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Mayo Clinic, Rochester, MN, USA protect chromosome ends from degradation. Telomere lengths have been extensively
studied in the context of aging and disease, though most studies use average telomere
lengths which are of limited utility. We present a method for identifying all 92 telomere
alleles from long read sequencing data. Individual telomeres are identified using vari-
ant repeats proximal to telomere regions, which are unique across alleles. This high-
throughput and high-resolution characterization of telomeres could be foundational
to future studies investigating the roles of specific telomeres in aging and disease.
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Background

Telomeres are regions of repetitive DNA at the ends of linear chromosomes which are
part of a biological system for protecting chromosome ends from degradation. Human
telomeric DNA is comprised of (TTAGGG)n repeats, referred to as ‘canonical repeats,
which shorten with cell division in normal somatic cells. Telomeres can shorten to a
point where they no longer protect chromosome ends, initiating cellular senescence, a
state where cells do not further divide but retain biological function [1, 2].

The genomic regions adjacent to telomeres include telomere variant repeat (TVR) and
subtelomere regions. In human, subtelomeres are informally defined as the most distal
500kb of each chromosome arm, and are repeat-rich and highly variable across popula-
tions [3, 4]. TVR regions are found between telomeres and subtelomeres (Fig. 1) and are
composed of canonical repeats interspersed with blocks of ’variant repeats’ The most
frequent variant repeats are canonical TTAGGG sequences modified by a single base
substitution (e.g. TCAGGG) or insertion / deletion (e.g. TTAAGGG). Early analysis of
TVR regions identified the most common variant repeats [5], and subsequent studies
reported a large diversity of repeat patterns both within individuals and across distantly
related samples [6—8]. TVR regions are described as not having telomeric function due
to the reduced binding affinity of variant repeats to shelterin genes TRF1 and TRF2
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Fig. 1 Organization of subtelomere, TVR and telomere regions at a chromosome end

[9-11]. From targeted studies of telomeres 12q and Xp/Yp, it was found that the distri-
butions of variant repeats within human TVR regions are highly variable across chro-
mosome arms, but also subject to Mendelian inheritance. Thus it is thought that TVR
regions exhibit relatively high de novo mutation rates and are specific to individual chro-
mosomes [12, 13].

While the size and sequence composition of TVR regions has been studied in detail at
a limited number of chromosome arms, TVR regions have not been broadly character-
ized genome-wide due to the lack of high-throughput methods capable of analyzing tel-
omere sequences of individual alleles. The variable size and composition of TVR regions
potentially impacts analyses of telomeres themselves: E.g. if a TVR region does not have
telomeric function but is considered to be part of a telomere, from the perspective of a
telomere length (TL) measurement method, then the TLs reported by the method will
be an overestimate proportional to the size of the TVR region [14].

Methods for measuring TLs are of great interest due to the extensive relationships
established between telomeres and aging, disease, and behavioral health. Typically, stud-
ies involving TL use results from methods that estimate the average length of a sam-
ple’s telomeres across all chromosome arms. These average values have proven useful in
establishing correlations but are of limited use in characterizing the underlying mecha-
nisms relating telomeres to disease [15, 16]. The length of a sample’s shortest telomere is
often more informative than their average TL [17, 18], and the lengths of telomeres on
specific chromosome arms have been observed to correlate with disease risk [19-21].
Since methods for measuring TLs of individual chromosome arms are generally low
throughput, low resolution, or labor intensive [14, 22], recent approaches using nano-
channel arrays or long read sequencing have been developed to address these limita-
tions [23-25]. Long read sequencing in particular has garnered significant interest for
telomere analysis, as recent improvements in cost and throughput make it increasingly
accessible to clinical laboratories.

Current long read sequencing platforms can generate high-quality reads 20 — 30kb in
length that are capable of spanning telomeres and their adjacent regions. Several meth-
ods have recently been developed for analyzing telomeres with this data: Reed et al. [26]
demonstrated the viability of aligning long reads to telomere boundaries for estimating
telomere lengths, and EdgeCase [24] further showed that hierarchically clustering reads
based on their sequence can separate individual telomeres. Telogator [27] builds upon
these ideas and leverages the telomere-to-telomere (T2T) reference genome to report
telomere lengths at each chromosome arm. ChArmTelo [28] is a recently described
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method for analyzing telomeres at individual chromosomes using 10X linked-reads,
however the software is not publicly available and the protocols for sequencing 10X
linked-reads is no longer supported. A new method for selectively enriching telomere
regions using ’telobaits’ prior to long read sequencing has shown potential in reducing
the cost of large studies via sample multiplexing [25]. However, the 5-8kb DNA frag-
ments generated by this approach are limited in their ability to span entire telomeres
or to extend far enough into subtelomeres such that reads can be uniquely mapped to
specific chromosome arms. Additionally, the associated bioinformatics workflow only
reports average TL alongside a simplified representation of TVR sequence composition
that is limited in its ability to represent the variety of TVR patterns found in human
telomeres.

To facilitate high-resolution characterization of individual telomeres and their adja-
cent TVR regions, we developed Telogator2, a method for reporting allele-specific
telomere length (ATL) and TVR sequences from long read sequencing data. Teloga-
tor2 significantly expands the functionality of our previously released Telogator, going
beyond chromosome arm specificity to report TVR and telomere sequences for individ-
ual alleles. Telogator2 can identify distinct telomere alleles in the presence of sequencing
errors and alignments where reads may be mapped (or multi-mapped) to chromosome
arms different from where they originated.

Results

Telogator2 overview

Telogator2 takes long reads as input, and begins by extracting a subset of reads con-
taining @ minimum number of canonical telomere repeats (10 copies by default). Tel-
omere region boundaries are estimated based on the density of telomere repeats in a
100bp sliding window (described previously [27]), and reads that terminate in telomere
sequence on one end and non-telomere sequence on the other are selected for further
analysis. These reads are further processed to identify individual alleles based on their
composition of telomere variant repeats. This is done by, i) querying reads for matches
to a curated set of telomere repeats, ii) identifying TVR regions, and iii) clustering
reads based on their TVR and subtelomere sequences (Fig. 2). After clustering, the sub-
telomere portions of each read are aligned to a customized reference genome containing
subtelomere sequences from multiple telomere-to-telomere reference assemblies: T2T-
CHM13 [29], as well as two diploid assemblies derived from Han Chinese individuals
[30, 31]. Reads that can be aligned to a specific subtelomere are referred to as 'anchored’
telomeres. Finally, an output report is produced containing the lengths and sequence
compositions of all anchored telomere alleles. Plots showing each allele are also pro-
duced, with TVR and telomere regions colorized based on their composition of variant
repeats.

Telogator2 requires reads with low sequencing error rates (< 5%), and with lengths
long enough to span a sample’s longest telomeres (plus at least 1kb adjacent sub-
telomere sequence for chromosome arm assignment). Telogator2 was primarily tested
with 20 — 30kb long reads from PacBio Sequel Ile, PacBio Revio and Oxford Nanopore
(ONT) PromethION 2 platforms. Further considerations on input sequencing data are
described in the Discussion.
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Fig. 2 Overview of Telogator2. On the right are pictorial representations of telomere reads at each step

Validation of telomere alleles in CHM13

As an initial validation, we analyzed PacBio HiFi reads of the CHM13 haploid cell line
and compared the telomere alleles identified by Telogator2 to that of the T2T reference
genome. From this data, Telogator2 identifies all 46 alleles, with one at each chromo-
some end (Fig. 3). 45/46 alleles are anchored at the expected reference coordinates at
their respective arm’s subtelomere-telomere boundary. The one exception is 18p, where
telomere reads were instead mapped ~ 100kb inside the subtelomere. Interestingly, the
telomere for 18p was also absent from the initial de novo assemblies used to construct
the T2T reference, and had to be resolved manually [29].

Nearly all alleles have unique TVR regions

To examine TVR regions in a larger set of samples, we downloaded HiFi long reads from
46 samples that were sequenced as part of the Human Pangenome Reference Project
[32], which selected healthy individuals from a variety of demographics. Each sample
had 30-40x coverage in subtelomere regions, with the exception of HG02572 which was
discarded as an outlier due to its lower coverage, leaving 45 samples in total. Processing
these samples with Telogator2, we identified an average of 89 (std=3) unique alleles per

sample, very close to the expected total number of alleles. This suggests that, assuming
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Fig. 3 All telomere alleles in CHM13. Each row is the consensus TVR + telomere region for each
chromosome arm. Blue regions are canonical TTAGGG repeats, and other colors are different variant repeats
(full table of colors is provided in the Methods section). The TLs shown represent the 75th-percentile TL at
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sufficient coverage and read lengths, and outside of situations where parents are closely
related, each of an individual’s 92 telomeres can be distinguished based on their unique
TVR and subtelomere sequences.

TVR region length and repeat composition

We observe that, when averaged across samples, the lengths of TVR regions are very
similar for most chromosome arms (Fig. 4). The exceptions to this are the TVR regions
in the short arms of acrocentric chromosomes (particularly 13p, 14p and 15p) which on
average are shorter than TVR regions from other arms. On average, the sequence com-
position of TVR regions is 62% canonical TTAGGG repeats. The most frequent variant
repeats: TGAGGG (G-type), TTGGGG (J-type) and TCAGGG (C-type), comprise 7%,
7% and 4% of TVR regions, respectively. Septamer repeats TTTAGGG and TTAGGGG
collectively comprise 10%, and the remaining 10% are rarer variations (full table provided
in the Methods section).
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Fig. 4 Distributions of TVR region lengths by chromosome arm for 45 human samples. The distributions
on the top and bottom correspond to TVR region lengths at the p and g arms for each chromosome,
respectively

While previous work has described TVR regions as being between 0-2kb [7, 33, 34],
we observe that they can be as long as 8kb in some alleles (Fig. 4). We speculate that
these larger TVR regions could potentially affect the accuracy of experimental meth-
ods for measuring the lengths of individual telomeres. For example, when using TRF
[35] or STELA [36], it is common practice to subtract a constant corresponding to the
distance between the telomere-subtelomere boundary and a reference point further
into the subtelomere (an enzyme restriction site in the case of TRF, and subtelomere-
specific primer sets for STELA). While this constant is typically in the range of 2-4kb
[14], for alleles with very large TVR regions this may be insufficient and could result
in overestimated ATLs.

TVR region inheritance

To validate the sizes and sequence compositions of TVR regions reported by Telo-
gator2, we processed long reads from the Han Chinese trio (HG005, HG006 and
HGO007) [37]. TVR regions are known to be inherited, thus the variant repeat patterns
of a child should also be found in one of their parents with minimal variation. In total,
we identified 91 unique alleles in child (HG005), 45 of which could be traced to the
father (HGO006), 45 traced to the mother (HG007), and a single allele containing very
few variant repeats anchored to 22p where inheritance could not be determined. We
speculate that the 92nd allele may have been missed either due to insufficient cover-
age from that particular allele, or that it may be highly similar to another allele such
that the reads were clustered together.

87 of the 90 inherited TVR regions appear to be virtually identical between par-
ent and child (Example shown in Fig. 5). In a previous study of telomeres in trios,
it was observed that the combined TVR + telomere regions in child alleles were
closer in sequence similarity to their father than their mother [24]. However, when
restricted solely to TVR regions we find no significant difference in the distances
between HG005 / HGO06 (average sequence similarity: 98.3%, std=1.8%) and HG005
/ HGOO07 (average sequence similarity: 98.0%, std=2.0%). We describe the three alleles
in HGOO5 that are were different than the corresponding allele in parent in the discus-
sion section.
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Fig. 5 TVR and telomere regions of chromosome 18q for HGOO5 (son), HGOO6 (father) and HGOO7 (mother).
Allele (1) is paternally inherited and allele (2) is maternally inherited

TVR region uniqueness enables ATL estimation

For each set of reads from the same allele, a TL distribution can be estimated by simply
reporting the length of the canonical repeats beyond the TVR boundary in each read.
From these distributions a 'representative’ length for the allele can be chosen, e.g. by tak-
ing the mean or a percentile.

While the usage of whole genome sequencing for estimating average TL has been
widely adopted and used in a large number of studies, the TL distributions for individ-
ual alleles are potentially more sensitive and could be affected by how the sample was
prepared for sequencing. For example, fragmenting DNA to achieve a targeted size may
introduce reads with incomplete telomere regions that have fewer canonical repeats
than the allele from which it originated. To address this, several telomere capture pro-
tocols have recently been developed for preparing DNA for long read sequencing while
ensuring that each molecule contains entire telomeres. An approach using ’telobaits’
[25] and PacBio sequencing has shown promise, however, the publicly available data
from these preparations show limitations: Most notably, the average read lengths are
comparatively short (5 — 8kb). Additionally, a majority of reads do not contain enough
subtelomere sequence to be confidently assigned a unique chromosome arm. Another
approach using ONT sequencing has recently been developed [38], but data generated
from this protocol is not yet publicly available.

So while the ATLs presented in this work are all derived from whole genome sequenc-
ing, and thus should be interpreted as estimates, Telogator2 is readily applicable to reads
sequenced following telomere capture using the methods listed above. As these experi-
mental procedures improve and become more broadly accessible, we anticipate that Tel-
ogator2 will be a valuable method for analyzing the resultant data.

ATLs in CHM13

Using the CHM13 telomere alleles identified earlier, we compared the ATL estimates
reported by Telogator2 to the telomere sizes derived from T2T reference genome anno-
tations. Because we are using the same whole genome long reads as were used in assem-
bling the reference, we expect the ATL distributions found at each arm to correlate
with the lengths of telomere regions in the final T2T reference assembly. We find that
the ATLs reported by Telogator2 (Fig. 6) correlate well with the reference annotations
(R = 0.87), with an average difference of 288bp (std = 224bp) across all alleles (Fig. 7).
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Fig. 6 Distribution of ATLs at each chromosome arm of CHM13. The distributions on the top and bottom
correspond to ATLs at the p and g arms for each chromosome, respectively
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Fig. 7 Correlation between CHM13 TVR + telomere lengths reported by Telogator2 (y axis) and the lengths
of telomere region annotations in the T2T reference assembly (x axis). The 90th-percentile ATL was chosen as
the representative length for each arm

Variance in ATL across sequencing technologies
To assess the variability of ATLs across different sequencing technologies, we ran Tel-
ogator2 on long reads from HG002 (DNA acquired from Coriell), sequenced on both
PacBio Revio and ONT PromethION 2 Solo platforms. The PacBio reads were combined
from multiple runs for a total coverage of ~ 75x. The ONT reads were from a single
run with a coverage of ~ 20x. In total we identified 90 unique alleles from the PacBio
reads and 84 unique alleles from the ONT reads. We attribute this difference to cover-
age depth. All 84 alleles found from the ONT data could also be found in the PacBio
data. For these 84 alleles we compared ATL distributions using multiple strategies for
selecting a representative ATLs (Additional file 1). These strategies were tested in order
to identify which method for selecting a representative ATL from a set of supporting
reads is the most consistent across runs that are expected to have the same ATLs. We
find that choosing the 75th percentile results in the highest correlation between HG002
ATLs between the PacBio and ONT datasets, with an average ATL difference of 588bp
(std = 618bp).

Additionally, we compared the ATLs reported by Telogator2 on the 45 pangenome
samples to average TL estimates produced by TelomereHunter [39] when applied to
short reads from the same samples. For each sample, ATLs derived from the long reads
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were averaged together and compared against TelomereHunter’s 'tel_content’ output,
yielding a correlation of R = 0.89 (Additional file 2).

Discussion

TVR region uniqueness

A vast majority of telomere alleles in the samples we have analyzed have unique TVR
regions that can be distinguished from each other. The non-unique TVRs fall into three

categories:

« False negatives: TVR regions that have unique patterns, but are comprised of very
few variant repeats such that they labeled by Telogator2 as ’blank’ These alleles are
instead clustered using their subtelomere sequences.

+ No variant repeats: Rare alleles where the canonical telomere repeats are directly
adjacent to subtelomeres with no TVR region in between. We observe these alleles
most frequently found on 22p and Xp.

+ Homozygous TVR regions: TVR regions are inherited, thus it is possible that an
individual could have two identical copies of a particular allele. E.g. If two parents are
closely related, the telomeres of their offspring at some chromosome arms may be
reported by Telogator2 as a single allele.

The default parameters in Telogator2 were tuned such that, in the presence of sequenc-
ing errors and other artifacts, that reads with the same TVR regions are clustered
together in a vast majority of cases. Intermediate output plots are produced at each clus-
tering step, so that individual thresholds can be adjusted by the user if necessary.

De novo TVR variation

A majority of the inherited TVR regions in the Han trio are extremely similar between
parent and child (average sequence similarity 98.2%, std=1.9%). However, three alleles
had notable differences which we speculate could be attributable to de novo variation
(Fig. 8):
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HG007_87 (1q)

-1000 ) 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000 11000 12000 13000 14000 15000
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Fig. 8 Inherited TVR + telomere regions in HGOO5 that have variation with respect to the corresponding
allele in parent
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+ HGOO05 1q: Deletion of the most distal block of CCCTAG repeats with respect to
maternal allele.

+ HGOO05 21q: Deletion of the most distal block of CCCCAA repeats with respect to
paternal allele.

+ HGOO05 22q: Deletion within most distal block of canonical repeats within the TVR
region, with respect to maternal allele.

All variation in these alleles involved deletions in the most distal portion of the
TVR region (that is, near the variant repeats closest to the chromosome end). This
is similar to observations made by Dubocanin et al. [40] that the most distal variant
repeats can be ’somatically restructured’ and replaced with canonical repeats, pos-
sibly due to successive telomere erosion and elongation. However, in HG005 22q we
observe that all blocks of variant repeats are intact and instead the most distal block
of canonical repeats within the TVR region is shorter. Both observations suggest that
the most distal positions of the TVR region are the most variable.

Factors affecting ATL estimation from long reads

It is known that as cell populations proliferate their TLs become increasingly hetero-
geneous. When analyzing reads from a bulk sequencing experiment of normal somatic
cells, the heterogeneity of TLs at a specific allele could represent different cells that have
undergone different numbers of divisions. Thus, for such samples the ATLs are expected
to have some variance attributable to this heterogeneity. Additionally, in a whole genome
sequencing experiment where DNA is subjected to random fragmentation, there will be
additional variance attributable to reads that only span a portion of a telomere.

Cultured cell populations may also have additional factors affecting ATL distribu-
tions. All samples analyzed in this work originate from immortalized lymphoblastoid
cell lines, the telomeres of which may not reflect the telomeres of the progenitor lym-
phocytes. We note that ATL distributions from these cell lines exhibit greater var-
iance as compared to blood samples, and can have unexpectedly long telomeres at
some alleles. For example, HG007 2p (Fig. 9) has reads with telomeres as long as 11kb,
far greater than the sample’s average ATL of 2.3kb and not expected for a healthy
individual that was 63 years old at the time of DNA acquisition.

Due to these factors, Telogator2 reports TL distributions for each allele. Users can
either use these distributions directly, or specify a method for choosing a representa-
tive TL for each allele, such as max, median, or percentiles. Telogator2’s default is to
report the 75th percentile ATL.

1000 2000 3000 4000 5000 6000 7000 8000 9000 10000 11000 12000 13000 14000 15000
distance from subtelomere/telomere boundary (bp)

Fig. 9 Reads from a 2p telomere allele from sample HGOO7, with reads (1) and (2) exhibiting abnormally long
TLs
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Potential clinical applications of ATL

Allele-level characterization of telomeres provides a foundation for future studies to
contrast samples with abnormal ATLs against baseline ATL distributions. For example,
in the context of telomere biology disorders it is largely unknown whether low aver-
age TL, shortening of a specific telomere, or shortening of a group of telomeres is the
most significant. A comprehensive characterization of ATL, beyond the limited number
of arms that are usually studied in detail, using long reads and Telogator2 may be able
to corroborate previous observations that the onset of cellular senescence is associated
with the shortening a subset of telomeres beyond a critical length [41]. Similar analyses
could be done in the context of cancer, where the eroded telomeres of individual arms
could be studied for their associations with genomic instability or dysregulated gene
expression.

Limitations

Coverage depth

To assess the impact of coverage depth on Telogator2’s ability to identify telomere
alleles, we selected 10 high coverage samples from the set of 45 human samples and con-
ducted downsampling experiments. A typical run on a PacBio Sequel Ile will yield 10x
whole genome coverage and ~ 500 anchored telomere reads. So we selected all samples
from the pangenome set that had at least 1500 anchored telomere reads (correspond-
ing to 30x whole genome coverage). We then generated reduced subsets of randomly
selected reads corresponding to 5x, 10x, 15x, 20x, 25x, and 30x coverage. Each of these
datasets was processed by Telogator2 with default parameters and a count of unique
alleles was obtained. This procedure was repeated 10 times for each sample, for a total of
10 x 10 x 6 = 600 experiments (Fig. 10). From this, we advise that a coverage depth of
30x is needed to have the best chance of identifying all alleles.

Subtelomere alignment uncertainty

Due to the high sequence similarity of subtelomeres, it is expected that some telomere-
spanning reads may be anchored to a subtelomere different from where they originated.
By enumerating the average number of alleles anchored to each chromosome arm
(Fig. 11), we observe that certain arms (most notably 3q, 16p, 19p and 21p) are assigned,
on average, more than two alleles, indicating that alleles from other arms are being
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Fig. 10 Average number of unique telomere alleles identified by Telogator2 when analyzing samples at
different downsampled coverage depths
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Fig. 11 The average number of unique TVR regions aligned to each chromosome arm across 45 human
samples. Shaded regions indicate the proportion of alleles that are multi-mapped and found at multiple arms

mapped there. Conversely, certain arms (such as 13p and 15p) are assigned less than two
alleles, indicating that their subtelomeres are being mapped elsewhere.

A majority of arms are consistently found to have two alleles and minimal multi-map-
ping, particularly 1q, 2p, 3p, 4p, 5p, 7q, 8q, 11q, 12q, 13q, 14q, 17p, 18p, 18q, 21q and
22q. The stability of these arms may make them good candidates for validating experi-
mental methods for characterizing individual telomeres. As additional high-quality
telomere-to-telomere reference assemblies become available we will add them to the
subtelomere reference set used by Telogator2, likely improving the uniformity of chro-

mosome arm assignments.

Sequencing errors in telomere regions

While the sequencing error rates of long read technologies are consistently improving,
with recent PacBio and ONT protocols achieving < 1% error on average, we find that
TVR and telomere regions generally exhibit higher error rates. In our analysis of PacBio
reads we found that small sequencing errors in telomere regions are manageable with
filtering and denoising strategies, but larger systematic artifacts may still pose challenges
(example shown in Additional file 3). We estimate that these larger artifacts affect ~ 5%
of telomere-spanning reads. Due to the low frequency of these artifacts they do not typi-
cally affect TVR consensus sequences. However, they could introduce a measurement
bias in alleles that only supported by a few reads.

In our analysis of existing ONT datasets (e.g. whole genome HG002 reads available on
SRA under project accession PRINA744329) we found that the rate of sequencing errors
in telomeres was prohibitively high, with systematic errors similar to those described by
Tan et al. [42], and we were unable to use this data for analyzing individual telomeres.
However, with recent updates to ONT basecalling software (github.com/nanoporetech/
dorado/), we found that the quality of telomere regions has dramatically improved and
that Telogator2 is readily applicable to recently sequenced data.

Samples with very long telomeres

In some use cases, a sample’s TLs may exceed the length of the reads, such as in the anal-
ysis of a cancer sample with elongated telomeres. Reads that are shorter than the length
of a telomere will be unable to span the entire telomere and also be anchored in enough
subtelomere sequence. While the 20 — 30kb read lengths produced by commonly used
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PacBio and ONT protocols are sufficient for many studies, even longer reads will be
needed to characterize samples with very long telomeres. For such studies, approaches
such as TCA [43] or STAR [44] may be more appropriate than long read sequencing.

Conclusions

We have demonstrated that Telogator2 can use long reads to provide a high-resolution
characterization of telomeres. Using their adjacent TVR regions, telomere reads are
clustered together into individual alleles from which allele-specific TL can then be esti-
mated. We anticipate that this high-resolution characterization will enable future studies
to further explore relationships between specific telomeres or sets of telomeres and their
potential roles in senescence and telomere-associated diseases.

Methods

Telomere repeat set

Telogator2 uses a curated set of telomere repeats for identifying TVR regions (Table 1).
These sequences were derived from analysis of PacBio HiFi long reads from multiple
publicly available human samples, starting with the Han Chinese trio (acquired from the
Sequence Read Archive under project accession PRJNA200694), which were chosen for
their high coverage. We began by querying the reads for the canonical TTAGGG repeat
and common variants such as TCAGGG (C-type), TGAGGG (G-type) and TTGGGG
(J-type). Collectively, these four repeats comprised ~ 90% of all read sequence beyond
the subtelomere boundary. The remaining regions that did not match any of these repeats

Table 1 Telomere repeats and their corresponding character mappings used by Telogator2. The
repeat symbols are drawn from the amino acid alphabet so that external methods for sequence
alignment can be used in subsequent steps

Sequence Symbol Plot color
Canonical TTAGGG C blue
C-type TCAGGG D red
G-type TGAGGG E yellow
J-type TTGGGG F green
CGAGGG G tan
CTAGGG H orange
Common CTGGGG \ purple
variations TAAGGG K cyan
TCCGGG L pink
TTCGGG M violet
CTAGG N darkorange
Rare TCGGG P darkviolet
variations TGGGGG Q lightgreen
TTAAGGG R darkcyan
TTAGAGGG S gold
TAGG ' T darkblue
Errors TTGG 2 V darkgreen
GGGGGG W gray

! Also includes TAGGG and TAGGGG
2 Also includes TGGG and TTGGG
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were manually examined, and additional variant repeats were added to the set as they were
found.

In the process of identifying variant repeats from this data, we observed an increased
frequency of sequencing errors in telomere regions compared to reads aligned elsewhere
in the genome. Specifically, we observed an increased frequency of insertion / deletion
sequencing errors in homopolymer sequences, which is known to be a common sequenc-
ing artifact in long reads [45]. The J-type TTGGGG repeats are particularly prone to this
error. To increase variant repeat matches in the presence of these errors additional patterns
were added to the set representing T-type and J-type repeats modified by insertions and
deletions.

Identifying telomere regions

Telomere regions of each read are queried for exact matches to sequences from the tel-
omere repeat set. Overlapping matches are prevented by searching for the longest repeats
before searching for shorter repeats, while disallowing matches to a repeat if a larger repeat
(that contains the smaller one) has already been found at that position. Partially overlap-
ping matches are trimmed such that each position in the read is matched to a single tel-
omere repeat from the variant repeat set. From these matches, each read is converted from
a nucleotide string of [A,C,G,T] characters to a new string with symbols indicating which
telomere variant repeat was found at that position (Fig. 12). The symbols corresponding to
each repeat are shown in Table 1. This approach is similar to the 'telomere variant repeat
codes’ used in visualizations by Baird et al. [13], and provides a representation of telomere
sequences that simplifies downstream analysis via reducing repetitive DNA elements to
contiguous blocks of identical symbols. To reduce the impact of sequencing errors lead-
ing to false positive matches, we prune singleton matches to canonical repeats modified by
homopolymer insertions / deletions (e.g. TTAGGGG, TTAGG). For example, if an isolated
TTAGGGG match is found, flanked on either side by normal canonical repeats, then it will
be discarded and treated as if it were canonical. This is based on the observation that most
sequencing errors in telomere regions are sparse and occur in isolation.

TVR region clustering

TVR regions of all reads are then compared pairwise. Similarity scores are computed via
pairwise alignment using Biopython [46] with a match score of +5 and mismatch / gap
penalties of -4. These pairwise similarity scores are then converted to pairwise distances in
the same manner as is done in progressive multiple sequence alignments [47]. Hierarchical
clustering is then applied to the pairwise distances, and reads are assigned a cluster by cut-
ting the resultant dendrogram (example shown in Fig. 13 (a)). Similar to previous Grigorev
et al. [24], we found that the Ward variance minimization algorithm best separated the tel-
omere alleles.

(@) TTAGGGTCAGGGTTGGCTAGGGCTAGGGTTAGGGTTAGGG

! 7 T T
(b) ccccccpDDDDDVVVV CecOeccaoees

Fig. 12 An example conversion from a nucleotide string a to a repeat symbol representation b
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(b) Allele 1: TVRg,: 1.4 kb
ATLpa: 8.9kb

Allele 2: TVR,,: 1.4 kb
ATL e 7.8 kb |
|

0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000 11000 12000 13000 14000 15000
distance from subtelomere/telomere boundary (bp)

Fig. 13 An example of TVR region clustering and boundary detection. (a) Hierarchical clustering of reads
based on TVR patterns. (b) Estimation of TVR region boundary and ATL

Cluster refinement

After forming initial clusters of reads, each cluster is processed individually in two
steps: First, the TVR regions of reads are compared pairwise in the same manner as
described above, but only to other reads in the same cluster, and using more aggres-
sive clustering thresholds. This is done to separate distinct alleles that may have been
clustered together in the first step, due their TVR regions sharing a common prefix or
otherwise being similar enough to be grouped together. Second, the subtelomere por-
tions of reads are compared to each other, again only to other reads in the same clus-
ter. This is done to separate alleles where the TVR regions are highly similar, but the
dissimilarity of the subtelomeres makes it clear that the supporting reads originate
from a different allele. Overall, it is rare for clusters of reads to have highly similar tel-
omeres and divergent subtelomeres, and we observed that this step only affects one or
two clusters per sample, on average.

Consensus TVR sequences and ATL distributions
For each refined cluster, a consensus TVR sequence is obtained via multiple sequence
alignment of its constituent reads using Muscle [48]. Muscle is run with a custom
scoring matrix (Additional file 4) specifying the same match / mismatch penalties as
were used for the pairwise alignments, with the exception that the matching score of
canonical repeats is reduced to 0. This scoring matrix is designed to produce mul-
tiple alignments that prioritize matching variant repeats and reduce the reward for
aligning canonical repeats in between the blocks of variant repeats. In our experience
this produces consensus sequences that more closely resemble the variant repeat pat-
terns in the individual reads. Additionally, this consensus process further mitigates
the effect of sequencing errors in individual reads on the reported TVR sequences.
The TVR boundary for each allele is then determined from its consensus sequence.
We define the boundary to be the position of the most distal variant repeat. In prac-
tice, we choose the TVR boundary to be the position at which 95% of cumulative
variant repeats have been observed (example shown in Fig. 13 (b)), due to sporadic
variant repeats further into the telomere that are likely attributable to sequencing

errors.



Stephens and Kocher BMC Bioinformatics (2024) 25:194 Page 16 of 19

ATL distributions are reported for each cluster based on how far each supporting read
extends beyond the TVR boundary. A representative’ ATL for each cluster can be cho-
sen via a user-specified method, either the mean, median, max, or a percentile of an ATL
distribution (default: mean).

Subtelomere anchoring

In order to assign each cluster a chromosome arm, the subtelomere portion of all sup-
porting reads for all clusters are extracted and aligned to a collection of curated sub-
telomere reference sequences. By default, minimap2 [49] is used for read alignment,
but winnowmap [50] or pbmm?2 (https://github.com/PacificBiosciences/pbmm?2) can
be used instead via input options. The curated subtelomere reference contains the most
distal 500kb of each chromosome arm of contigs from three recently released T2T refer-
ences [29-31], and is extensible to include the subtelomeres of additional references as
they become available.

In most cases, all subtelomere sections of reads from the same cluster will align to
the same subtelomere reference sequence, making chromosome arm assignment
straightforward. However, in approximately 5-10% of clusters, subtelomere reads will
be mapped to multiple subtelomeres. In these cases, chromosome arm assignment will
be ambiguous, and all candidate arms will be included in the final output. By default
Telogator2 requires reads have at least 1kb of subtelomere sequence in order to be
aligned. Long reads from whole genome sequencing will nearly always have sufficient
subtelomere sequence, but this may not be the case for reads sequenced using telomere-
capture strategies.

After chromosome arms have been assigned to each cluster, the TVR consensuses and
ATL distributions are written to an output report, along with plots showing TVR and
telomere regions colorized based on their composition of variant repeats.

Sequencing data

Whole genome PacBio HiFi long reads for the CHM13 human haploid cell line
were downloaded from the Sequence Read Archive (SRA) under project accession
PRJNA530776. Whole genome HiFi reads for the Han Chinese trio (HG005, HG006,
HGO007) were downloaded from SRA under project accession PRINA200694. Whole
genome HiFi reads for 46 human samples (sequenced as part of the Human Pangenome
Project) were downloaded from SRA under project accession PRINA701308. Corre-
sponding short read data for these 46 samples was downloaded from SRA at ftp.sra.ebi.
ac.uk/voll/run/ERR398/ in the form of BAM files (reads aligned to GRChg38). Telomere
reads from HGO002 are included in the Telogator2 repository. A full list of samples and
their coverage is provided in Additional file 5.

Supplementary Information
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Additional file 1: Correlation of ATLs computed from PacBio and ONT datasets for HG002, using different methods
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Additional file 2: Correlation of average ATL computed by Telogator2 from long reads vs. average TL computed by
TelomereHunter from short reads.
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Additional file 3: An example systematic sequencing artifact affecting telomere regions.
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