addition of
primers. The reaction was stopped by heating at 65°C for
20 min and the samples were analyzed by electrophoresis
on a 0.7% (w/v) agarose gel (Supplementary Fig. S1). About
2 ug of amplified DNA was purified using Agencourt AM-
Pure XP magnetic beads (Beckman Coulter), digested with
20 U T7 endonuclease I (New England Biolabs) for 15 min
at 37°C to remove branched structures, and purified using
AMPure XP beads. The samples were then sequenced using a
SQK-LSK109 kit on a MinION Mk1B with a FLO-MIN106
(R9.4.1) flow cell (Oxford Nanopore Technologies). The ex-
periment was performed in duplicates. Amplification products
from the samples nondigested with exonuclease V (RecBCD)
were sequenced as controls. The data were basecalled by Do-
rado base caller v.0.7.2 with dna_r9.4.1_e8_sup@v3.6 model

and analyzed using methods for detection of telomeric motifs
described below.

Dot blot analysis of transcripts derived from
chromosomal ends

The samples of J. angkorensis total RNA (0.25-1 ug) were
diluted with three volumes of denaturation buffer [60% (v/v)
formamide, 7.77% (w/v) formaldehyde, 7.7x MOPS buffer
(pH 7.0)], incubated for 5§ min at 65°C, cooled on ice, and
mixed with an equal volume of 20x SSC (3 M NaCl, 0.3
M sodium citrate, pH 7.0). The blotting onto an Immobilon
Ny+ membrane (Millipore), crosslinking, and hybridization
were performed as described above, except that the pre-
hybridization and hybridization were done at 42°C and the
membranes were washed three times for 15 min (once at 25°C
and twice at 37°C). The nuclease-treated control samples were
digested with 2 U DNase I (New England Biolabs) for 10 min
at 37°C or 20 pg of RNase A (Invitrogen) for 30 min at 37°C
prior blotting.

Telomeric motifs

Telomeric and subtelomeric motifs were found by Tantan [55]
with maximum motif length set to 250 bp in the terminal 50
kbp at each chromosomal contig end. The found motifs and
their occurrences were then examined manually to exclude
other tandem repeats located further from telomeres and to
avoid redundant overlapping motifs. All motifs are listed in
the 5" to 3’ direction leading out of the chromosome (that is,
motifs from left chromosomal ends are reversed compared to
their appearance in the assembly).

To estimate the lengths of telomeric repeats, we selected
nanopore reads that span the unique sequence region near-
est to the chromosome end and counted the number of bases
covered by telomeric and subtelomeric motifs. To lessen the
impact of the reads that end before the chromosome end, we
selected only reads longer than a threshold selected based on
read length and coverage in a particular species (30 kbp for
J. angkorensis and ]. pallidilutea, 20 kbp for P. phylloscopi,
25 kbp for S. kandeliae). To search for telomeric motifs in
reads, we created a hidden Markov model (HMM) with a
single background state representing non-repetitive sequence
and a simple profile HMM [56] for each distal and proximal
motif found at a particular chromosomal end (see details in
Supplementary Methods and Supplementary Fig. S2). HMMs
are well suited for modeling tandem repeats [55, 57, 58]. The
most probable sequence of states for a given read segment was
estimated using the standard Viterbi algorithm [56]. A typ-
ical read consists of a subtelomeric segment emitted by the
background state, followed by one or several telomeric seg-
ments emitted by the profile HMMs and a short background
segment located at the very end corresponding to adapters or
low-quality sequence. Spans of lower quality sequence emit-
ted by the background state can interrupt telomeric repeats.
We report the total number of bases emitted by the profile
HMM states as the length of the telomeric array in a given
read. We show the violin plot of these lengths, and we use the
third quartile as our estimate of the length for a given chro-
mosomal end. We use the third quartile instead of the median,
as some of the reads do not extend to the full length of the
chromosome.

To assess similarity of motif sequences, we enumerated all
7-mers in each motif (including 7-mers spanning the bound-
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ary between successive motif copies) and compared 7-mer
multisets by the containment distance defined as 1-Ni/Nj
where N is the size of the intersection of the 7-mer multi-
sets for the two motifs and N is the size of the smaller mul-
tiset. The distance is always between 0 and 1, with value
0 if the multisets are identical or one is a subset of the
other and value 1 if they have no k-mer in common. We ap-
plied the single-linkage agglomerative clustering, where we
merge clusters until a given distance threshold, with distance
between clusters being the distance between nearest clus-
ter representatives. We show clusters at distance thresholds
0.1,0.7, and 0.8.

To detect telomeric motifs in Illumina and nanopore RNA-
seq data, we first trimmed adapters and low-quality ends from
[llumina data with fastp v.0.23.4 [59] with default settings.
We then searched all reads against a database of telomeric
motifs using blastn v.2.12.0+ [60] with parameters tuned for
finding shorter and repetitive matches, namely, -task blastn-
short -dust no -soft_masking false -word_size 10 -evalue 1e-
5. The database contained concatenation of two motif copies
for each motif to allow detection of sequences spanning the
motif end. For groups of identical motifs, only one instance
was included in the database. Only matches of length at least
30 bp and minimum sequence identity 95% were retained.
Since some motifs are similar, some reads matched multiple
motifs. In these cases, only the motif with the highest score
was retained. For further analysis, we kept whole Illumina
read pairs and for nanopore we selected at most 500 bp
upstream and downstream for telomeric matches. These se-
quences were then analyzed by the HMMs used to detect mo-
tifs in genomic nanopore reads. Finally, we counted nanopore
reads and Illumina read pairs in which an HMM detected the
corresponding telomeric motif. We confirmed that all found
reads were in TERRA orientation (G-rich strand) when us-
ing the stranded Illumina library or direct RNA nanopore se-
quencing. Investigation of parts of reads upstream of telom-
eric signals confirmed that when these were sufficiently long
to be mapped to the genome, they predominantly map to the
sub-telomeric regions corresponding to the telomeric motif
found.

To detect telomeric motifs in nanopore sequencing data
from rolling-circle amplification (RCA) experiments, we used
the same technique as for RNA-seq data, namely first prese-
lecting reads using blast, followed by analysis by the HMMs
of telomeric motifs. We required that the length of the region
identified by the HMM as containing the repeats of a telom-
eric motif was at least 1.5 times the length of the correspond-
ing motif. We considered only a single longest telomeric repeat
in each read and counted the number of reads identified for
each motif. We normalized the counts of discovered reads by
the total read count in each experiment to produce the num-
ber of motif-containing-reads per million reads. Finally, we
aligned all reads to the genome assembly by minimap2 and
computed the fraction of the genome covered by at least one
read.

Electrophoretic karyotyping

Chromosomal DNA samples were prepared from yeast cells
embedded in agarose plugs as follows. About 8 x 108 cells
from an overnight culture grown in YPD medium were
washed successively with water, 50 mM EDTA (pH 8.0),
and CPES buffer (1.2 M sorbitol, 40 mM citric acid, 120
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mM Na,HPOy4, 20 mM EDTA, pH 8.0). The cells were then
resuspended in 1 ml of CPES buffer supplemented with 5
mM dithiothreitol, 15 pg chitinase (Sigma), 20 pl Viscozyme
(Sigma), and 24 pg lysing enzyme (Sigma), and incubated for
60 min at 37°C. Spheroplasts were pelleted by centrifugation
(1700 x g for 1 min), resuspended in 1 ml of 1% (w/v) low
melting point agarose (UltraPure, Life Technologies) prepared
in 50 mM EDTA (pH 8.5), and incubated in 10 mM Tris-HCI
(pH 7.5), 0.45 M EDTA (pH 8.5) for 30 min at 37°C. The
buffer was then replaced by 0.45 M EDTA (pH 8.5), 1% (w/v)
N-lauroyl sarcosine, and 1 mg/ml proteinase K (Applichem),
and incubated for 48 h at 50°C and the plugs were washed
with 0.45 M EDTA (pH 8.5) and 1% (w/v) N-lauroyl sar-
cosine. Chromosomal DNAs were separated by pulsed-field
gel electrophoresis (PFGE) in a Pulsaphor unit (LKB) with a
contour-clamped homogeneous electric field configuration as
specified in legend to Fig. 1.

Phylogenetic analysis

The phylogeny was inferred from the genome sequences (see
above). Single-copy orthologs were identified in the genome
sequences by BUSCO v.5.1.2 in the genome mode with ba-
sidiomycota_odb10 lineage [61] and the supermatrix was
calculated from 1764 orthologs present in at least 50% of
the genomes using the BUSCO_phylogenomics pipeline (op-
tions: —psc 50 —supermatrix [62]). The tree was built us-
ing FastTree 2.1.11 [63] and the ggtree package in R 4.3.1
[64].

Analysis of protein inventories

The reference genome and predicted proteome se-
quences of . angkorensis, ]. pallidilutea, P. phyllo-
scopi, and S. kandeliae generated in this study and
the seven Exobasidiomycete species [Acaromyces in-
goldii  (GCF_003144295.1), Ceraceosorus  guamensis
(GCF_003144195.1), Jaminaea rosea (GCF_003144245.1),
Meira miltonrushii (GCF_003144205.1), Pseudomicrostroma
glucosiphilum (GCF_003144135.1), Tilletiaria anomala
(GCF_000711695.1), and Tilletiopsis washingtonensis
(GCF_003144115.1)] downloaded from the GenBank
database  (https://www.ncbi.nlm.nih.gov/datasets/genome/;
[65, 66]) were used in sequence analyses. Amino acid se-
quences of M. maydis proteins downloaded from the Uniprot
database (https://www.uniprot.org/ [67]) were used as queries
in BlastP and tBlastN searches (2.15.0+ [60]) of the predicted
proteomes and reference genome assemblies, respectively,
with an expect value (e-value) threshold 1le-1. Identified
proteins were next used as queries in reciprocal Blast searches
against the M. maydis proteome. In addition, the searches
of HMM domain profiles were performed using hmmsearch
(HMMER 3.4; http://hmmer.org/ [68]). Note that the ho-
mologs of Tenl (]. angkorensis, ]. pallidilutea, P. phylloscopi)
and Trf1/Tay1 (P. phylloscopi) are weakly conserved and were
not detected in the Blast searches using the M. maydis queries.
Tenl in Microstromatales was identified by the presence of
the Ten1_2 domain as well as by the BlastP searches with
the S. kandeliae Tenl query. Trfl/Tayl in P. phylloscopi
was searched using the J. angkorensis Trf1/Tay1l query and
confirmed by the presence of two SANT/Myb domains.


https://www.ncbi.nlm.nih.gov/datasets/genome/
https://www.uniprot.org/
http://hmmer.org/
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Figure 1. Electrophoretic karyotypes determined by PFGE indicate that nuclear contigs in the Microstromatales genome assemblies likely represent the
whole chromosomes. DNA samples of J. pallidilutea (lane 1), P phylloscopi (lane 2), J. angkorensis (lane 3), and S. kandeliae (lane 4) were prepared in
agarose plugs and electrophoretically separated (see the “Materials and methods” section for details). The separations were performed in 0.5x TBE at
9°C and following settings: (A) a 0.8% (w/v) agarose gel; pulses from 60 to 600 s (linear interpolation) for 72 h at 100 V; (B) a 0.8% (w/v) agarose gel,
pulses from 800 to 3600 s (linear interpolation) for 96 h at 54 V; and (C) a 0.9% (w/v) agarose gel; pulses from 60 to 135 s (linear interpolation) for 26 h at
145 V. The sizes of bands containing multiple co-migrating chromosomes are shown in square brackets; an asterisk indicates the chromosome

containing the rDNA cluster repeats in the corresponding species.

Results

Nuclear chromosomes of J. angkorensis terminate
with noncanonical telomeric repeats that are in
most cases chromosomal-end-specific

To investigate the genetic make-up of . angkorensis, we
first assembled its genome sequence using long reads gener-
ated by nanopore technology on a MinION device (Oxford
Nanopore Technologies) and polished it using short Illumina
reads (Supplementary Table S1). The resulting genome assem-
bly (20.75 Mb, 60.3% G + C) consists of 20 nuclear contigs
with sizes ranging from 0.1 to 2.9 Mb and a 30-kb long con-
tig representing a circular mitochondrial DNA (Table 1 and
Supplementary Table S1).

The nuclear contigs correspond to the profile of the elec-
trophoretic karyotype determined by PFGE, although several
chromosomes with similar sizes co-migrate as groups and
could not be resolved into individual bands (Fig. 1). The PFGE
results indicate that the nuclear contigs likely represent the
whole chromosomes.

Surprisingly, these contigs lack the telomeric repeats com-
monly occurring in basidiomycetes (e.g. Guzman et al. [41]).
Instead, we found that they terminate with tandem repeats
of various noncanonical motifs. Since our attempts to iden-
tify TTAGGG-like repeats both in the genome assembly and
the raw sequencing reads failed, we decided to map the se-
quences at the chromosomal termini experimentally. Our ap-
proach was modified from the original method developed by
Peska et al. [69, 70]. It is based on the depletion of telom-
eric repeats in sequencing reads generated by next-generation
sequencing of HMW genomic DNA digested with BAL-31
nuclease. This enzyme specifically shortens the ends of linear
DNA molecules, so, compared with the untreated control, the
nuclease-treated DNA samples are depleted of the terminal
sequences. Specifically, we isolated the genomic DNA from J.
angkorensis and digested it with BAL-31 nuclease. We per-
formed two experiments, each with two different conditions

for the nuclease reaction. In the first experiment, we used ~0.2
U BAL-31 per ug of DNA and the samples were digested for
15 and 30 min. In the second experiment, the enzymatic diges-
tion was performed for 30 min with ~0.2 U and ~0.6 U BAL-
31 per pug of DNA. The DNA fragments from the digested
and control samples were then barcoded and sequenced using
a tagmentation kit on a nanopore sequencer. In the obtained
nanopore reads (Supplementary Table S1), we counted the oc-
currences for each 21-mer present in the genome assembly. We
then highlighted 1-kb windows that were >50% covered by
21-mers that were significantly depleted in the treated sample,
compared with the control (Fig. 2).

The sequence near each contig end was depleted in at least
one experiment, and as expected, the samples with a higher
dose of BAL-31 or longer treatment time generally show more
depleted terminal sequences. Only a single region distant from
chromosome ends was depleted in one of the experiments.
This region is located on chromosome 4 and contains long
repeats of rDNA, which are known to be unstable and even-
tually can generate long linear DNA fragments [71]. The BAL-
31 experiments confirmed that the chromosomal ends of all 20
nuclear chromosomes of J. angkorensis terminate with tandem
repeats of various noncanonical motifs. Overall, we identified
36 unique terminal repeat motifs. Their sizes and G + C con-
tent vary from 52 to 178 bp and 41.4% to 66.3%, respec-
tively (Table 1 and Supplementary Tables S3 and S4). While
most chromosomal ends terminate with an array composed
of a single distinct motif, chromosome 20 contains repeats of
the same 130-bp long motif at both ends. In addition, several
chromosomal ends are more complex and consist of the prox-
imal and distal repeats. The right ends of chromosomes 2, 8,
and 13 possess distal repeats of the same 52-bp long motif,
yet these termini differ in the proximal repeats consisting of
motifs with the sizes of 80, 126, and 72 bp, respectively. Sim-
ilarly, a 178-bp long motif occurs at the distal repeats of the
right telomere of chromosomes 4 and 18, whose proximal re-
peats are composed of 73- and 63-bp long motifs, respectively.


https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag566#supplementary-data
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Table 1. Characteristics of telomeric repeats in J. angkorensis
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Chromosome Left telomere Right telomere
Proximal Distal repeat Proximal Distal repeat
Size repeat motif motif repeat motif motif
Median Array size Array size
No. [bp] G+C% coverage [bp] [bp] estimate [kb] [bp] [bp] estimate [kb]
01 2873230 60.4 303 72 2.0 73 8.6
02 2 288 400 60.4 303 167 8.6 80 522 5.6
03 1591733 60.4 304 73 18.0 72 13.5
04 1373 946 59.8 301 72 4.8 73 178P 12.8
05 1282165 60.4 303 73 18.1 59 20.4
06 1121287 59.9 298 73 7.3 73 3.0
07 1106 543 60.6 299 63 15.2 73 12.2
08 907 346 60.6 300 62 8.4 126 522 19.7
09 883201 60.7 293 100 6.0 156 4.4
10 847 713 60.3 294 72 17.1 155 137 18.1
11 831 147 60.4 296 152 3.8 73 9.5
12 822 261 60.4 291 153 4.3 83 16.4
13 799 268 60.2 300 73 4.4 72 524 10.6
14 770 973 60.6 298 63 5.9 72 3.7
15 759 781 60.6 300 73 1.8 72 1.6
16 620 785 60.3 295 72 171 59 21.6
17 596 954 59.9 301 151 5.6 72 2.9
18 563 986 60.6 289 83 5.7 63 178P 20.5
19 545 337 60.4 298 74 19.0 164 6.2
20 135 699 59.2 291 130¢ 4.2 130° 7.0
a, b, or c—these motifs are identical.
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Figure 2. Genomic regions of J. angkorensis depleted after BAL-31 treatment coincide with tandem repeats of non-canonical motifs located at the ends
of chromosomal contigs. The experiments compare untreated control with samples treated with BAL-31 nuclease with increasing time of digestion (first
experiment) or increasing enzyme dose (second experiment). Yellow and blue bars show the coverage of 1-kb windows by 21-mers significantly
depleted by the BAL:-31 treatment, red circles highlight the regions where depleted 21-mers cover >50% of window length. (A) The first experiment,
with ~0.2 U BAL:31 per ng of DNA and the treatment times are 15 and 30 min. (B) The second experiment, with ~0.2 U and ~0.6 U BAL-31 per pg of
DNA and the treatment time is 30 min. In both plots, darker colors and larger circles are used for longer treatment or a larger enzyme

dose.

Taken together, the terminal regions of 19 out of 20 chromo-
somes appear to be unique, represented either by an array of
a single distinct telomeric repeat or by a complex of proximal
and distal repeats as described above.

To further confirm the identified telomeric motifs, we chose
the sequences present at the termini of chromosomes 15 and

20 and tested their sensitivity to BAL-31 nuclease using a con-
ventional terminal restriction enzyme fragment (TRF) analysis
based on Southern blot hybridization of restriction enzyme-
digested genomic DNA with oligonucleotide probes derived
from the motifs identified at the ends of both chromosomes.
Our results show that these sequences are sensitive to increas-



8 Brejovaetal

ing amounts of the nuclease, thus confirming their location at
the chromosomal ends (Fig. 3).

Next, we estimated the sizes of repetitive arrays at the ends
of individual chromosomes by analysis of nanopore sequenc-
ing reads and found that the approximate lengths of telomeric
repeats differ by >10-fold (from ~1.6 to ~21.6 kb; Fig. 4; Ta-
ble 1; and Supplementary Table S3). We also performed a TRF
analysis based on Southern blot hybridization of restriction
enzyme-digested genomic DNA with oligonucleotide probes
derived from telomeric repeats of chromosomes 1, 3, 15, and
20. This experiment confirmed that individual chromosomal
ends differ in the size of TRFs produced by the employed re-
striction enzymes (Supplementary Fig. S3).

To investigate whether noncanonical telomeres of J. angko-
rensis terminate with a 3’ ss overhang, which is considered a
conserved feature of telomeres in most eukaryotes [13], we
digested its genomic DNA with exonuclease I (Exol), Rec];,
and MBN. These enzymes exhibit 3’ to 5’ (Exol) and 5’ to
3’ (Rec]s) ss-specific exonuclease and ss-specific endonucle-
ase (MBN) activity. Digested DNA samples, together with
undigested native and denatured DNA controls, were blot-
ted and hybridized with radiolabeled ss-oligonucleotides de-
rived from telomeric motifs present at both ends of chro-
mosome 15 (G-rich probe) as well as their complementary
counterparts (C-rich probe). Our results revealed the telom-
eric ssDNA regions detectable in native controls, which are
almost completely degraded by MBN. In contrast to MBN,
the treatment with the exonucleases Exol and RecJ; did not
remove the signal detected in native controls. Moreover, in
contrast to canonical telomeres, the ssDNA regions were de-
tected by both the G-rich and C-rich probes (Fig. 5). These
results indicate that chromosomal termini lack ss-overhangs,
although we cannot exclude the presence of very short pro-
truding strands that are not detectable by the probes used in
the experiment. Rather than overhangs at the very ends of J.
angkorensis chromosomes, the identified ssDNA regions may
represent gaps within the internal parts of the telomeric re-
peats. Such gaps could result from incomplete DNA synthesis
and/or unrepaired recombination events occurring within the
telomeric DNA.

Noncanonical telomeres are common in the order
Microstromatales

Surprising molecular organization of J. angkorensis telomeres
prompted us to analyze the chromosomal termini of three ad-
ditional species J. pallidilutea, P. phylloscopi, and S. kandeliae,
which also belong to the order Microstromatales. As in the
case of |. angkorensis, we assembled their genome sequences
using nanopore and Illumina reads (Supplementary Table S1).
The nuclear genome assemblies of these species contain 16,
3, and 6 contigs, respectively (Supplementary Table S1), cor-
responding to their electrophoretic karyotypes (Fig. 1), and
therefore they likely represent complete chromosomes. The
four Microstromatales genomes differ by the overall size, the
G + C content, and the number of chromosomes, which vary
from 17.2 Mb (]. pallidilutea) to 20.7 Mb (]. angkorensis),
from 49.8% (S. kandeliae) to 60.3% (]J. angkorensis), and
from 3 (P. phylloscopi) to 20 (]. angkorensis), respectively. The
chromosome sizes in these species range from ~ 0.1 to 9.9 Mb
(Supplementary Table S1 and Fig. 1).

Similarly to J. angkorensis, the chromosomal contigs of
these species lack TTAGGG-like repeats and their ends

are composed of repeats of a single noncanonical mo-
tif, which is in most cases chromosomal-end-specific, or
they contain a combination of proximal and distal repeats
(Supplementary Tables S3 and S4). In the distal repeats of J.
pallidilutea, P. phylloscopi, and S. kandeliae, we identified 18,
5, and 7 unique motifs, respectively, with sizes ranging from
41 to 100 bp, 101 to 132 bp, and 55 to 122 bp. The sub-
sequent analysis of nanopore sequencing reads indicated that
also the lengths of individual telomeric repeats are highly vari-
able (Supplementary Fig. S5). We found that in each species,
some motifs are repeated at different chromosomal ends. To
characterize the similarities between individual motifs more
broadly, we compared their 7-mer compositions (Fig. 6 and
Supplementary Table S5).

As a result, we found out that some groups of motifs within
a single species are highly similar (7-mer containment distance
<0.1, see the “Materials and methods” section). The similarity
of motifs among different species is limited (closest pairs are
at a distance of 0.71, involving a group of three J. pallidilutea
and three S. kandeliae motifs) and even within a single species,
we see multiple groups of very distant motifs. Furthermore,
no interspecific homology was found by Blast with e-value
threshold 103 (Supplementary Table S5). This suggests that
telomeric motifs do not share a single common evolutionary
origin or they mutate at a very high rate.

Inventory of proteins involved in telomere
maintenance

The diversity of noncanonical telomeric repeats identified in
all four Microstromatales species also raises the question on
the mode of telomere maintenance. To provide an insight into
its molecular nature, we investigated the inventory of proteins
potentially associated with telomeres or mediating telomeric
functions. We annotated protein-coding genes in the genome
assemblies using Augustus gene prediction software [72] sup-
ported by RNA-seq, followed by manual curation of selected
genes. In total, we identified 8263, 6317, 6583, and 7053
protein-coding genes in J. angkorensis, J. pallidilutea, P. phyl-
loscopi, and S. kandeliae, respectively. We searched the pre-
dicted proteomes as well as the genome sequences using the
BlastP and tBlastN tools [60], and the queries derived from
amino acid sequences of 28 proteins from M. maydis, which
represents the best characterized basidiomycete model organ-
ism in telomere biology and belongs to the same subphy-
lum Ustilaginomycotina as the order Microstromatales. The
queries included protein subunits of telomerase (Est1, Est2),
components of the shelterin complex (Potl, Rapl, Tppl,
Trfl1/Tay1, Trf2), the CST complex (Stn1, Ten1), the Ku70/80
complex (Ku70, Ku80), the MRN/MRX complex (Mrell,
Rad50, Nbs1), ATR/ATM kinases (Mec1, Tell), DNA heli-
cases (Blm/Sgs1, Dna2, Pifl, Rad54, Srs2), recombinational
protein Rad52 and the members of Rad51 family (Rad51,
Rad57/Rec2), a homolog of BRCA2 Brh2, exonuclease Exol,
a flap endonuclease Rad27/Fen1, and the ASTRA complex
subunit (Tel2). The predicted proteomes were also searched
using hhmsearch and HMM profiles of the corresponding pro-
tein domains [68]. Note that homologs of the shelterin com-
ponent Tin2 and Ctc1 subunit of the CST complex were not
identified in M. maydis [73] and the searches with human pro-
tein queries or the corresponding protein domains did not
reveal any significant hit in any examined species. For com-
parative purposes, we also performed these searches in two
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Figure 3. Noncanonical telomeric repeats are sensitive to BAL-31 nuclease. Total cellular DNA of J. angkorensis was first digested with 0, 3, 6, 12, and
24 units of BAL:31 nuclease and then cleaved by restriction endonuclease EcoRV. The resulting DNA fragments were electrophoretically separated in a
0.7% (w/v) agarose gel, blotted onto a nylon membrane, and hybridized with radioactively labeled oligonucleotide probes derived from telomeric repeats
of chromosome 15 (motif15s, motif15e) and chromosome 20 (motif20se) (Supplementary Table S2; see the “Materials and methods"” section for

details).
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Figure 4. Violin plots of the approximate lengths of telomeric repeats estimated from individual nanopore sequencing reads for each chromosomal end
in J. angkorensis. Both distal and proximal motifs are considered in the length. Only reads spanning a unique sequence region closest to chromosome
end and longer than 30 kb were considered. Nonetheless some reads may represent fragments not reaching the actual chromosome length. The

numbers at the top of the plot show the read count used in each violin plot.

additional species—Jaminaea rosea and Pseudomicrostroma
glucosiphilum from the order Microstromatales, as well as
in five species (Acaromyces ingoldii, Ceraceosorus guamen-
sis, Meira miltonrushii, Tilletiaria anomala, Tilletiopsis wash-
ingtonensis) classified into other orders of the class Exoba-
sidiomycetes that possess canonical telomeric repeats. Our
searches revealed that except for Est2 and Tppl, the Mi-

crostromatales genomes code for the homologs of all searched
protein queries (Fig. 7). The absence of the TERT catalytic
subunit Est2 and the shelterin component Tpp1, which is in-
volved in telomerase recruitment to telomeres, indicates that
noncanonical telomeres in Microstromatales are maintained
by a telomerase-independent mechanism. Moreover, the pres-
ence of homologs of other telomeric proteins including those

9
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Figure 5. Telomeric regions of J. angkorensis contain ssDNA. DNA samples were analyzed by dot-blot hybridization with radioactively labeled
oligonucleotide probes derived from telomeric repeats of chromosome 15; G-rich probes: motif15s, motif15e; C-rich probes: motif15s_anti,
motif15e_anti (Supplementary Table S2; see the “Materials and methods” section for details). Upper panel: the samples containing denatured DNA,
native DNA control, and native DNA samples digested with Exol, RecJf, and MBN. Lower panel: the samples containing denatured DNA, native DNA
control, MBN-digested and denatured DNA, and MBN-digested native DNA. The experiments were performed in three technical replicates.

involved in DNA recombination and repair indicates that J.
angkorensis and other closely related species contain the in-
ventory of molecular tools required for processes involved in
telomere maintenance in telomerase-negative ALT cells. The
absence of TTAGGG-like repeats further points to similarity
with the type I survivors emerging in cultures of M. maydis
mutants lacking telomerase, that carry telomeres with ampli-
fied subterminal repeats and require the activities of Rad51
and Brh2 [74]. We found that Est2 and Tpp1 homologs are
missing also in the proteomes of |. rosea and P. glucosiphilum,
whose genome assemblies lack the TTAGGG repeats [65]. Al-
though it would be interesting to investigate whether these
two species also possess noncanonical telomeres, currently
available genome assemblies were obtained by short read se-
quencing technology and do not contain complete chromo-
somes.

Telomeric circles and TERRA-like transcripts in J.
angkorensis

To investigate whether Microstromatales species exhibit fea-
tures commonly associated with ALT, we analyzed the
presence of telomeric circular DNA and telomeric repeat-
containing RNA (TERRA) in J. angkorensis.

Telomeric circles are extrachromosomal ss- or ds-DNAs
composed of telomeric repeats. These molecules may even-
tually serve as templates for elongation of telomeric repeats
in ALT cells [75]. First, we performed Southern blot hy-
bridization of electrophoretically separated undigested ge-
nomic DNA with both G-rich and C-rich ss-telomeric probes
derived from chromosome 15. However, we did not detect
any low molecular weight fraction that would correspond to
circular DNA (Supplementary Fig. S4). Next, we employed

an RCA to increase the detection sensitivity. In this experi-
ment, a sample of genomic DNA was digested using exonu-
clease V (RecBCD) to remove linear molecules. Next, cir-
cular DNAs were amplified using phi29 DNA polymerase
(Supplementary Fig. S1) and the RCA products were se-
quenced using nanopore technology (Supplementary Table
S1). The experiment was repeated two times together with
the control containing genomic DNA, which was not treated
with the nuclease prior amplification. By comparing the result-
ing nanopore reads with the telomeric motifs and the whole
genome assembly, we identified circular molecules containing
5 and 34 out of 6 proximal and 36 distal telomeric motifs of
J. angkorensis, respectively (Supplementary Table S6).
TERRA molecules are long non-coding RNAs transcribed
from the subtelomeric loci toward chromosomal ends. These
transcripts invade telomeric ds-DNA resulting in the forma-
tion of RNA:DNA structures dubbed R-loops, which trig-
ger homologous recombination-mediated telomere elongation
[76]. To detect TERRA-like molecules in J. angkorensis, we
employed two approaches. First, we performed a dot-blot hy-
bridization of total RNA with oligonucleotide probes derived
from the telomeric motifs of chromosome 15. Using the C-
rich probes, which hybridize to the G-rich RNA strand, we
identified molecules that are resistant to DNase I and sensi-
tive to RNase A indicating that they represent TERRA-like
transcripts (Fig. 8). Since the majority of TERRA transcripts
in yeast are polyadenylated [77], we searched RNA-seq data
for the presence of reads derived from the telomeric repeats.
Two RNA-seq experiments were carried out using TruSeq
mRNA and TruSeq mRNA stranded libraries on Illumina No-
vaSeq6000 and NovaSegX platform, respectively. In addition,
we also performed a direct RNA sequencing on a nanopore se-
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Figure 6. Clustering of noncanonical telomere motifs based on 7-mer containment distance shows multiple distant groups of similar motifs within
species, and little similarity of motifs between species. Each text label corresponds to a single motif specified by the chromosome number followed by
left (L) or right (R) chromosomal end and letter “p” denoting proximal pattern. For example, 01R is the distal motif at the right end of chromosome 01.
The species is distinguished using the background hue according to the legend. The darkest tint of each hue connects motifs that are identical, slightly
lighter are those clustering at distance 0.1 (highly similar motifs). Conversely, the lightest tins connect motifs clustering at distance 0.7 and frames
enclose clusters at distance 0.8. At this distance, two multi-species clusters use black frames. Motifs that do not cluster with others even at distance
0.8 are not shown (there are 22 in J. angkorensis, 5 in J. pallidilutea, and 5 in R phylloscopi). Note that maximum possible distance is 1, achieved when

the two motifs do not share even a single 7-mer.

quencer. In data from both technologies, we identified a small
fraction of sequencing reads corresponding to TERRA-like
transcripts (Supplementary Table S7). Overall, 17 out of 42
distinct motifs were detected in at least one sequencing library.
In both libraries preserving transcript strand information, all
motifs were found on the G-rich strand.

Discussion

Although ascomycetous yeasts S. cerevisiae and S. pombe have
proven to be excellent model organisms in telomere biology,
telomeres in basidiomycetes appear more similar to the ends
of mammalian chromosomes. This can be exemplified by M.
maydis, whose telomeric repeats are composed of canonical,
human-like motif TTAGGG [41]. Other similarities with hu-
man cells include the composition of the shelterin complex
and the role of M. maydis orthologs of recombination protein
Rad51, a BRCA2 homolog Brh2, and a DNA helicase Blm as
well as the Ku70/80 and MRN/MRX complexes in telomere
maintenance [73, 74, 78-81].

In this study, we show that basidiomycetous yeasts clas-
sified into the order Microstromatales are naturally occur-
ring telomerase-deficient organisms. These species lack the or-
thologs encoding the catalytic subunit of telomerase and the

shelterin component Tppl, as well as canonical, TTAGGG-
like telomeric repeats typical for basidiomycetes. We found
that chromosome-sized contigs in the J. angkorensis nuclear
genome assembly terminate with a plethora of noncanonical
repeats that, in most cases, are specific to a particular chromo-
somal end. The sensitivity of these repeats to BAL-31 nucle-
ase (Figs 2 and 3) indicates that these repeats represent gen-
uine telomeric DNA. This conclusion is further supported by
the analysis of chromosome-level genome assemblies of the
other three species, J. pallidilutea, P. phylloscopi, and S. kan-
deliae, whose chromosomal termini also contain various non-
canonical repeats. Similar to J. angkorensis, all three species
lack homologs of the EST2 and TPP1 genes. We also found
that these two genes as well as the canonical telomeric repeats
are missing in the published genome sequences of additional
two species from this phylogenetic lineage, . rosea and P. glu-
cosiphilum [65]. Although some contigs in the genome assem-
blies of these two species terminate with tandem repeats of
relatively long motifs, the nature of their telomeres remains
unknown as these assemblies have not yet been finalized to
the level of complete chromosomes. Nevertheless, our results
indicate that the absence of Est2, Tppl, and TTAGGG-like
telomeric repeats is a common feature of the order Microstro-
matales, making these yeasts particularly suitable for the in-
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Figure 7. Phylogenetic context of J. angkorensis and related Microstromatales species whose chromosomes terminate with noncanonical repeats. The
phylogenetic tree was built from 1764 single-copy orthologs present in at least 50% of the reference genome assemblies of indicated species; M.
maydis was used as an outgroup (see the “Materials and methods"” section for details). Analyses of the genome sequences revealed that species
classified in the order Microstromatales (lineage is indicated by an asterisk) lack TTAGGG telomere motif as well as orthologs coding for the catalytic
subunit of telomerase Est2 and a shelterin component Tpp1. Black and gray squares represent the presence of orthologs of M. maydis proteins
identified in the predicted proteomes or the genome assemblies by BlastP and tBlastN searches, respectively. The absence of an ortholog is indicated
by an empty square; n/fa—telomeric repeats are missing in published genome assemblies of J. rosea and R glucosiphilum.

vestigation of telomerase-independent mechanisms of telom-
ere maintenance and their evolutionary origin. The Microstro-
matales species belong to the class Exobasidiomycetes, whose
other lineages possess Est2 and Tpp1 as well as the canonical
telomeric repeats (Fig. 7). It is therefore likely that the ances-
tor of Microstromatales contained TTAGGG-like telomeric
repeats, and their complete erasure was a direct consequence
of telomere shortening in the absence of telomerase activity.
Interestingly, except the rDNA repeats, the proximal and dis-
tal telomeric repeats represent the most prominent tandem re-
peats in the examined Microstromatales genomes (Fig. 9).
The sudden change of telomeric DNA sequence from
TTAGGG:-like to noncanonical repeats may provide a burden
on the stability of nucleoprotein complexes at the chromo-
somal ends. Conversely, structural alterations of these com-
plexes may facilitate the sequence alterations. For example,

the diversification of telomeric DNA motifs in distinct lin-
eages of ascomycetous yeasts was accompanied by recruit-
ment of different telomeric DNA-binding proteins (TBPs),
such as Rap1, Tayl, and Tazl, whose orthologs are loosely
conserved indicating they underwent rapid evolution. In ad-
dition, experimental studies of DNA-binding properties re-
vealed that these proteins recognize a broader spectrum of
target motifs, which opens a space for changes of telom-
eric sequences [8, 82-84]. This can be exemplified by Tayl
from the ascomycetous yeast Yarrowia lipolytica, which binds
both Y. lipolytica-specific and human-like telomeric motifs
[85]. Rapid diversification of the Tay1 protein family in fungi
further underscores possible alterations of its DNA-binding
properties [84]. Similarly, limited DNA-binding specificity of
conserved TBP CEH-37 to various telomeric motifs is thought
to underlie the diversification of telomeric repeat motifs in ne-
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RNase A were blotted onto a nylon membrane and hybridized with radioactively labeled oligonucleotide probes derived from the telomeric repeats of
chromosome 15; G-rich probes: motif15s, motif15e; C-rich probes: motif15s_anti, motif15e_anti (Supplementary Table S2; see the “Materials and

methods” section for details).
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Figure 9. Tandem repeats present in the Microstromatales genomes. All tandem repeats of motif length up to 250 bp with at least two full copies of the
motif and total length at least 30 bp found by Tantan [55] in the Microstromatales genomes and the genome of M. maydis (NCBI RefSeq assembly
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fragments separated by errors in sequence assembly or shorter stretches of proximal repeats. M. maydis is shown for comparison. Only one telomeric

repeat array of the TTAGGG motif is present in its assembly.

matodes [86]. The amino acid sequences of Microstromatales
Trf1/Tayl and Trf2 proteins are also weakly conserved. For
example, the overall sequence identity of J. angkorensis and
M. maydis orthologs is only 35.5 and 16.9 %, respectively. The
most conserved regions in their sequences correspond to the
MYB domains involved in binding to DNA. The two MYB
domains present in Trf1/Tay1 and the MYB domains in Trf2
of these two species exhibit the pairwise identity of 66.2,65.2,
and 48.9%, respectively (Supplementary Fig. S6A). Since the
predicted structures of the MYB domains appear to be con-
served (Supplementary Fig. S6B), the Microstromatales telom-
eric DNA-binding proteins may have similar roles as their
counterparts in M. maydis, though they may bind to different
DNA sequence motifs. However, the identification of binding
sites in relatively long sequences of divergent noncanonical
telomeric motifs is challenging and will require detailed bio-
chemical characterization of both proteins.

In addition to the orthologs of Trf1/Tay1 and Trf2, we iden-
tified other two components of the shelterin complex (Potl
and Rap1) encoded in the genome sequences of Microstro-
matales, but this lineage lacks Tpp1 (Fig. 7). In mammalian
cells, Tpp1 does not bind directly to the telomeric DNA, it
forms a stable heterodimer with ssDNA-binding protein Pot1
[87, 88], interacts with Tin2 [89], recruits telomerase to telom-
eric DNA, and stimulates its processivity [90, 91]. Mice with
Tpp1 null mutation die perinatally and their cells exhibit ac-
celerated telomere shortening as well as increased frequency
of chromosome end fusions and fragility demonstrating that
Tppl also prevents the activation of DNA damage response
(DDR) and maintains the stability of chromosomal ends [92].
Notably, the selective degradation of Tpp1 during HSV-1 virus
infection results in a rapid loss of telomeric repeats, dissocia-
tion of shelterin components from telomeres, DDR activation,
and promotion of the viral DNA replication, presumably by
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recruiting telomere-associated proteins to the virus replication
compartments [93]. The loss of Tpp1 thus results in uncapped
chromosomes, which tend to undergo various rearrangements
eventually leading to karyotype alterations. It is therefore of
note that the number of chromosomes in the examined Mi-
crostromatales species vary from 3 (P. phylloscopi) up to 20
(J. angkorensis). It is also conceivable that the loss of both Est2
and Tpp1 in an ancestor of Microstromatales led to the com-
plete removal of ancestral TTAGGG-like repeats along with
remodeling of telomeric nucleoprotein complexes that could
be prerequisites for the emergence of noncanonical repeats,
which in turn stabilized the chromosomal ends.

While most telomeric repeats in the studied Microstro-
matales species consist of a unique motif, the ends of sev-
eral chromosomes are complex and contain combinations of
proximal and distal repeats. In a subset of telomeres, the iden-
tified distal repeats are composed of the same motif, which
indicates that the motif could expand to the ends of multi-
ple chromosomes. This points to two intriguing evolution-
ary scenarios. In the first, the proximal repeats may repre-
sent remnants of former telomeric repeats that were capped
by repeats of a new motif. The occurrence of several types of
proximal repeats on some chromosomal ends of J. pallidilutea
(i.e. the left and right telomere of chromosomes 2 and 14, re-
spectively) and S. kandeliae (i.e. the right telomere of chromo-
some 2) is suggestive of multiple rounds of such replacements.
This idea is also supported by P. phylloscopi chromosome 2,
where the 101-bp long motifs present at the distal array of
the left telomere and the proximal array of the right telom-
ere are highly similar. In some cases, different telomeres carry
the identical motifs (e.g. both telomeres of chromosome 20
in J. angkorensis) indicating that the original repeats could
be erased and completely replaced by a motif spread from
another telomere. Such propagation of telomeric motifs can
be facilitated by extrachromosomal telomeric circles through
a recombination-based mechanism. Alternatively, novel mo-
tifs could first emerge and expand as proximal repeats, and
if they provide functional solutions to the end-protection and
end-replication problems, could eventually become functional
telomeres. The latter idea is consistent with the hypothesis
that rapidly evolving subtelomeric regions can act as drivers of
divergence in both telomeric DNA sequences and associated
DNA-binding proteins [94]. For example, in the yeast Nau-
movozyma castellii, the loss of telomerase yields amplification
and spreading of TelKO elements derived from subtelomeric
regions of the chromosomes [95] indicating that subtelomeres
can indeed actively participate in the protection of chromoso-
mal ends in case of a sudden loss of telomerase.

It has been demonstrated that reintroduction of telomerase
activity into S. cerevisiae type I and type II survivors restores
the telomerase-dependent mode of telomere maintenance as
well as the wild-type length of telomeric repeats [96]. Al-
though telomerase can extend some non-canonical primers
[97, 98], it seems unlikely that it would be able to recognize di-
verse telomeric motifs present at the chromosomal termini of
Microstromatales for addition of canonical telomeric repeats.
However, the lack of tools for genetic manipulation of Mi-
crostromatales currently does not allow testing if reintroduc-
tion of telomerase and TPP1 would restore ancestral canonical
telomeres in these species.

The molecular organization of the chromosomal-end-
specific telomeric repeat arrays in Microstromatales is rem-
iniscent of distinct telomeric repeats discovered at the ends

of linear mitochondrial DNA molecules in some Tetrahy-
mena species [99] and composite telomeres recently reported
at the ends of nuclear chromosomes in nematodes of the
genus Meloidogyne [38]. Importantly, the presence of multi-
ple types of telomeric repeats within the same cell raises ques-
tions on the mode of maintenance of individual chromosomal
ends. Our searches for proteins mediating the telomere func-
tions in Microstromatales genome sequences identified or-
thologs of key players participating in these processes, includ-
ing those essential for ALT (Fig. 7). Therefore, we hypothesize
that noncanonical telomeres of Microstromatales are main-
tained via an ALT-like pathway similar to those operating in
telomerase-deficient mutants. This idea is also supported by
variable lengths of individual telomeric repeats (Fig. 4 and
Supplementary Fig. S5) as well as by identification of telomeric
circular DNAs (Supplementary Table S6) and TERRA-like
transcripts (Fig. 8 and Supplementary Table S7), which rep-
resent hallmarks of ALT cells [75, 76, 100]. Moreover, the ab-
sence of ss-overhangs at the very ends of J. angkorensis chro-
mosomes is reminiscent of blunt-ended chromosomes in an-
giosperm plants [101] in which the telomere protection is me-
diated by the Ku70/80 complex [102]. Based on the telomeric
features identified in Microstromatales, we posit that chromo-
somal ends of these fungi are maintained by a recombination-
dependent process. However, the exact molecular mechanism
underlying this process remains to be elucidated.

It has been shown that the telomerase-deficient mutants of
M. maydis progressively lose telomeric repeats and surviving
clones emerge in senescent cultures. Such cells resemble the
type I and, albeit rarely, type Il survivors of S. cerevisiae est2
mutants [74, 103]. Since the genome sequences of |. angkoren-
sis and related species lack TTAGGG-like repeats, they remind
the type I survivors, which maintain the chromosomal termini
by recombination-mediated amplification of subtelomeric re-
peats such as UTASa in M. maydis [104] or Y’ elements in
S. cerevisiae [105]. By analogy, the telomeric repeats of Mi-
crostromatales could arise from a similar source. Surprising
variability of telomeric motifs indicates that either the ances-
tral chromosomes differed by subterminal repeats or these re-
peats underwent a rapid diversification. This goes in line with
the studies showing that subtelomeres are rapidly evolving re-
gions of the eukaryotic genomes, which represent hotspots for
genetic innovations [106].
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