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Telomeres form the ends of linear chromosomes and usually comprise protein
complexes that bind to simple repeated sequence motifs that are added to the 3′

ends of DNA by the telomerase reverse transcriptase (TERT). One of the primary
functions attributed to telomeres is to solve the “end-replication problem” which,
if left unaddressed, would cause gradual, inexorable attrition of sequences from
the chromosome ends and, eventually, loss of viability. Telomere-binding proteins
also protect the chromosome from 5′ to 3′ exonuclease action, and disguise the
chromosome ends from the double-strand break repair machinery whose illegitimate
action potentially generates catastrophic chromosome aberrations. Telomeres are of
special interest in the blast fungus, Pyricularia, because the adjacent regions are
enriched in genes controlling interactions with host plants, and the chromosome ends
show enhanced polymorphism and genetic instability. Previously, we showed that
telomere instability in some P. oryzae strains is caused by novel retrotransposons
(MoTeRs) that insert in telomere repeats, generating interstitial telomere sequences
that drive frequent, break-induced rearrangements. Here, we sought to gain further
insight on telomeric involvement in shaping Pyricularia genome architecture by
characterizing sequence polymorphisms at chromosome ends, and surrounding
internalized MoTeR loci (relics) and interstitial telomere repeats. This provided evidence
that telomere dynamics have played historical, and likely ongoing, roles in shaping
the Pyricularia genome. We further demonstrate that even telomeres lacking MoTeR
insertions are poorly preserved, such that the telomere-adjacent sequences exhibit
frequent presence/absence polymorphism, as well as exchanges with the genome
interior. Using TERT knockout experiments, we characterized chromosomal responses
to failed telomere maintenance which suggested that much of the MoTeR relic-
/interstitial telomere-associated polymorphism could be driven by compromised
telomere function. Finally, we describe three possible examples of a phenomenon known
as “Adaptive Telomere Failure,” where spontaneous losses of telomere maintenance
drive rapid accumulation of sequence polymorphism with possible adaptive advantages.
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Together, our data suggest that telomere maintenance is frequently compromised in
Pyricularia but the chromosome alterations resulting from telomere failure are not as
catastrophic as prior research would predict, and may, in fact, be potent drivers of
adaptive polymorphism.

Keywords: Magnaporthe, rice blast, wheat blast, subtelomere, telomere instability

INTRODUCTION

The termini of eukaryotic linear chromosomes are protected
by “capping” structures termed telomeres, which usually
comprise tandem copies of a simple sequence motif - typically
(CCCTAA/TTAGGG)n although sequence variants are present in
many phylogenetic lineages (Peska and Garcia, 2020; Cervenak
et al., 2021). New repeats are added to chromosome ends by
telomerase - a specialized reverse transcriptase that extends
the existing telomere using an RNA subunit that is part of
the holoenzyme (Greider and Blackburn, 1989). The primary
function of telomeres is to counter the loss of terminal
sequence from the lagging DNA strand that occurs naturally
during replication - the so-called “end-replication problem.”
A second function is to prevent the chromosome ends from
being processed as double-strand breaks which could lead to
resection by exonucleases, or illegitimate repair by the non-
homologous end-joining, or break-induced repair machinery.
Protection is accomplished through non-covalent interactions
with a number of non-histone, telomere-binding proteins,
which together constitute a complex known as “shelterin”
(de Lange, 2005).

The sequences found adjacent to the telomeres are often called
“subtelomeres.” Strictly speaking, however, for a sequence to be
classified as “subtelomeric,” it should contain motifs that only
occur near to chromosome termini, and should be duplicated
at multiple ends (Louis, 2014; Figure 1A). True subtelomeres in
many organisms have a domain structure, with distal segments
containing short, subtelomere-specific, tandem repeat motifs,
and proximal segments harboring a number of genes that are
duplicated at multiple chromosome ends (Pryde et al., 1997).
In many microbes, the proximal subtelomeres contain highly
divergent gene families that code for proteins with adaptive
benefits – so called contingency genes (Barry et al., 2003). These
regions often harbor lineage- or species-specific sequences (Fabre
et al., 2004) and can be repositories for genes acquired from
related species (Naumova et al., 2005, 2011). Obligate parasites
causing human diseases such as malaria and sleeping sickness
have large families of highly duplicated genes coding for major
surface proteins in their subtelomeres (Leech et al., 1984; Freitas-
Junior et al., 2000; Gardner et al., 2002; Donelson, 2003; Berriman
et al., 2005). It is believed that duplication and divergence
of the resident genes is facilitated by enhanced chromosomal
dynamicism in these regions (Pays et al., 1983; Robinson et al.,
1999). Additionally, the subtelomeric epigenome environment
allows for tight regulation, and occasional switching of expression
between different gene copies, which allows these organisms to
evade their hosts’ immune system (Freitas-Junior et al., 2005;
Figueiredo et al., 2008).

There is emerging evidence that the subtelomere regions
play adaptive roles in fungal pathogens. Pneumocystis jiroveci
(formerly known as P. carinii), like its protist cousins, possesses
large, highly variable, subtelomeric gene families coding for
surface proteins with tightly regulated, yet switchable, expression
patterns (Keely et al., 2005). For fungi that are facultative
parasites, however, the subtelomeric landscape does not seem
to be so heavily invested in the accumulation of specific gene
families. Instead, it seems that these regions tend to accumulate
certain classes of gene with functional, but not necessarily
sequence, similarity - the Candida albicans chromosome ends
contain a TLO gene family that codes for factors involved in the
regulation of virulence (Anderson et al., 2015; Flanagan et al.,
2018). Many Aspergillus fumigatus chromosome ends contain
diverse clusters of genes involved in secondary metabolism
(Nierman et al., 2005) which, by their very definition, serve
adaptive roles. It appears that this general pattern holds true also
for fungal pathogens of plants. Several quantitative trait loci for
virulence in the barley pathogen, Pyrenophora teres f. teres map
in the terminal portions of chromosomes, and are associated
with “accessory” genes that exhibit extensive presence/absence
polymorphism among isolates (Wyatt et al., 2020).

The fungus Pyricularia oryzae (synonymous with
Magnaporthe oryzae) is a pathogen of cereal crops, turf and weedy
grasses and comprises a number of phylogenetically distinct and
genetically diverged populations that are mostly host-restricted
(Gladieux et al., 2018). Interestingly, approximately 50% of the
known genes that determine an isolate’s ability to infect different
host genera reside very close to the chromosome ends (Farman,
2007), with the best example being the Avr-Pita gene, which
prevents infection of rice cultivars possessing the Pi-ta resistance
gene (Orbach et al., 2000). Avr-Pita is positioned just 48 bp
away from a telomere. For P. oryzae, the telomere proximity
of genes that absolutely determine infection capability is of
special interest because host specificity is highly fluid and gains
of virulence to formerly resistant plants occur with alarming
rapidity and frequency (Bonman, 1992). Coupled with this, the
chromosome ends are the most highly polymorphic regions
of the P. oryzae genome, as evidenced by telomere fingerprint
variation among closely related strains (Farman and Kim, 2005),
as well as frequent presence/absence polymorphism for the
sequences found immediately adjacent to the telomeres (Farman
et al., 2014). The potential adaptive benefit of this telomere
dynamicism is perfectly illustrated by the AVR-Pita gene, because
spontaneous avr-pita mutants with virulence to Pi-ta plants were
easily recovered, and several had chromosome truncations that
evicted AVR-Pita (Orbach et al., 2000).

The chromosome ends of some P. oryzae strains show such
remarkable fluidity that rearrangements of telomeric restriction
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fragments are readily identified among clonal individuals that
have been recently purified by single-spore isolation (Farman
et al., 2014; Rahnama et al., 2020). In some experiments, every
sibling spore exhibited a telomere fingerprint that was different
to the original parent strain (Starnes et al., 2012) and, in the most
extreme case, new telomere rearrangements were estimated to
occur in 60% of chromosomal molecules (Rahnama et al., 2020).
Investigations of this telomere instability led to the discovery
of two novel telomere-targeted retrotransposons (MoTeRs) that
destabilize the chromosome ends (Starnes et al., 2012). This is
primarily because MoTeR insertion generates internal telomere
tracts (Figure 1A) that undergo frequent breakage, followed
by subsequent rearrangement (Rahnama et al., 2020). Most
of the alterations are restricted to the tip-most portions of
the chromosomes, however, the discovery of many MoTeR
relics at internal chromosome positions (Figure 1A), and their
associations with genomic duplications, suggests that MoTeR-
mediated telomere destabilization has played a major historical
role in shaping the P. oryzae genome (Rahnama et al., 2020).

In the present study, we sought to expand on our
understanding of how telomere dynamics has impacted P. oryzae
chromosome architecture and to explore its potential for driving
adaptation. First, we took advantage of extensive genome
sequence datasets to quantify sequence polymorphism in the
immediate telomere-adjacent regions. Second, we leveraged a
handful of long-read genome assemblies to gain insight into
the chromosomal geography of telomere-related features, and
their potential roles in genomic variation. Third, using TERT
knockout experiments, we show that many telomere-associated
rearrangements can be explained by simple failures in telomere
maintenance. Finally, we report the first documented instances of
“spontaneous telomere failure,” and provide evidence that these
events can provide adaptive benefits.

METHODS

Sequence Datasets
Sources of genome sequence datasets are listed in
Supplementary Table 1.

Genome Sequencing and Genome
Assembly
Genomic DNA was extracted using a standard extraction
method (Starnes et al., 2012) and further purified using the
Zymo genomic DNA Clean-up kit (Zymo Research, Irvine,
CA, United States). Preparation of libraries for Illumina
sequencing were performed using the Illumina Nextera or
Roche KAPA HyperPlus kits according to the manufacturers’
instructions. Sequencing was performed using MiSeq machines
at the University of Kentucky or Bluegrass Community and
Technical College; or HiSeq2000 at Novogene (Sacramento, CA,
United States). For MinION sequencing, the extracted genomic
DNAs were subsequently purified using the MagAttract HMW
DNA purification kit (Qiagen, Germantown, MD, United States)
and libraries were constructed using the Ligation Sequencing

Kit according to the manufacturer’s instructions. Reads were
acquired for∼ 16 h.

Illumina reads were trimmed and residual adaptor sequences
were removed using Trimmomatic. Genome assembly was
performed using Velvet version 1.2.10 (Zerbino and Birney,
2008) using VelvetOptimiser1 to determine the optimal kmer
length and coverage. The VelvetOptimiser parameters employed
were -s 89 -e 129 -× 2 -shortPaired.

MinION reads were assembled using Canu (Koren et al.,
2017) with default parameters. Nucmer and mummerplot (Kurtz
et al., 2004) were then used to align the draft assemblies
with a chromosome-level reference genome for strain LpKY97,
which allowed the contigs to be re-ordered in co-linear
fashion. The resulting chromosome-level draft assemblies were
then interrogated to identify rare translocations that caused
telomeres to align with “internal” positions on the reference
genome. If an internally aligned telomere defined the end
of a contig in the draft chromosome, the assemblies was
“broken” at this position, so that the telomere correctly defined
the new chromosome end. To identify breaks at interstitial
telomeres, MinION reads were aligned with the US71 reference
genome using Minimap2 (Li, 2018) and visualized in IGV
(Robinson et al., 2011).

Phylogenetic Analysis
Assembled genomes were masked using a custom masking
algorithm from the TruMatch blast post-processor (Li et al.,
2005). Masked genomes were then aligned in pairwise fashion
and SNPs were called using the iSNPcaller program2. The
resulting normalized pairwise distance data (SNPs per megabase
of uniquely aligned sequence) were used to build a neighbor
joining tree using MEGA X software (Kumar et al., 2018).
The phylogenetic lineages thus identified were named according
to the majority host from which the constituent members
were isolated, with numerical suffixes being used to distinguish
different lineages from the same host.

Identification of Telomere Consensus
Sequences
Telomere-containing sequence reads were retrieved from raw,
paired-end, FASTQ format Illumina datasets using a simple
grep search to retrieve reads with exact matches to CCCTAA3
and TTAGGG3. Reads containing the latter motif were
reverse complemented before clustering the reads using wcdest
(Hazelhurst et al., 2008). The resulting clusters were then
assembled with MUSCLE (Edgar, 2004) using default parameters,
and consensus sequences (telConsensus) were called using a
custom script. Nucleotide positions not reaching a majority
consensus were represented with Ns. Internal telomere-like
sequences were identified as telConsensus that did not start with
any permutation of the CCCTAA motif and were discarded
from further analysis. Information about the raw read datasets
and the strains from which they were derived are provided in
Supplementary Table 1.

1https://github.com/tseemann/VelvetOptimiser
2https://github.com/drdna/iSNPcaller
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FIGURE 1 | Members of the Pyricularia species exhibit poor conservation of telomere junctions and adjacent sequences. (A) Schematic explaining telomere-related
terminology. Telomeres = sequences at the chromosome ends; telomere-adjacent sequences (TAS) = immediately adjacent, and attached, to telomeres; telomere
junctions (TJs) = boundaries between the telomeres and TAS; subterminal regions = portions of chromosomes near to the ends. These can be arbitrary lengths;
subtelomeres = sequences present in the subterminal regions and duplicated at multiple chromosome ends; interstitial telomeres = telomeric sequence motifs at
internal chromosome positions that can be generated by MoTeR insertion, MoTeR relic formation, telomere internalization, or possibly through random sequence
matches. The orange color is used to represent a specific sequence motif, to illustrate how the “subtelomere” designation strictly only extends to subterminal
sequences shared with at least one other chromosome end. (B) Neighbor joining tree showing genetic relationships between different P. oryzae lineages based on
whole genome SNP analysis. Branch lengths correspond to pairwise distances between isolates (% nucleotide divergence). Gray “clouds” highlight the major
host-specialized lineages and are labeled according to most common host (C = Cynodon; E = Eleusine; Ec = Echinochloa; Er = Eragrostis; L = Lolium;
Lee = Leersia; Lu = Luziola; O = Oryza; P = Panicum; S = Setaria; St = Stenotaphrum; T = Triticum and U = Urochloa). Distinct lineages that came from the same
host are given different numerical suffixes. See Supplementary Figure 1 for the expanded Pyricularia tree. (C) Boxplots showing the distribution of specific TJs
among isolates. Each datapoint represents a single TJ identified in a given isolate. Plots are organized according to phylogenetic lineages/species (see labels below
x-axis). Blue color indicates that the telomere junction was lineage-specific. Box boundaries show the 25th and 75th percentiles and the horizontal line the median
value. Note that TJs linked to MoTeR sequences were excluded from this analysis. (D) Boxplots showing the distribution of telomere adjacent sequences (TAS) and
random sequences among isolates. TAS were filtered to remove repeated sequences and then used to search masked genome sequences. An equivalent number
of random sequences (RS) were sampled for comparison. Each datapoint shows the numbers of blast matches found for each TAS/RS identified in a given isolate.
Plot organization and percentiles are as in panel (B). Blue and green colors respectively indicate that the TAS or RS were lineage-specific. Values at the top indicate
numbers of TAS analyzed. Values at the bottom show numbers of strains analyzed from each lineage/species (lineage labels are shown below the x-axis).
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Characterization of de novo Telomeres
Raw reads that started with telomere repeats but did not cluster
with other telomeric reads, or belonged to very small clusters
were considered candidates for de novo telomeres that formed
while the strain was being cultured for DNA extraction. These
reads were searched against the telConsensus using the low
stringency default blast parameters to filter out reads that escaped
clustering due to poor quality sequence. The resulting reads
were then searched against the relevant genome to identify their
original chromosomal positions.

Surveying for Telomere Junctions in Raw
Illumina Sequence Datasets
To detect the presence of individual telomere junction (TJ)
sequences (Figure 1A) in different Pyricularia strains, we
used SeqOthello - a program that accelerates searching of
very large raw (FASTQ) sequence datasets using a fast and
efficient indexing structure (Yu et al., 2018). Using telConsensus
as inputs, “SeqOthello,” iterates through all possible 21-
mer subsequences and tests for their presence in raw read
datasets, thereby eliminating issues associated with poor telomere
assembly. Here it is important to note that single nucleotide
polymorphisms in a given SeqOthello search window can
prevent detection of TJ conservation. However, for this to
be a problem in the present study, a SNP would have to
occur within 21 nucleotides of the junction (the query k-mer
length used by SeqOthello). This is unlikely when most
Pyricularia isolates within a species show much less than 1%
sequence divergence, and such instances would be detectable
in the outputs. Telomeres attached to MoTeR sequences
were removed from the analysis because repeated MoTeR
insertion events can give false impressions of TJ preservation.
Annotated data outputs are summarized in Supplementary
Datasheets 1, 2.

Surveying for Telomere-Adjacent
Sequences in Assembled Pyricularia
Genomes
Telomere repeats were stripped off the start of the telConsensus
sequences to generate a set of telomere-adjacent sequences
(TAS, Figure 1A) which were then used as queries in BLAST
(RRID:SCR_001598) searches of more than 200 Pyricularia
strains. Information about these strains and access to the
sequence data is provided in Supplementary Table 1. To
avoid overcalling matches caused by repeated sequences which
are often enriched in subterminal regions, we used genomes
where all sequences with a copy number > 1 were masked.
Valid hits were scored as alignments that covered ≥ 90% of
the query. For comparison, a dataset comprising equivalent
numbers of randomly selected 280 bp sequences were retrieved
from each of the repeat-masked test genomes. Sequences
containing NNNs (indicative of gaps/repeats) were discarded
and resampled. The random sequence queries were searched
against the subject genomes using parameters that were
identical to the TJs. As before, valid hits were scored as
alignments that covered ≥ 90% of the query. The BLAST

results that matched the filtering criteria are provided in
Supplementary Datasheet 3.

Genomic Migrations of
Telomere-Adjacent Sequences
Telomere-adjacent sequences were used as queries in BLAST
searches of the CD156 MinION reference genome (NCBI:
BioProject PRJNA320483). Sequences with multiple matches to
the genome were filtered out, as were redundant TAS, and
the positions of non-redundant sequences having unique “hits”
were plotted along the chromosomes using a custom R script3.
Vertical displacement of overlapping datapoints was performed
using the ggplot “jitter” function to resolve hits with similar
positions. The unique BLAST hits used for plotting are provided
in Supplementary Datasheet 4.

Identification of MoTeR Relics
BLAST searches (-e-value 1e-1 -task BLASTn-short) were used to
reveal the locations, lengths, and orientations of MoTeR relics in
genomes. Matching sequences were considered relics if they did
not belong to telomeric MoTeRs arrays. UNIX grep searches of
the MoTeR 3′ end was used to detect matches that were missed by
BLAST due to short match lengths. The positions of MoTeR relic-
associated duplications are provided in Supplementary Table 2.

Analysis of Duplications Flanking MoTeR
Relics
BLASTn (e-value = 1e-20) interrogations of the CD156 genome
against itself were used to search for duplicate sequences.
Duplications linked to MoTeR relics were detected using the
Integrative Genomics Viewer (Thorvaldsdottir et al., 2013).
Duplications were considered MoTeR-associated if the secondary
alignment started within 20 nt of a relic boundary and
were retained for further analysis if they were at least
500 bp in length. MoTeR relics and adjacent duplicate
flanking sequences were visualized using the R package
Circos (RRID:SCR_011798) (Krzywinski et al., 2009). The
positions of MoTeR relic-associated duplications are provided in
Supplementary Table 3.

Chromosomal Distributions of Telomere
Relics
Candidates for former telomeres that had been internalized
(telomere relics) were identified using a python script to
search MinION assemblies for all permutations of the repeat
motif (CCCTAA/TTAGGG, CCTAAC/GTTAGG, . . . etc.) that
contained at least 2, 3, or 4 repeat units see text footnote
3. An inexact matching algorithm was employed to account
for occasional sequence errors and matches to telomeres
and interstitial telomeres in MoTeR arrays were filtered out.
The positions of matches on the respective chromosomes
were then scaled to allow their relative distances to the
telomere to be plotted on a single reference assembly.

3https://github.com/drdna/TelEvolution
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The relative positions of telomere relics are provided in
Supplementary Datasheet 5.

Deletion of the P. oryzae Telomerase
Gene
A gene disruption construct was created by sandwiching a
hygromycin B resistance cassette between 1.5 kb sequences
that flanked the telomerase gene (MGG_01617). Briefly the
flanking sequences were amplified from genomic DNA, using the
following primers, TERT1-F: 5′ GTTCTCTTCCCGCATTTCAG
3′; TERT1-R: 5′ GGCAAGCTTGGAAAGAACTGCT 3′; TERT2-
F: 5′ ATTGAGGATCCCGCATTTCAGTCACG 3′; and TERT2-
R: 5′ CCATCTCTAGAGCGAGGCTA 3′ and then purified using
a PCR cleanup kit (Invitrogen). The 5′ flank was digested
with HindIII and the 3′ flanking fragment with BamHI. The
fragments were gel-purified (Qiagen, Inc.) and then ligated with
the hygromycin B resistance cassette that had been released
from the backbone vector with HindIII and BamHI, using a
reaction volume of 5 µl. After overnight incubation, the ligation
mix was diluted 100-fold and then the full-length disruption
cassette was amplified using the TERT1-F and TERT2-R primer
pair. The desired fragment was gel-purified and used directly
for transformation.

Fungal Transformation
Protoplasts were transformed using previously reported
methods (Peyyala and Farman, 2006). The hygromycin
selection plates were surveyed daily to identify transformants
(colonies with smooth, hazy borders), and colonies were
carefully monitored for sudden cessation of growth
(indicative of telomere crisis). Hyphal tips were then
carefully excised, being extremely careful not to include
hyphae from neighboring, untransformed individuals.
A number of normally growing, “ectopic” transformants
were picked as controls.

Fungal Cultures
Routine fungal growth was performed using oatmeal agar. Single
spore isolation was performed by massaging a colony with a
sterilized, sealed glass pipette and then streaking across the
surface of water agar. After overnight incubation, a single,
germinated spore was isolated under the dissecting microscope
and transferred to fresh oatmeal agar plate. For DNA extraction,
fungal cultures were grown with shaking for 5 to 7 days in test
tubes containing 10 ml of liquid complete medium (6 g casamino
acids, 6 g yeast extract, 10 g sucrose per liter).

DNA Extraction and Southern
Hybridization
DNA was extracted as previously described (Rahnama
et al., 2020). For Southern hybridization, electrophoretically
fractionated DNAs were electroblotted to Pall Biodyne B
membranes (Pall Corp., Port Washington, NY, United States)
using the manufacturer’s instructions (Idea Scientific,
Minneapolis MN, United States). α32P dCTP- labeled probes
were prepared by oligolabeling (Thermo Fisher Scientific,
Waltham, MA, United States) according to the manufacturer’s

instructions and hybridization was performed using previously
described conditions (Starnes et al., 2012).

Plant Growth and Inoculation
Seeds of rice cultivar 51583 were soaked in de-ionized
(DI) water overnight, sterilized for 10 min by shaking in
a 50% bleach solution, and then rinsed in DI water. Pots
(2.35′′ × 2.15′′ × 2.33′′) were filled with moistened coarse
ground vermiculite and 12-15 seeds were sowed in each pot. The
pots were labeled and placed in plastic trays flooded with DI
water and covered with a transparent plastic lid. The trays were
incubated in a growth chamber using a 27◦C, 16 h/21◦C, 8 h light
(400-500 µE/m-2s-1)/dark cycle with humidity at < 80%. After
seedling emergence (∼7 days), the plastic cover was removed,
and the trays were watered daily with Hoagland’s solution. Plants
were inoculated when the third leaf emerged (approximately
2 weeks post-planting).

Fungal cultures were activated from frozen stocks by placing
paper disks on oatmeal agar. Cultures were then grown at
25◦C under continuous illumination. After 14 days, the plates
were flooded with 10 ml of 0.25% gelatin, the surface of
the colony was massaged with a sterilized cell spreader to
liberate conidia and the solution was filtered through Miracloth
(EMD Millipore, San Diego, CA, United States). Spores were
quantified using a hemocytometer and adjusted to 105/ml with
0.25% gelatin.

Plants were placed in a single Mycobag (Garland, TX,
United States) containing a few milliliters of water to increase
humidity. Aerosol inoculation was conducted using a glass
sprayer at 20 psi. The bags were sealed and incubated in the
dark for 20 h at 22◦C. The bags were then moved to the growth
chamber and opened slightly to equilibrate humidity. After 1 h,
the pots were removed and maintained in the growth chamber
as above. Disease observations and ratings were made 7 days
post-inoculation.

RESULTS

Extreme Variability in Pyricularia
Chromosome Tip Structure Suggests
That the Chromosomes Experience
Occasional “Telomere Failure”
A previous analysis of P. oryzae chromosome ends performed in
the early days of genome sequencing revealed that the sequences
found immediately adjacent to the telomeres (telomere-adjacent
sequences, or TASs, Figure 1A) in one strain were often
absent from other strains of the fungus; or, if they were
present, they were not located at telomeres (Farman et al.,
2014). On the other hand, the fact that each strain had
“unique” TAS indicated that the chromosome ends are regions
of enhanced genomic innovation. Here, we wished to explore
the full extent of this telomeric variability by examining genome
sequence data from a comprehensive collection of Pyricularia
strains/species (P. oryzae, 138 isolates; P. grisea, 4 isolates;
P. pennisetigena, 2 isolates; and P. urashimae, 2 isolates).
Altogether, these represent 25 phylogenetic lineages (Figure 1B
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and Supplementary Figure 1) and are variously specialized on
17 different host plant genera (Supplementary Table 1).

First, we focused on the very tips of the chromosomes, with the
goal of determining how often different strains have precisely the
same telomere structure at a given chromosome end. To this end,
we first performed targeted assemblies of telomeric sequences for
each strain. Then for each resulting contig, we used SeqOthello
(Yu et al., 2018) to ask if the sequence that defines the junction
between the telomere and the telomere-adjacent sequences (TAS)
is present in any of the other isolates. Among 689 TJs analyzed, we
found that 331 (48%) were “private” - i.e., they occurred only in
the strain of original discovery. Another 140 TJs showed lineage-
specific conservation and, even when junctions were shared, they
were not widely distributed because the median number of strains
possessing a given TJ was just 3.2 (Figure 1C).

Telomere-Adjacent Sequences Are
Poorly Conserved Among Different
Pyricularia Strains
One possible explanation for the poor conservation of TJs is
that the P. oryzae chromosomes experience occasional telomere
failure. This, in turn, would make them prone to terminal
truncations which would result in a corresponding loss of
the telomere-adjacent sequences (TASs). To test for such
occurrences, we took the TASs identified in each strain as queries,
and used BLAST to test for their presence in 204 Pyricularia
genome assemblies. As a control, we performed a parallel analysis
with equivalent sets of sequences sampled randomly from each
of the respective genomes. The randomly selected sequences
showed high conservation with a median presence in 186 strains
(91%). Only seven of the 516 random sequences analyzed showed
lineage−specificity (Figure 1D). In comparison, the TASs were
very poorly conserved because, among the 516 single-copy TASs
analyzed, 38 were private, 471 were lineage-specific, and the
median number of strains that possessed a given TAS was only 22
(Figure 1D). Strains from certain hosts had TASs that were much
more poorly preserved than others, with those from rice (Oryza
sativa, O) being prime examples. The median number of strains
sharing an O-strain TAS was found only 15, and 39% of the
TASs (39/98) showed lineage specificity. TASs found in P. grisea,
P. pennisetigena and P. urashimae also showed extremely poor
conservation in other species but this was to be expected given
the significant sequence divergence between species (∼ 10%),
which typically allows only∼60% of their genomes to be aligned.
That most of the TASs identified in this study were absent from
a majority of strains is certainly consistent with a pattern of
occasional telomere failure.

Telomere-Adjacent Sequence Mapping
on a Reference Genome Reveals
Histories of Chromosome Truncations
and Duplications of Internal Sequences
at Chromosome Ends
While 331 TJs were private to the strain in which they were
originally identified, only 38 TASs showed this pattern. This

naturally begs the question, if a TAS is present in a given
genome but is not linked to a telomere, where is it? This was
addressed by using the TASs as queries to search a chromosome-
level genome assembly for the Eleusine pathogen, CD156. The
resulting alignments are plotted above the chromosomes shown
in Figure 2A. To simplify interpretation of the results, only
unique matches were plotted, and the TAS from CD156 were
excluded. Eighty-three of the 516 TAS had unique matches in
the CD156 genome and most aligned with sequences found
in subterminal locations. Predictably, none of the alignments
abutted a telomere. In many cases, the positions and orientations
of TASs in the CD156 chromosomes were consistent with their
having arisen through simple terminal truncations that extended
for variable distances in the chromosomes of the source strains
(see Figures 2B,C). On the other hand, a number of TASs aligned
with positions deep within the CD156 genome interior, or they
were in inverted orientation with respect to a nearby telomere.
As such, they were not explicable by terminal truncation. In
most cases, however, these particular TASs had a second copy
in the source genome (Figure 2A), which suggests that these
sequences very likely arrived in telomeric positions after having
been captured from internal loci during the repair of failed
telomeres (Figure 2D; and see below).

Also notable were two situations where TASs from different
strains mapped in clusters positioned firmly within the CD156
genome interior. Four strains had TASs that all aligned in the
"sense" orientation at distinct positions centered around∼775 kb
from TEL1. Because these sequences were all single-copy in
the source genomes, it is clear that chromosome 1 terminated
at the corresponding positions in the respective strains. This
suggests that they had a common ancestor that experienced
a chromosomal break that was healed by de novo telomere
formation. The new telomere then appears to have suffered
variable length truncations (as illustrated in Figure 2C). A second
hotspot for telomere-driven alterations lies in a region between
2 and 3 Mb on chromosome 3. Not only do several TASs
map there but, CD156 also harbors a number of MoTeR relics
and interstitial telomere sequences in this location (see below).
The presence of so many "telomeric features" at an internal
location, suggests that these might be footprints of an ancestral
chromosome fusion event. Note that we were able to rule out
mis-assembly of the CD156 genome as an alternative explanation
because it was validated via alignment with chromosome-level
assemblies for three other strains (B71, LpKY97-1, and FH).

Overabundances of Internal Telomere
Repeat Motifs Suggest That P. oryzae
Experiences Episodic “Telomere
Internalization”
The distributions of other strains’ TASs on the CD156 reference
genome pointed to rearrangements driven by the healing and/or
repair of chromosome ends that experienced temporary telomere
failure. When telomere maintenance fails, replicative sequence
attrition results in the progressive loss of terminal sequence
until the chromosome ends are healed by de novo telomere
formation, or via alternative telomere maintenance (ATM)
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FIGURE 2 | The chromosomal geography of TAS and interstitial telomeres. (A) Plots showing the “normal” chromosomal locations of sequences that were found in
telomere-adjacent positions in one or more isolates. Chromosomes are represented as thick black lines. Data points plotted on top show the positions on the
CD156 chromosomes of sequences occupying telomere-adjacent positions in the Pyricularia strains used in TJ analysis (The arrowheads point 5′ to 3′ on the
telomeric query sequence - the clipped off telomere would have been at the 5′ end of the arrow). Black arrowheads represent TAS that are single-copy in the source
genome, red are duplicated TAS. The dataset was filtered to remove redundant matches where two strains shared identical TJs. Data points on the bottom (1) show
the relative positions of all interstitial telomere sequences found in the MinION assemblies of Arcadia2, CD156, FH, FR13, Guy11, LpKY97, U233 and US71.
Tri-repeats (CCCTAA/TTAGGG)3+, < 4 are shown in orange and tetramers (CCCTAA/TTAGGG) ≥ 4 are shown in blue. Arrowheads pointing right represent CCCTAA
repeats and left, TTAGGG. Vertical “jittering” was used to improve the resolution between matches at similar positions. (B) TAS alignments on the right-hand end of
chromosome 6 showing an organization consistent with progressive chromosome truncations. (C) Schematic showing how truncations differentially affect the
preservation of TJs and TAS. Depicted are alignments of a single chromosome end that is variably truncated in four strains. Telomere repeats are represented as
circles and gray shading connects subterminal sequences that align. Numbers adjacent to the TJs indicate the number of strains that share each junction; and
values in the TAS show the numbers of strains containing that TAS. The arrows on the top chromosome show how blast searches with TAS from strains 2, 3, and 4
TAS are expected to produce alignments with identical orientations. (D) Schematic showing copying of internal chromosome sequence onto a failed telomere. (i)
Chromosome 2 experienced failure and resection of the telomere; (ii) the free end was then repaired via an ATM process that resulted in the copying of internal
sequence from chromosome 1 onto the free end.

processes that add internal sequences onto de-protected ends.
If ATM is activated before the telomere repeats are completely
lost, the vestigial telomeres will be internalized (see below).
In P. oryzae, the canonical telomeres have lengths ranging
from ∼20 to 30 repeats (Rehmeyer et al., 2006; Starnes et al.,

2012) but, for internalized (interstitial) telomeres, we would
expect their lengths to be shorter because repair is not activated
until they reach a critical length (∼10 repeats). To identify
possible telomere immigrations, we searched chromosomal
assemblies of eight strains for interstitial telomere motifs with
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the various permutations of at least two, three and four
repeat units (CCCTAACCCTAA, CCTAACCCTAAC, etc.). On
average, bi-repeats are expected to have a random occurrence
of approximately six times every 16.8 million nucleotides, or ∼
36 times in a ∼ 37 - 45 Mb double-stranded genome. Actual
occurrences far exceeded random expectations, with an average
of 119 per genome (range 73 to 265, Table 1). Tri-repeats and
larger also occurred much more frequently than by random
expectation (1 in 68.7 Gb), with an average of 10 discrete copies
per genome (range 2 to 21, Table 1). These overabundances
suggest that a number of these motifs represent former telomeres
that were internalized when they were repaired following
deprotection. Plotting the relative positions and orientations
of these motifs against the CD156 reference genome provided
additional support for this hypothesis because it showed that the
most of the interstitial sequences were in subterminal regions;
and a majority of these were in the orientation expected had
they been former telomeres that were repaired after experiencing
failure (Figure 2A below chromosome and Figure 2B).

Internalized MoTeR Relics Are
Associated With Genome
Rearrangements
While overabundances of internal (CCCTAA)n motifs
are certainly consistent with the internalization of former
telomeres, we cannot rule out the possibility that these motifs
evolved independently and over-accumulated for functional
reasons. However, additional evidence in support of telomere
internalization comes from the presence of MoTeR relics
(Figure 1A) at internal chromosome positions (Rahnama et al.,
2020). MoTeRs insert specifically into telomeres (Figure 1A),
so the presence of very short, 5′-truncated relics with associated
telomere motifs at internal locations is best explained by their
having origins in terminal positions (Starnes et al., 2012).
CD156, has MoTeR insertions in most of its telomeres and 14
internal relics were found distributed among five of the seven
chromosomes (Figure 3A). Approximately half were positioned
in subterminal regions (within ∼500 kb from a chromosome
end), while six were deeply embedded in the chromosomes, at
least 2 Mb from the nearest telomere. Most of the relics in CD156
were associated with segmental duplications and, interestingly,
mapping of the secondary copies revealed that most reside in

TABLE 1 | Telomere motifs in the genome interior.

Genome assembly (CCCTAA/
TTAGGG)2

(CCCTAA/
TTAGGG)3+

Genome size
(bp)

Arcadia2_Final 88 9 43,775,141

CD156_Final 99 9 41,851,933

FHSS2-1_Final_V2 105A 14 43,716,171

FR13_Final 89 10 43,611,129

Guy11_Final 82 2 42,954,272

LpKY_Full_v4.3 265A 12 45,266,885

U233_Final 73 5 39,733,298

US71_UCNY03_Final 103 21 43,088,661

A Includes minichromosomes.

subterminal regions and usually very close to the chromosome
ends (Figures 3B,C).

MoTeRs cause telomeres to rearrange at spectacular
frequencies (Rahnama et al., 2020), which suggests that relics
might be continually generated by “illegitimate” repair. In
this case, we might expect different P. oryzae strains to be
highly polymorphic around relic loci. Using whole genome
comparisons, we found that most strains did indeed vary widely
in their relic constituency (Figure 3A). Strains B71, FH, and
LpKY97, are somewhat exceptional because they share many
relic loci with CD156 owing to the fact that they recently
inherited significant portions of their genomes from a related
Eleusine pathogen (unpublished data). Arcadia2 had 11 relics
distributed among all chromosomes (Figure 3A), which was
surprising because it doesn’t have any functional MoTeRs in its
telomeres (just one drastically truncated insertion in TEL10). All
11 copies resided close to chromosome ends but none matched
copies found in CD156. US71 - a strain related to Arcadia2 -
also contained 11 relics but these were distributed across five
chromosomes, and only five matched copies in Arcadia2. The
rice pathogen, Guy11, had just four relics, while U233, from St.
Augustinegrass - had only one (Figure 3A).

If the wide strain-to-strain variation in relic copy numbers
and positions were due to independent internalization events,
we would predict that polymorphic relics define duplication or
translocation breakpoints detectable using genome alignments.
However, a comparison of CD156 (14 relics) with U233 (1 copy)
revealed that, in every case, U233 failed to possess the subterminal
relics because the chromosome ends comprised strain/lineage-
specific sequences. On the other hand, the more “internal” relics
were usually absent due to deletions in the U233 genome where
chromosomal synteny was preserved across the loci, but the
relics and varying amounts of flanking sequence were simply
absent (Table 2). The same pattern held true for most other
instances where a relic was found in one genome but not another
(Table 2). In a few cases, relic deletion was associated with a larger
rearrangement such as a translocation or an inversion, which
possibly could have been coincident with, and driven by, MoTeR
internalization, although the absence of the relic precluded a
definitive conclusion in this regard.

A nice example of relic-related polymorphism is shown in
Figure 4. This shows a relic on chromosome 3 of the Lolium
pathogen LpKY97 that is conserved in Arcadia2 and Um88324
(signalgrass) but absent in CD156 and Guy11. Alignments of
the five loci revealed that overall chromosomal synteny was
preserved in all cases but the relic was simply deleted in CD156
and Guy11 (Figure 4). In Guy11, the deletion breakpoints were
defined by insertions of the MGL and Pyret retroelements,
whereas in CD156, the breakpoints occurred in a nondescript,
single-copy sequence. This suggested that the deletion in CD156
occurred independently of any transposon activity.

In addition to relic presence/absence, the chromosome 3
region in Figure 4 was also polymorphic due to strain-to-
strain differences in occupancy by other transposons (Figure 4).
In many cases, these transposon insertions were “clean” with
obvious target site duplications pointing to their acquisition
via transposition. Conversely, none of the MoTeR relics had
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FIGURE 3 | Chromosomal distributions of MoTeR relics and associated duplications. (A) Chromosomal locations of MoTeR relics. Note: telomeric MoTeRs are not
shown. Shared insertions are shown in the same color. Relics with no fill color are unique to the genome in which they are shown. (B) Circos plot showing the
secondary positions of sequence duplications flanking MoTeR relics. Relics are shown with arrowheads pointing 5′ to 3′. Those with associated duplication have a
blue fill color. Colored lines connect the relic to the location of the duplicated sequence(s), with line color denotes the type of duplication, as shown in panel (C).
(C) Duplications surrounding a MoTeR2 relic locus are classified according to whether a duplication extends into the MoTeR 5′ or 3′ flank, or both. Shown are
alignments between a MoTeR relic locus top and a secondary locus elsewhere in the genome. Relics are shown as rectangles with the dotted line at the 5′ terminus
representing the truncated MoTeR border. Telomere repeats at MoTeR 3′ termini are shown as circles. Matching sequences are connected by gray shading.

target site duplications, so there was no evidence that any
of the internal relics arrived through transposition. Thus, the
original MoTeR internalization events would have necessarily
required the addition of chromosomal sequences at the 5′ ends
of telomeric copies. This, in turn, would have generated a

duplication or a translocation - either of which would have
created new syntenic relationships. Therefore, to explain the
absence of novel synteny in any of our strain comparisons, most
internalization events must have occurred prior to the divergence
of the various P. oryzae lineages.
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TABLE 2 | Basis for strain-to-strain polymorphism at MoTeR relic loci present in the CD156 genome.

Chr# 3′ end position Relic length Sequence of relic 3′ end + telomere vestige Disposition in other strainsA

Arcadia2 US71 U233

1 215205 40 CGCGAATTAAAACCCTAACCCTTA TSS TSS TSS

1 5749080 40 CGCGAATTAAAACCCTATAE ID ID ID

2 7550702 31 CGCGAATTAAAACCCTAAC TL+D TL+D TL+D

2 7553167 40 CGCGAATTAAAACCCTA TL+D TL+D TL+D

3 2424482 40 AGGGTTAGGGTTTTAATTCGCG IDB TL+DC IDB

3 2621949 40 CGCGAATTAAAACCCTAACCCTA IDB TL+DC IDB

3 2625549 41 GTTAGGGTTTTAATTCGCG IDB TL+DC IDB

3 2660716 31 GGTTGGGGTTTTAATTCGCG IDB TL+DC IDB

3 7124927 15 TTAGGGTTTAATTCGCT TL+D TL+D TSS

6 95554 31 CGCGAATTAAAACCCTAA TSS TSS TL+TT

6 2153119 40 TTGGGGTTTTAATTCGCG ID ID TL+ID

6 3282214 132 CGCGAATTAAAACCCTAACC ID ID ID

7 3761013 38 CGCGAATTAAAACCTTAACCCTAA INV+D TL+D Chr4D

7 3893775 63 TTAGGGTGTGGGTTTTAAATCGCG TSS TSS TL+SS

7 3896604 105 CGCGAATTGAAACCCTAACCCTAA TSS TSS TL+SS

AD, deletion (combined with another rearrangement); ID, internal deletion; INV, inversion; SS, sequence substitution; TL, translocation; TT, terminal truncation; TSS,
terminal sequence substitution.
B,CAll deleted in single rearrangement event.
DPresent on chromosome 4.
EMotifs in boldface text are the vestigial telomeres at the 3’ ends of the MoTeR relics.

FIGURE 4 | Chromosomal rearrangements at a MoTeR relic locus. Shown are alignments surrounding a MoTeR relic locus at position on LpKY97 chromosome 3.
Strain names are listed on the left. The position of the relic is indicated with a red dotted line. Transposon insertions are shown as colored rectangles and their
orientations are indicated with arrows. At least one copy of each element is named. Full-length long terminal repeat (LTR) retrotransposons are represented as
colored boxes with a complete arrow (head + tail) representing the gag-pol open reading frame (ORF arrow). Smaller, flanking boxes with arrowheads represent the
LTRs. Solo-LTRs are represented as appropriately colored small boxes with directional arrowheads. Truncated elements are shown missing LTRs and truncated ORF
arrows. Full-length copies of the LINE-type MGL element are represented as plain red rectangles with a complete ORF arrow showing the reverse transcriptase open
reading frame. Gray shading is used to connect alignable sequences.

Interstitial Telomeres Are Generated
Following Failures in Telomere
Maintenance
The poor conservation of TJ and TAS reported above suggests
that P. oryzae routinely experiences failures in telomere
maintenance, which is predicted to cause replicative attrition and

possibly exonuclease-mediated loss of terminal sequences. To
explore the fates of deprotected chromosome ends in P. oryzae,
we deleted the telomerase (TERT) gene from two lab strains,
60-3 and 2539, and characterized alterations in chromosome
end structure, along with collateral genomic alternations. Both
strains were generated through crosses between P. oryzae strains
infecting different hosts (Leung et al., 1988; Starnes et al., 2012),
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such that some telomeres possess MoTeR insertions, while others
lack them. In both strains, the deletion of TERT resulted in a
period of telomere crisis characterized by a complete cessation
of growth - a phenotype from which many strains never
recovered. However, a small proportion of “survivor” strains
eventually started re-growing, albeit slowly, and these were used
to characterize alternative telomere maintenance mechanisms
and the fates of the chromosome ends.

Telomerase reverse transcriptase KO lines derived from the
strain 60-3 (Starnes et al., 2012), displayed dramatically altered
telomere profiles in Southern blots, where the discrete telomeric
PstI fragments in the parent strain were replaced with high
molecular weight bands whose hybridization intensities were
significantly greater than the sum of the individual bands
in the parent (Figure 5A). This pattern signals amplification
of the telomere repeat sequences. The high molecular weight
fragments also showed intense hybridization to a MoTeR1 probe
(Figure 5B), pointing to concomitant amplification of MoTeR
sequences. MoTeR elements lack PstI sites such that digestion
with this enzyme releases telomeric restriction fragments that
contain entire MoTeR arrays. To explain the signal amplification
and TRF size increases, we surmised that MoTeR sequences
and the telomere repeats that separate them experienced tandem
amplification at the chromosome ends. To confirm this, we
blotted DNA samples that had been digested with MboI, which
has sites in both MoTeR1 and MoTeR2, and then probed with the
telomere repeat (Figure 5D). This produced strong hybridization
signals at positions that correspond to MboI fragments expected
for the four possible tandem MoTeR structures (M1-M1; M1-
M2; M2-M1; and M2-M2) (Figure 5E). Tandem amplification
of MoTeR arrays was confirmed using Nanopore sequencing
data for two other 60-3 TERT KO strains (60-31T15 & 17),
which also revealed amplification of telomere plus MoTeR-
derived, telomere-like sequence, separating each MoTeR copy
- (CCCTAA)2(CCCGAA)2(CCCAAA)8CCCGAA. Several reads
contained tandem MoTeR arrays that are much longer than any
found in the parent strain, with a particularly good example,
being a read showing the addition of at least 15 MoTeR2 copies
to what was originally a two-element array in TEL-A on the
left arm of minichromosome 1 (Figure 5F). Each MoTeR copy
was separated from the next by short telomere tracts, which
explains the increased intensity of telomeric hybridization signals
in Figure 5A. Here, the number of repeats between MoTeR copies
will initially depend on the length of the invading (compromised)
telomere, the numbers of TTAGGG units in the target, and the
register of the invasion event.

Based on the above result, we propose that amplification
is initiated when replicative telomere attrition results in the
loss of telomeric protein binding, which in turn allows the
deprotected end to form a D-loop and invade interstitial telomere
motifs between MoTeR copies. This would then initiate cycles
of telomere attrition-induced replication (TAIR) to produce
tandemly amplified arrays (Figure 5G). Other de-protected,
MoTeR-containing chromosome ends could then capture the
amplified array through additional TAIR events. Interestingly,
in KO strains 1T6 and 1T23, the intense signals were at
different positions, consistent with the preferential amplification

of a different, MoTeR-MoTeR junction in the two strains
(Figure 5D). These differences could be because the different
TERT KO lines experienced propagation of amplified arrays
that were initially established at different MoTeR-containing
chromosome ends.

Parallel experiments in other P. oryzae strains indicate that
the tandem amplification of subterminal sequences following
TERT KO requires the presence of interstitial telomere motifs
(manuscript in preparation). This begs the question: what are
the fates of chromosome ends that lack such motifs? This
was addressed using strain 2539 which has very few MoTeR
copies in its genome. TERT deletions in 2539 produced KO
strains showing almost complete losses of telomeric hybridization
signals (Figure 6A). Furthermore, amplification of MoTeR
sequences did not appear to be a dominant ATM mechanism
(Figure 6B). To determine the fate of the 2539 telomeres,
we used inverse PCR to amplify the sequences adjacent to
TEL12 in a number of transformants. This telomere was chosen
because it was known to lack MoTeR insertions and would
presumably be repaired via a mechanism other than D-loop
formation. TAS were successfully amplified from four different
TERT KO lines, with 25391T10 yielding two different amplicons.
Sequencing revealed that a small telomere vestige was preserved
in all cases (Supplementary Figure 2), and the compromised
ends were repaired via two distinct repair pathways, with both
using other subterminal sequences during the repair process
(Figure 6C). 25391T4 had acquired MoTeR sequences - most
likely from another chromosome end through TAIR, or possibly
via transposition. The other molecules were apparently repaired
either by micro-homology mediated TAIR - a telomere-specific
variant of micro-homology mediated break-induced replication
(MMBIR; Hastings et al., 2009) in the case of 25391T2, or by
non-homologous end-joining (NHEJ). Having said this, it is not
clear how NHEJ would have allowed telomere vestiges to be
joined with sequences occurring at distances that are around 20
to more than 120 kb from a chromosome end (Figure 6D), as this
would involve one chromosome end losing approximately 150 bp
of sequence, and the other losing tens of kilobases.

Spontaneous Telomere Failure Drives
Amplification of Subtelomeric
Sequences and Interstitial Telomere
Formation in Foxtail Pathogens
In general, it is extremely rare to find telomeric sequence
motifs with more than four CCCTAA/TTAGGG repeats at
internal genome locations in P. oryzae - probably because long,
interstitial telomere tracts experience frequent breakage and
healing via telomere addition (Florea et al., 2016; Rahnama
et al., 2020). P. oryzae strains from foxtails (Setaria spp.) are
notable exceptions because they contain variable numbers of
long, interstitial telomere sequences. Remarkably, strain US71
has eight, with lengths of 6, 9, 11, 16, 22, 27, 32, and 34 repeat
units - the latter four being native telomere length. Arcadia
has a single, 23-repeat internal array (Table 1). A clue to
the origin and persistence of these highly labile motifs came
from the observation that all instances reside near chromosome
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FIGURE 5 | Alternative telomere maintenance (ATM) in telomerase knockout (TERT KO) mutants of strain 60-3. DNA was extracted from candidate telomerase
knockout strains, digested with PstI, size-fractionated by gel electrophoresis, and blotted to a membrane. Shown are phosphorimages obtained after sequential
hybridization with PCR-generated, 32P-oligolabeled probes for panels (A,D) telomere repeats, (B) MoTeR1, and (C) TERT. Note the absence of parental telomeric
fragments in the TERT KO isolates 60-31T23 and 60-31T24; and their replacement by intensely hybridizing, high molecular weight fragments. (C) shows successful
TERT deletion in strains 23 and 24; and (D) shows phosphorimage of a gel-fractionated MboI digest of DNA TERT KO strains 60-31T6, 60-31T23 and 60-31T24,
after hybridization with the telomere probe. Again, note the absence of the parental telomeric fragments and their replacement by intensely hybridizing, yet discrete,
MboI fragments, whose sizes correspond to specific MoTeR-MoTeR junctions (E). (E) Diagram showing how different tandem MoTeR arrangements cause the
interstitial telomeres to be contained on different-sized MboI fragments. Telomeric and telomere-like (present at MoTeR 5′ ends) sequences are shown as white and
black circles, respectively; MboI sites are marked as “M.” (F) Example of MoTeR array amplification in TERT KO strain 60-31T17, compared with the 60-3 parent
strain. (G) Diagram showing how D-loop formation and telomere attrition-induced repair can result in the generation of tandemly amplified MoTeR arrays at the
chromosome ends. The compromised telomere loops back and invades the interstitial telomere sequence (black arrow) and copies the distal sequence (dotted
arrow). Repeated iteration of this process can generate extended arrays.

ends and are interspersed with, and form the boundary of,
a 4 kb repeat sequence that occurs, along with variously
truncated copies, in subtelomeric, tandem arrays (Figure 7).
This arrangement is strikingly reminiscent of the tandem arrays
that are generated in TERT KO strains (Figure 5F) which

suggests that they too might have been generated during an
episode of spontaneous telomere failure. Normally, interstitial
telomeres should be resolved quite quickly by break-healing.
Indeed, such events were readily detected near US71 TELs 5, 7,
and 12 by aligning MinION reads to the chromosomal assembly
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FIGURE 6 | Alternative telomere maintenance (ATM) in telomerase knockout (TERT KO) mutants of strain 2539. DNA was extracted from candidate telomerase
knockout strains, digested with PstI, size-fractionated by gel electrophoresis, and blotted to a membrane. Shown are phosphorimages obtained after sequential
hybridization with probes for panels (A) telomere repeats, (B) MoTeR1, and (C) TERT. (D) shows repair mechanisms for telomere 12 in select TERT KO strains.
TLH = telomere-linked helicase gene; circles = telomere repeats (lengths not to scale); MoTeR = M. oryzae telomeric retrotransposon; tMoTeR = truncated element
with dotted line showing truncation boundary and parentheses listing truncation positions; Pot2/4 = inverted repeat transposon; arrows show direction to nearest
telomere and distances to telomere are listed in parentheses.

and identifying groups of reads that had one end anchored
in single copy sequence but then terminated in telomeric
sequence at the interstitial telomere (Figure 7). To explain
the persistence of multiple extended, internal repeats in these
strains, we speculate that they “suffered” telomere failure quite

recently; and possibly experience such events in an ongoing and
periodic fashion.

The idea that interstitial telomere formation and subtelomere
amplification occurs through ongoing episodes of telomere
dysfunction is intriguing because it has long been proposed
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FIGURE 7 | Interstitial telomere sequences define the boundaries of subtelomeric tandem repeats in the foxtail pathogens. The figure shows the organization of all
interstitial telomeres identified in the Arcadia2 and US71 genomes. Full-length and partial copies of an associated tandem repeat are shaded with a blue gradient
shading to illustrate the origin of partial repeat sequences and dotted lines indicate truncations ends. Long terminal repeat (LTR)-like structures are shown as boxes
with arrowheads, and the reverse-transcriptase coding regions is marked with an arrow. A full-length repeat with LTRs is highlighted with a gray background.
A bona-fide LTR retrotransposon insertion in Arcadia2 Chr7 is shown with lighter blue shading. Interstitial telomere sequences are shown as circles, with each circle
representing approximately four CCCTAA repeat motifs. Truncated variants detected among MinION raw reads are illustrated beneath the respective main
chromosome end structures.

that spontaneous losses in telomere function may serve as
a mechanism to spur genomic alterations with adaptive
benefits (McEachern, 2008); and, while it has been shown
that induced telomere failure can accelerate adaptation in
an engineered evolution experiment (Mason and McEachern,
2018), until now, there have been no documented examples
of spontaneous telomere failure in a native organism. As part
of a study to investigate MoTeR transposition, we transformed
a foxtail pathogen, Arcadia2, with a construct containing a
copy of MoTeR1, and then screened single spore cultures for
alterations in telomere profiles that would signal new insertions.
Although MoTeR1 mobilization was not detected, we found
that serial culture of one of the transformants (A7) resulted
in the disappearance of parental telomere fragments, and the
appearance of one band with a particularly intense hybridization
signal (Figure 8A) - i.e., a pattern strikingly reminiscent of the
telomere profiles seen in TERT KO strains (see Figures 5B,D).
While we believe that this was a spontaneous telomere failure
event and incidental to the transformation procedure, we
cannot not rule out the possibility that it was precipitated by
expression of the MoTeR1 transgene. However, a second, truly
spontaneous telomere failure event was subsequently identified

in a wild-type strain, GrF5-2, when a similar telomere profile
showed up in a single-spore from a culture that had recently
been purified by single-spore isolation (Figure 8C). Targeted
cloning and sequencing of a representative fragment from
the intensely hybridizing band revealed that it comprised the
previously described tandem repeat bordered by interstitial
telomeres (Supplementary Figure 3). Thus, we were able to
associate tandem amplification of the subtelomeric repeat, with
a spontaneous telomere failure event.

To obtain evidence that tandem amplification of the
subtelomeric repeat is a direct response to telomere failure,
we deleted the TERT gene from the wild-type Arcadia2 strain.
Transformants with KOs were identified based on a sudden
arrestation of growth and development of a characteristic
hyphal “bubbling” phenotype. DNA was extracted from surviving
transformants, and telomere fingerprinting was performed. All of
the TERT KO strains showed losses of most parental telomere
fragments and the appearance of intense signals with varying
amplitudes at the same position as the band seen in the original
Arcadia2 transformant (Figure 8B).

The 4 kb sequence codes for a predicted reverse transcriptase
(RT) and is bordered by direct repeats. Thus, its structure
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FIGURE 8 | Spontaneous telomere failure in foxtail pathogens. (A) Single spores (SSs) were isolated from transformants of strain Arcadia2 that had been
transformed with a MoTeR1 expression construct (Lane A). Three of the SS cultures (A3, A6, A7) were serially transferred on agar medium for 7 generations.
Genomic DNA was extracted from the original (O) and 7th generation subcultures (S7), digested with PstI and analyzed by Southern hybridization with a telomere
probe. Note that the telomere profiles for the S7 cultures of strains A3 and A7 are very different to the profiles of the originals. S7 shows a typical Type I alternative
telomere maintenance pattern (arrowhead), consistent with tandem amplification of the vestigial telomere plus the telomere-adjacent region (including the PstI site).
Note the faint background signals in the A3-S7 lane. This culture appears to be in the early stages of ATF, with several novel telomeres appearing. By comparison,
S7 appears to have a more advanced ATF. (B) shows PstI telomere fingerprints for 16 TERT KO strains in the wild-type Arcadia2 background. If one compares the
profiles of the left lane (Arcadia2, A) with the A7/O lane, it appears that the fragment amplified in A7/S7 is the same as ones amplified in several TERT KO strains
(arrowheads). (C) Variation in telomere fingerprint profiles among 10 single-spore cultures that were all isolates from a single parent culture that was also recently
single-spored. Note the single, intense signal in culture 2 that indicates recent operation of an alternative telomere maintenance pathway.

and content resembles that of a long terminal repeat (LTR)
retrotransposon. However, this resemblance is likely coincidental
because the RT sequence is absent from most P. oryzae genomes
and single-copy in most of the genomes where it is found.
The repeat unit is also much shorter than typical fungal LTR-
retrotransposons, and the RT gene lacks the integrase and
RNase H domains required for transposition. In fact, a blastx
search of the nr database revealed the only domain similarity
to retrotransposon RTs was in the nucleotide binding region
which, intriguingly, showed the closest similarity to telomerase
RTs. Given that the 4 kb "element," and its terminal repeats, are
all bordered by telomere motifs (Figure 7 and Supplementary
Figure 3), this suggests that it first originated following a
telomere failure.

Catastrophic Telomere Alterations
Following a Spontaneous Gain of
Virulence
Direct evidence that telomere failure might provide an adaptive
benefit came from an unrelated, long-term project where we
were investigating the genetics of host specificity. As a control
for that study, we would routinely inoculate strain 2539, on
a rice cultivar (51583) that it is normally unable to infect
(Figure 9A). In one particular experiment (out of dozens), we
identified a single lesion on a single plant (Figure 9B). Spores
were harvested from this lesion and used to establish a number

of pure single-spore (SS) cultures. Inoculation of spores from a
representative SS culture (2539ss4) on 51583 produced abundant
lesions (Figure 9C), thereby confirming that the strain had
acquired a stable gain of virulence.

Due to the uniqueness of this event, we initially suspected
that the lesion might have been caused by cross contamination
from a virulent progeny of 2539 that was inoculated in the same
experiment. In an attempt to rule this out, we compared the
telomere fingerprints of 2539ss4 with its parent, 2539MH. At first,
this pointed to contamination because nine of the 14 telomeres
in the parent culture were missing in 2539ss4 (Figure 9D, black
dots), and nine novel fragments were observed in their place
(asterisks). In contrast, various 2539 cultures stored at various
times over the past 23 years had almost identical profiles to
2539MH, with the only exceptions being due to changes in
rDNA and MoTeR-containing telomeres that are known to be
unstable (Figure 9D).

Although F1 progeny are expected to share ∼50% of
telomeric fragments with the 2539 parent, none of the novel
fragments matched telomeres in the other parent used in
the cross (data not shown). Therefore, we were unconvinced
that the 2539ss4 culture was a contaminant and proceeded
to strip the blot and re-probe it with a highly repetitive
DNA fingerprinting probe. All cultures had virtually identical
fingerprints (Figure 9E), which would not be expected if the
2539ss cultures had inherited 50 % of their genomes from a
distantly related strain. Finally, a genome assembly was generated
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FIGURE 9 | Telomere failure associated with an adaptive event. (A) Typical
infection phenotype of avirulent strain, 2539, on rice cultivar 51583; (B) Gain
of virulence for 2539 on 51583 as indicated by the presence of a rare single
lesion; (C) Infection phenotype of a single-spore (SS) culture recovered from
the lesion shown in panel (B) shows that the gain of virulence is stable;
(D) Telomere fingerprints of single-spore cultures recovered from the lesions
compared with several lab stocks of 2539 reveal alterations of telomeric
fragments in the SS cultures recovered from the rare lesion; (E) DNA
fingerprinting of the same strains shown in panel (D) using a hybridization
probe that targets two dispersed repetitive elements (MGL and Pot2).

for 2539ss4 and comparison with 2539 indicated that they
were clones of one another because the SNP frequency (3.6E-
5) was well within typical SNP calling error rates (Farman and
Ramachandran, unpublished data). This absolutely ruled out
the possibility of contamination, and lead to the conclusion

that the dramatic alteration of telomere profiles in the 2539ss
cultures must have resulted from a temporary failure in telomere
maintenance. Here, it should be noted that intense telomere
signals are not expected following spontaneous telomere failure
in 2539 because these were not observed in the TERT KO
experiments (Figure 6A).

DISCUSSION

It is generally accepted that the subterminal chromosome regions
are the most dynamic of genome compartments (Mefford and
Trask, 2002; Linardopoulou et al., 2005; Chen et al., 2018).
It is rather surprising, therefore, that there are very few
reports where chromosome ends have been “caught in the
act” of changing (Horowitz et al., 1984; Möller et al., 2018;
Coulon and Vaurs, 2020). P. oryzae is perhaps the champion
of telomere dynamicism because, in the most extreme cases,
telomere alterations can be found in every single-spore culture
established from a genetically purified colony (Starnes et al.,
2012); and interrogation of MinION sequence data identified
telomere rearrangements in 60% of the chromosomal molecules
surveyed (Rahnama et al., 2020). Early experiments suggested
that the most extreme telomere instability was restricted to
telomeres containing MoTeR insertions (Starnes et al., 2012)
but subsequent experiments monitoring telomere alterations in
single-spore cultures revealed several exceptional strains – most
notably from foxtails – that also showed rampant telomere
instability, despite the fact that they lacked telomeric MoTeRs
(Farman et al., 2014). Here, we used comparative genomics to
explore telomere instability at a population level, and to gain
insights into the genetic basis for extreme sequence variation at
the chromosome ends of different Pyricularia strains.

One of the primary presumed functions of telomeres is
to protect the chromosome ends from sequence loss due to
replicative attrition, or exonucleolytic attack (Zakian, 1989). If
they functioned perfectly, the telomere structure at any given
chromosome end should be identical among isolates - the repeats
should be attached to the same internal sequence, with the only
variation being due to nucleotide substitutions/indels/transposon
insertions within the constituent sequences. However, our
examination of a comprehensive collection of Pyricularia strains,
revealed that telomere structure was rarely preserved, and it was
extremely rare to find a specific TJ in more than a handful of
isolates. So, even though many Pyricularia strains exhibited few,
if any, telomere alterations in clonal propagation experiments
(Farman et al., 2014), it is clear that genetic instability at the
chromosome ends is ubiquitous within the genus, and occurs
frequently in nature.

Not surprisingly, the poor TJ preservation translated to poor
conservation of TASs, as might be expected if entire chromosome
ends had been lost. However, there were also many cases
where a TAS identified in one strain was present in other
strains but resided in the genome interior. By mapping these
TASs to a common reference genome, we gained insights into
the evolutionary histories of the chromosome ends. Mapping
of some TASs revealed a pattern of nested deletions (e.g.,
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Figure 2C) that pointed to the various strains having experienced
occasional bouts of mild telomere failure that resulted in
progressive chromosome truncations with eventual de novo
telomere formation. Indeed, this is the most likely explanation for
the truncations that gave rise to P. oryzae mutants lacking Avr-
Pita (Orbach et al., 2000). Of course, an alternative explanation
for the poor conservation and chromosomal organizations
of TJs and associated TAS is that they are co-casualties of
frequent breaks at internal chromosome positions that result
in deletion of the chromosome ends. However, this seems
unlikely because chromosome breakage normally causes cell
cycle arrest (Sandell and Zakian, 1993), which means that
repeated, spontaneous breakages would need to occur at different
positions on the same chromosome to account for the nested
truncation patterns. Additionally, internal breaks cannot explain
the origins of interstitial telomere sequences because the
telomeric ends of the released fragments would be ineligible
to interact with other genomic sequences until they too were
deprotected. On the other hand, we have shown that both
telomeres and MoTeR sequences experience resection/truncation
and internalization during the repair of experimentally induced
deprotected telomeres (Figure 6D).

In fact, by analyzing the fates of just a few telomeres in a
single survivor from one TERT KO experiment, we were able to
document a range of repair outcomes (Figure 6D) which, along
with collateral events (such as breaks in interstitial telomeres),
could fully account for the content and organization of the
P. oryzae subterminal chromosome regions, and their variation
among strains/species. The first key finding was that former
telomeres were internalized because their repair resulted in
the capture of sequences found in other subterminal regions
(Figure 6). Second, repair was usually duplicative, such that other
chromosomal sequences were copied, and not translocated, onto
the de-protected chromosome ends. Thus, telomere failure and
ensuing repair not only provides a plausible explanation for why
and how telomeres/MoTeR relics/TAS become internalized, but
also provides a mechanistic basic for their tendency to end up in
subterminal regions, and associated with duplications. That these
processes also operate under spontaneous telomere failure is
supported by our prior documentation of spontaneous telomere
alterations that resulted in TAS internalizations via duplicative
capture of sequences from subterminal locations (Rehmeyer
et al., 2006; Starnes et al., 2012).

This study is the first to explore the chromosomal landscapes
of features that used to occupy telomeric locations but have
since immigrated to the genome interior. When viewed in
the light of demonstrated responses to telomere failure, these
features provide abundant evidence of both historical and on-
going interactions between the telomeres and sequences in the
genome interior and, in doing so, suggest a mechanistic basis
for chromosomal domain structure. Regardless of the dynamic
surveyed - TAS immigrations/emigrations; MoTeR/telomere
relic internalizations; relic-associated duplications; or the capture
of internal sequences during telomere repair - the flow and
sharing of sequence information was largely restricted to the
subterminal portions of the chromosomes. This, along with
our finding that telomere repair captures subterminal sequences

in an apparently indiscriminant manner, implies that different
P. oryzae telomeres/subtelomeres/subterminal regions tend to
be clustered within the nucleus, as has been shown for other
organisms (Gotta et al., 1996; Figueiredo et al., 2002; Batté et al.,
2017). Telomeric clustering is likely to promote the adaptive
benefits of spontaneous telomere failure by restricting telomeric
"contacts" to chromosomal neighborhoods where architectural
preservation is not so critical, and in doing so, may set up a
situation in which almost anything goes in terms of telomere
repair mechanisms, as long as what happens in the subterminal
regions, stays in the subterminal regions.

Already, by mapping telomeric features onto just one
reference genome, we have started to define subterminal
chromosomal domains that have been impacted by historical
telomere interactions - most likely as a consequence of
spontaneous telomere loss. It is probably not coincidental that
these domains are also hotspots for breakdowns in strain-to-
strain chromosome synteny (Farman, personal observations).
Comparative genome studies in yeast have also identified a
distinct domain structure consisting of highly syntenic cores,
which then transition into highly variable subtelomeric domains
that exhibit complex rearrangements and segmental duplications
(Yue et al., 2017). Based on our findings, it is tempting to
speculate that much of the chromosomal (re-)organization (and
duplications) in these domains is driven directly, or indirectly, by
spontaneous telomere failure, with the domain boundaries being
determined by how far de-protected ends can "reach" beyond the
telomeric clusters in the nucleus.

Our detection of spontaneous telomere failure in at least
two, and possibly three, different strains of a native organism
is a landmark discovery. While, it has long been proposed that
bouts of mild telomere dysfunction could be an adaptive strategy
that contributes to the unusual structure and dynamicism of
subtelomere regions (McEachern, 2008; Mason and McEachern,
2018), until now there had been no documented examples of
“adaptive telomere failure” (ATF) in a native organism. Formally
stated, the ATF hypothesis posits that:

“certain environmental stresses can induce a low level of
telomere failure, potentially leading to elevated subtelomeric
recombination that could result in adaptive mutational changes
within subtelomeric genes” (Mason and McEachern, 2018).

It was further reasoned that, if it occurs, ATF should be mild
so as to avoid cellular senescence, while sufficiently effective to
cause occasional telomere de-capping. Counter to this prediction,
we find that spontaneous telomere failure in P. oryzae can
be very severe - to the extent that all parental telomeres
were compromised in the foxtail pathogens, and more than
50% of telomeres were altered in strain 2539. This is perhaps
fortuitous because if, by necessity, adaptive telomere failure
should be so infrequent and mild as to prevent detrimental
cellular phenotypes, one might expect the genomic effects
to be correspondingly rare and mild and, therefore, virtually
impossible to detect.

The foxtail pathogen lineage is clearly exceptional because
member strains are unique in possessing abundances of long,
interstitial telomere sequences and all indications are that these
persist because telomere failure recurs quite frequently. On the
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other hand, only two telomeres in 2539 normally show re-
arrangement with extended culturing (the rDNA telomere and
one containing MoTeRs), so the detection of alterations at seven
additional chromosome ends demonstrates that even strains
with "stable" telomeres certainly can experience occasional,
yet catastrophic, telomere re-arrangements. This lends further
weight to our argument that the TJ/TAS variation in Pyricularia,
internalization of telomeric entities, and the broader organization
of the subterminal chromosome regions, is driven in large
part by spontaneous telomere failures. These could either be
rare and severe (affecting multiple telomeres at once), or fairly
frequent and affecting just a few telomeres at a time (i.e.,
in a similar fashion to rDNA instability, Farman et al., 2014;
Rahnama et al., 2020).

Curiously, there was no indication that the three strains
experienced a period of "telomere crisis" that accompanies
experimentally induced telomere loss (Zlotorynski, 2019) (and
this study). This, and the fact that most P. oryzae strains
exhibit stable telomere profiles in between projected episodes
of spontaneous failure, suggests that the physiological state that
promotes telomere loss is usually temporary. Mild failures could
be stochastic and occur through occasional insufficiency of one
or more TERT holoenzyme components, while severe bouts
might be driven by epigenetic silencing of these components,
or of telomere capping proteins. Indeed, failed telomere
capping would appear to be the most plausible explanation
for the long (native telomere-length) interstitial telomeres in
the foxtail pathogens. Lastly, it is also possible that initial
telomere shortening results from the illegitimate activation of
a process known as Telomere Rapid Deletion, that is believed
to be involved in telomere length homeostasis (Lustig, 2003;
Watson and Shippen, 2007).

Spontaneous telomere failure has the potential to confer
direct and immediate adaptive benefits. In P. oryzae, the
initial resection of chromosome ends has the potential to
evict genes that restrict the pathogen’s host range, as was
previously demonstrated for AVR-Pita (Orbach et al., 2000).
It is possible that such an occurrence may underlie 2539’s
gain of virulence on cultivar 51583. Next, the processes used
to repair the resected ends can drive immediate adaptation
through a variety of mechanisms. First, as we have shown
for MoTeRs in 60-3, and the 4 kb (RT) repeat in the
foxtail pathogens, the presence of short telomere tracts in the
subterminal regions allows for massive tandem amplification
of genes in the intervening region - presumably via repeated
rounds of TAIR, rolling circle replication (Lustig, 2003), or
replication of extrachromosomal circle templates (Natarajan
and McEachern, 2002). Whether or not the amplification of
these specific sequences serve adaptive purposes will require
elucidation through functional assays. If anything, we might
expect increased MoTeR RT expression to have a negative
impact by interfering further with telomere function by virtue
of its predicted telomere cleavage activity (Starnes et al.,
2012). On the other hand, the 4 kb repeat’s resemblance to
LTR retrotransposons is likely coincidental, and the RT gene
may instead belong to a class of "RVT" proteins, which may

have global effects on cellular RNA processes, through RNA-
dependent RNA polymerase activity (Gladyshev and Arkhipova,
2011). The potential for subterminal tandem amplification
to drive adaptation is nicely illustrated by the Cryptococcus
neoformans arsenite transporter gene, ARR3, which occurs in
a large tandem array in the subterminal region at the right
end of chromosome 3, and is associated with enhanced arsenic
tolerance (Chow et al., 2012). Based on our findings, we speculate
that amplification of ARR3 arrays is an outcome of adaptive
telomere failure.

In the absence of subterminal telomeric tracts, ATM in
P. oryzae involves the recruitment of sequences from the genome
interior. The adaptive benefits of this dynamic are two-fold:
First, because these events are usually duplicative, depending on
the length of copied sequence, this can lead to the duplication
of many tens of genes, with the possibility of enhancing a
wide variety of adaptive traits (Kondrashov, 2012). Second,
by copying or moving genes from relatively static internal
chromosome regions to the highly dynamic chromosomes
ends, those genes can now enjoy the enhanced evolutionary
environment and, if this serves some adaptive benefit, they may
persist there. There are manifold examples of niche-adaptation
genes accumulating in subtelomeric regions (Charron et al., 1989;
Denayrolles et al., 1997; Barry et al., 2003) but until now has
not been a satisfactory mechanistic explanation for how they
find their way to the chromosome locations best suited for
adaptive exploration. The capture of internal sequences during
the repair of spontaneously compromised chromosome ends
would provide such a route.

Lastly, spontaneous telomere failure can be an adaptive
gift that keeps on giving. In addition to generating immediate
chromosome alterations, repair of compromised telomeres
can lead to the creation of unstable structures that promote
ongoing genomic change. Prime examples are the long
interstitial telomeres in the foxtail pathogens which experience
breakage at high frequencies, and generate substrates that
undergo telomerase-mediated healing (e.g., US71 Chr6,
Figure 7), and might also participate in further rearrangements.
The potential for interstitial telomeres to have long-term
impacts on genome structure is amply illustrated by the
MoTeR relics, which have variable length telomere tracts
that their 3’ ends (Rahnama et al., 2020). A comparative
analysis of relic polymorphism uncovered a multitude of
intrachromosomal deletions centered around the relic loci. This
is most economically explained by repeated, independent
evictions of the relics and varying amounts of flanking
DNA, having been initiated by breaks in the associated
interstitial telomeres, followed by resections, and eventual
repair by NHEJ. Finally, although we have not yet detected,
or explored, such occurrences in Pyricularia, telomere
repair has the potential to unleash a cascade of genomic
change through breakage-fusion-bridge cycles (Lo et al.,
2002), and these are almost certainly additional factors that
contribute to the dramatic shuffling of sequences that can
often be found in the subterminal regions (Farman et al., 2014;
Yue et al., 2017).
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