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¢ Telomerase, telomeric DNA and associated proteins together represent a complex, finely
tuned and functionally conserved mechanism that ensures genome integrity by protecting
and maintaining chromosome ends. Changes in its components can threaten an organism's
viability. Nevertheless, molecular innovation in telomere maintenance has occurred multiple
times during eukaryote evolution, giving rise to species/taxa with unusual telomeric DNA
sequences, telomerase components or telomerase-independent telomere maintenance. The
central component of telomere maintenance machinery is telomerase RNA (TR) as it tem-
plates telomere DNA synthesis, its mutation can change telomere DNA and disrupt its recog-
nition by telomere proteins, thereby leading to collapse of their end-protective and
telomerase recruitment functions.

¢ Using a combination of bioinformatic and experimental approaches, we examine a plausible
scenario of evolutionary changes in TR underlying telomere transitions.

¢ We identified plants harbouring multiple TR paralogs whose template regions could support
the synthesis of diverse telomeres. In our hypothesis, formation of unusual telomeres is asso-
ciated with the occurrence of TR paralogs that can accumulate mutations, and through their
functional redundancy, allow for the adaptive evolution of the other telomere components.

e Experimental analyses of telomeres in the examined plants demonstrate evolutionary
telomere transitions corresponding to TR paralogs with diverse template regions.
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Introduction

Telomere DNA in plants is typically formed by (TTTAGGG/
CCCTAAA), stretches of DNA of variable length, which are
maintained by a specialized ribonucleoprotein enzyme — the
telomerase. This holoenzyme is composed of at least two essen-
tial parts, the telomerase RNA (TR) harbouring a C-rich
template region that dictates the synthesis of the G-rich telo-
mere DNA sequence by the second part, the telomerase reverse
transcriptase (TERT) protein. In this way, the telomerase
counteracts replicative telomere shortening (reviewed in Black-
burn, 1991; Schrumpfova & Fajkus, 2020). Although the
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TTTAGGG repeat seems to be ancestral for land plants and is
highly conserved throughout their evolution, individual excep-
tions have been identified with different telomere motifs, which
are scattered across the land plant phylogeny. These include spe-
cies from orders of Asparagales (motifs TTAGGG since the
divergence of Iridaceae (Sykorova e al, 2003) and CTCGGT
TATGGG in Allium (Fajkus et al, 2016)), Solanales
(TTTTTTAGGG — in Cestrum (Peska et al, 2015)), Lamiales
(T,3CAGG — in Genlisea hispidula (Tran et al, 2015)) and
Alismatales (TTAGGG — in Zostera marina (Peska et al,
2020)). Recent characterization of TR genes in plants (Fajkus
et al., 2019), extended to other early diverged groups from the
Diaphoretickes (Fajkus ez al, 2021) or the Animalia order
Hymenoptera (Insecta; Fajkus ez al, 2023) aided in explaining
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molecular principle of changes in telomere DNA sequence, as
the consequence of corresponding mutations in the template
region of their telomerase RNAs.

Due to the interplay among telomere DNA, telomere binding
proteins, telomerase and other accessory factors, that together
ensure genome integrity, modification in any of the individual
players can completely alter genome stability and potentially
threaten the organism’s survival. The evolutionary arms race
between repetitive DNA and essential chromatin proteins is not
unique to telomeres. For example, a recent study described the
mechanism responsible for cross-species incompatibility in Droso-
phila where an abundant satellite DNA and its associated protein
must co-evolve to preserve germline genome integrity (Brand &
Levine, 2022).

Prevention of deleterious complications in telomere functions
constraints telomere diversity. This leads to conservation of telo-
mere sequence and maintenance. Emerging variants in the
telomere maintenance machinery (including switches to
telomerase-independent telomere maintenance, adaptive evolu-
tion of telomere binding proteins or acquisition of novel telomere
binding proteins) remain as long as they are functional, while
those that introduce deleterious complications do not persist
(reviewed in Fajkus ez al., 2005; Louis & Vershinin, 2005; Podle-
vsky & Chen, 2016; Cervenak ez al., 2021). The most prominent
substrate for telomere evolution is the TR, as a key eukaryotic
noncoding RNA (ncRNA). On the one hand, TR has a very con-
served function; on the other hand, it displays extreme divergence
in sequence, structure and biogenesis pathways (reviewed in
Podlevsky & Chen, 2016).

In this paper, we aim to find out which major events pre-
cede one of the most dramatic changes — the substitution of
residues in the TR template. This affects all other key players
in telomere maintenance. It results in a change in telomere
DNA sequence and thus prompts the need for adaptation of
telomere binding proteins to compensate for changes in their
binding affinity and dynamics in

chromosome-end protective and telomerase recruitment func-

order to maintain
tions. During previous work on plant TR characterization (Faj-
kus et al., 2019), we noticed that TR genes frequently occur as
multiple paralogs. Compared with single-copy genes, redun-
dant paralogs and in particular rapidly evolving ncRNA, such
as the TR, are prone to accumulate mutations. In this study,
we exploited ¢. 1100 available Tracheophyta genome assem-
blies (at NCBI) to characterize their TR genes and the variabil-
ity of telomere repeats. This allowed us to elucidate a
previously hidden ongoing interference between TR paralogs.
We hypothesize that such interference of multiple TR copies is
an undesirable evolutionary situation for the organism’s fitness,
which can be further solved by natural selection (e.g. gene con-
version leading to repair of a damaged TR copy, or pseudo-
genization leading to its elimination). The coexistence of
multiple TR copies may not always proceed in favour of the
organism’s fitness (e.g. when genetic drive overcomes natural
selection) and may result in the replacement of the ancestral
telomere DNA sequence by another one. The different scenar-
ios regarding the possible fate of TR genes after duplication
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and their consequences are illustrated in Fig. 1. Using a com-
bination of advanced techniques (Benson, 1999; Nawrocki &
Eddy, 2013; Peska ez al, 2017) to identify TR-like genes
across plant genomes and to predict candidate telomere
sequences from raw genomic data, we provide comprehensive
data about telomerase RNA and telomere sequence evolution
in vascular plants. Moreover, our predictions from genomic
data are confirmed in selected examples using a set of experi-
mental techniques, for example Bal31 sensitivity of terminal
restriction fragments (BAL31-TRF; BAL31-NGS), fluorescence
in situ hybridization (FISH), Telomere repeat amplification
protocol (TRAP), RNA-Seq and RT-qPCR for specific TR
paralog transcripts. In combination with an analysis of the evo-
lutionary origin of duplicated TR genes, we demonstrate a
plausible scenario of telomere transitions that have been
described previously and also newly in this study. In summary,
we propose a model explaining why a certain degree of telo-
mere sequence variation is found in plants.

Materials and Methods

The workflow to characterize species in which unusual telomeres
evolved has two major parts (Fig. 2). The first part represents data
mining of genome assemblies and other genomic and transcrip-
tomic data to extract information about TR subunits, their tem-
plate regions and abundant tandem repeats. Combining this with
information about putative telomere repeat motifs allows fast
screening of genomes to predict those that have undergone telo-
mere sequence change or have been dealing with it. The second
part employs traditional wet-lab methods (FISH, BAL31-TREF,
TRAP and sequencing of its products) to validate predictions.
We used selected examples from families Lamiaceae, Papavera-
ceae, Poaceae, Polygonaceae, Ranunculaceae and Solanaceae with
available plant material. In addition, mutual syntenic relation-
ships of TRs were analysed among representatives from the
family Brassicaceae, as they included many well-assembled and
annotated genomes across their phylogeny. To trace the conse-
quences of the coexistence of more TR variants with different
templates, transcriptional contribution of TR paralogs was evalu-
ated in Fagopyrum esculentum and F. tataricum (Polygonaceae) by

RT-qPCR.

Plant material and preparation of DNA and RNA

A detailed overview of selected species from Lamiaceae (Ery-
tranthe guttata (DC.) G.L. Nesom), Papaveraceae (Papaver som-
niferum L.), Poaceae (Festuca pratensis Huds.), Polygonaceae
(Fagopyrum  esculentum Moench, Fagopyrum tataricum (L.)
Gaertn.), Ranunculaceae (Aconitum napellus L., Delphinium con-
solida L., Delphinium cultorum Voss., Delphinium staphisagria L.,
Ranunculus acris L., Ranunculus repens L.) and Solanaceae (Atropa
belladonna L., Capsicum annuum L., Capsicum chinense Jacq.,
Hyoscyamus niger L., Jaltomata sinuosa (Miers.) Mione, Physalias-
trum chamaesarachoides (Makino) Makino, Salpiglossis sinuate
(Ruiz&Pav.), Salpichroa organifolia (Lam.) Baill., Solanum melon-
gena L., Vestia foetida (Ruiz&Pav.) Hoffmanns.) is provided in

© 2023 The Authors

New Phytologist © 2023 New Phytologist Foundation

85U8017 SUOWWIOD BAIIER.D 3(edl|dde ay) Aq peuIenob afe sapiie YO 9sn o Sa|ni o} Akeid18UIIUO AB|IM UO (SUORIPUOD-PUR-SLLIBI WO A8 |1 Afe.d | [Bul [UO//:SANL) SUORIPUOD Pue SIS L 8y 88S *[7202/T0/2T] Uo Ariqiauliuo Aeim ‘Asealn sAese N - syoezd Ag OTT6T Udu/TTTT 0T/I0pwW00 A8 1M Akeiq pul|uoyduy/sdiy wo. pepeojumod ‘9 ‘€202 ‘LET869%T



New

Phytologist ,

1. Single-copy TR

Corresponding
& telomere DNA repeats

K.

Local duplications: \
-Duplicated segments lack synteny

2. Freshly duplicated TR

Tandem Interspersed

\

\
TR —. —  ———— R
— e — @ ® —smmmn—
Template No negative effect on Example mechanisms:

telomere maintenance

Cr - Retrotransposition (RNA intermediate)
r.
- Transduplication (DNA intermediate)
: - Erroneous DNA repair
3. Template mutation , ‘ Functionality of both WT o
and mutated (potentially -Replication slippage
u hamtu)) TRcopiss - Unequal crossover
e o = Large-scale duplications:

Loss of _ -Duplicated segments preserve
viability Mixed synteny

telomere motifs

Inherent tolerance el e o

Genetic drift IS

to novel telomere Flexibility of telomere proteins T é

motifs g g

= xe}

: R

UL
4. TRcopy _ . g S RS —
elimination/ — @/ — —E —

pseudogenization

Examples:

Q9

Most plants Eggplant  Buckwheat Poppy Garlic ... Vestia Capsicum ...

Fig. 1 Possible course of telomere DNA sequence changes. Two pathways are considered, either a mutation of the template region of a single-copy
telomerase RNA (TR) gene (indicated with grey arrows) or such mutation after the previous TR duplication (indicated with blue arrows). While the first way
(grey arrows) seems to be more straightforward, it does not allow for plant adaptation to a novel telomere sequence. This way might be evolutionary
successful only in cases of specific template/telomere changes on which telomere and telomerase components are preadapted (e.g. recognition of the novel
motif by telomere proteins is preserved). Frequent presence of multiple TR paralogs rather supports prevalence of the latter scenario (blue arrows)
employing TR duplication (examples of possible duplication mechanisms are depicted on the right). Relaxed selection pressure on TR in more copies
(compared with the single-copy gene) results in frequent mutability of redundant copies. This way provides adaptation window starting with presence

of more TR copies coding for ancestral and mutated telomere motif (i.e. species with mixed telomeres). While natural selection tends to eliminate/
pseudogenize potentially harmful TR copies, genetic drift can act in the opposite direction, leading to elimination of ancestral TR and expansion of mutated
copy (tolerated from the time when mutated and ancestral telomeres have been mixed). This cycle can repeat with each TR duplication and subsequent
template mutation. Example outcomes of this process in specific plant species are shown at the bottom of the figure.

Supporting Information Methods S1. Methods used for nucleic
acid preparations are described in Methods S2 (i.e. isolation of
DNA, RNA and high-molecular-weight DNA, preparation of  Fluorescence in situ hybridization (FISH) was performed according
nuclei, DNA fibres and chromosome spreads for FISH and pre-  to Goffova ez al. (2019). Preparations of interphase nuclei, chromo-
paration of RNA-Seq and DNA-Seq libraries). some spreads and chromosome fibres are described in Methods S2.

Fluorescence in situ hybridization and microscopy

© 2023 The Authors New Phytologist (2023) 239: 2353-2366
New Phytologist © 2023 New Phytologist Foundation www.newphytologist.com

Segmental
@ cation
85U8017 SUOWWIOD BAIIER.D 3(edl|dde ) Aq peuIenob afe sapiie YO 8sn Jo $a|nJ Joj Akeiq8UIIUO AB|IM UO (SUORIPUOD-PUR-SLLIBI WD A8 | 1M ARe.d 1 jBul [UO//SdNL) SUOIPUOD Pue SIS L 8Ly 88S *[7202/T0/2T] Uo Ariqiauliuo Aeim ‘Aseaun sAese N - syoezd Aq OTT6T Udu/TTTT 0T/I0p/wo0 Ao 1M ARelq pul|uoydu//sdiy Wwo.j pepeojumod ‘9 ‘¢



235¢ fedh

Genome assemblies

@ Raw whole-genome data

\\, Tandem repeats

Infernal search ,,' finder (TRFi)
Identification of @ Identification of abundant
TR-like genes tandem repeats
(i.e. telomere candidates)
_UEE_ _Tem_plate
TATA ™ WGS dataset Read

Motif Motif RC counts
CCTGAAA GGTTTCA 1085
GAAACCC GGTTTCG 897
AACCCG CGGGTT 154
CCTCAT GATGAG 141

TR sequece analyses

°| - Length (indels)?
-| - Promoter presence?
- Template region?

Prediction of species with
unusual telomeres

For
example: Template
5’ -t tGAAACCCGAAACgC 3’
RN
3’- CTTTGGG...- 57
Telomere motif?
Origin of TR paralogs? (® Experimental validation

) TN —

- TRAP assay and product
sequencing

- FISH

- BAL31-TRF analysis

- -
- (Micro-)synteny relationships (CoGe)
- Expression of TR paralogs (RTgPCR)

Fig. 2 Survey of species potentially harbouring noncanonical telomeres. The
workflow combines obtaining information about telomerase RNA (TR)
subunits and particular template regions (yellow pathway) with assessment
of the abundance of tandem repeat motifs (green pathway). Examples of
predicted species with unusual telomeres then undergo experimental
validation (in grey). Origin of TR paralogs and their functionality is examined
(bottom left). BAL31-TRF, terminal restriction fragments analysis after BAL31
digestion; CoGe, comparative genomics; FISH, fluorescence in situ hybridiza-
tion; RTGPCR, reverse transcription quantitative real time polymerase chain
reaction; TATA, TATA box of the promoter; TRAP, telomere repeat amplifi-
cation protocol; USE, upstream sequence element of the type 3 promoter;
WGS, whole genome sequencing.

Briefly, microscopic slides were rehydrated in 2x SSC and incubated
with RNAse A. After a rinse in 2x SSC, slides were dehydrated in
ethanol series. After air-drying, samples were hybridized with custom-
locked nucleic acid (LNA) probes (see Methods S3) overnight at
37°C. For indirect detection, slides were blocked in 5% BSA in 2x
SSC and then incubated with Alexa Fluor-488 conjugated streptavi-
din (#S11223; Thermo Fisher Scientific, Waltham, MA, USA). Sam-
ples were mounted in Vectashield (#H-1000-10; Vector laboratories
(Burlingame, CA, USA) + DAPI (#D1306, Invitrogen)) and imaged
on a Zeiss Axiolmager Z2 (for details see Methods S3). The images
(3D-stacks) were processed by a deconvolution algorithm in the Zex
BLack software (v.3.0; Zeiss microscopy), telomere spot detection
and visualization were performed in Fyi (Schindelin ez 4/, 2012) and
ImaARIS (v.10.0.0; Oxford Instruments, Oxfordshire, UK).

Analysis of terminal restriction fragments (TRF) and their
sensitivity to BAL31 (BAL31-TRF)

To investigate the position of putative telomeric sequences,
BAL31 nuclease digestion was performed according to Fojtova
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et al. (2015). Agarose blocks were equilibrated in BAL31 nuclease
buffer and DNA was digested with BAL31 nuclease (New Eng-
land Biolabs, Ipswich, MA, USA). Reactions were stopped by
addition of an equal volume of 50 mM EGTA and BAL 31
nuclease was heat-inactivated at 60°C for 30 min. DNA in agar-
ose blocks (A. napellus, D. consolida, P. somniferum, R. repens and
R. acris) or in solution (F. tataricum) was digested by Msel restric-
tion enzyme (New England Biolabs). Samples were separated in
Pulsed-Field Gel Electrophoresis (PFGE; CHEF Mapper instru-
ment; Bio-Rad) according to Fojtovd er al. (2015). MidRange
PFG Marker (New England Biolabs) and Gene ruler 1 kb DNA
Ladder (Thermo Fisher Scientific) were used as markers. PFGE
gel was stained with EtBr, visualized in UV light and then
alkali-blotted and hybridized with [**P]-labelled probes. The
telomere-specific probes were generated by nontemplate PCR
using oligonucleotide primers (Methods S4; Ijdo er al, 1991;
Adamusova et al., 2020). The nonspecifically bound probes were
washed away, and hybridization signals were visualized using
Typhoon FLA-7000 imaging system (Fujifilm, Minato, Japan).
For detailed protocol, see Methods S4.

Telomere repeat amplification protocol (TRAP) and
sequencing of products

Protein extracts were prepared from root tips of 7-14d old seed-
lings of F. esculentum, F. tataricum and P. somniferum, root tips of
mature plants of D. consolida according to (Fitzgerald ez al., 1996;
Sykorova ez al., 2003). The protein concentration in extracts was
determined according to Bradford (1976). Telomerase activity of
prepared extracts was assayed under optimized conditions for 2.
somniferum (Fitzgerald er al., 1996) or by modified TRAP protocol
with Hot Start 72g DNA polymerase (New England Biolabs) for
E. esculentum, F. tataricum and D. consolida. Primer combinations
for TRAP designed to respective putative telomere repeats in plants
were tested (Methods S5). Products of TRAP reactions were sepa-
rated on a 12.5% polyacrylamide gel. Gel was stained with
GelStar™ Nucleic acid gel stain (LONZA, Basel, Switzerland), and
signals were visualized using Fusion EX (Vilber Lourmat, Col-
légien, France). TRAP products were purified by SPRIselect beads
(Beckman Coulter, Brea, CA, USA). Purified TRAP products were
cloned (TOPO TA Cloning® kit; Invitrogen) and sequenced. For
detailed protocol, see Methods S5.

Transcriptional contribution of TR paralogs in Fagopyrum

Total RNAs (purified and quality checked as described in Meth-
ods S2¢) of F. esculentum and F. tataricum were reverse tran-
scribed to ¢cDNA by M-MulV reverse transcriptase (New
England Biolabs). One pl of ¢cDNA in mixture was used in
qPCR. Reactions were performed in technical triplicates using
FastStart SYBR Green Master (Roche, Basel, Switzerland) in
cycler (Rotor-Gene 6000; Qiagen, Venlo, the Netherlands) and
analysed by software (ROTOR-GENE Q Series Software, v.2.2.2).
Efficiency of qPCR reactions with specific primer combinations
(see Methods S6) was determined from calibration curves
(Fig. S5) of reactions run on serial dilution of respective PCR
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products obtained from genomic DNA. The CT values (i.e. the
value of a ‘threshold cycle’, when qPCR curve intersects a thresh-
old line) for respective reactions were transformed according to
reaction efficiencies and normalized to ‘FeVarl’ in F. esculentum
and ‘FtVarl’ in F. tataricum samples.

Identification of abundant tandem repeats in genomic data

Search for abundant tandem repeats to support functionality of
particular motifs at telomeres was done similarly as in previous
studies (e.g. Fajkus ez al, 2016, 2023; Peska er al., 2020, 2021)
by using the Tandem Repeats Finder (TRFI) tool (Benson, 1999)
with custom-made scripts (Peska ez al., 2017). The analysed raw
whole-genome sequencing data were sampled preferably from
sequencing by Illumina platform and from one dataset per species
with available genome assembly from the Sequence Read Archive
(SRA). These datasets were supplemented with newly prepared
genome datasets from D. cultorum, D. staphisagria, D. consolida,
S. sinuata and four datasets from F. tataricum and V. foetida cor-
responding to genome sequencing of BAL31 treated and
untreated high-molecular-weight DNAs and analysed (Peska
et al., 2017). Dataset accession numbers and the corresponding
taxonomically sorted results are described in Table S2.

Identification of TR sequences

TRs were identified using our previously published covariance
model for land plant TRs (Fajkus ez 4/., 2021) with the sequence-
structure  homology search tool Infernal (Nawrocki &
Eddy, 2013). Genome assemblies subjected as the target database
for TR homology search were obtained from the NCBI database
using the Entrez (NCBI) tool (Gibney & Baxevanis, 2011) and
the wget BASH utility. The cmsearch utility of Infernal was then
used to perform searches in the target database of representative
genome assemblies from “Tracheophyta’. Standard parameters
were applied to the Infernal tool. Significant Infernal hits were
extended with 200 nucleotides of genomic context (using
BLASTCMD tool; Camacho et al,, 2009) to assess the presence of
the type 3 snRNA promoter. Results were sorted according to hit
significance and taxonomy and processed to tabular output by
using the TIDYVERSE package (Wickham ez al, 2019). TR
sequences identified in genome assemblies were supplemented
with TRs identified in total RNA-Seq data from F. esculentum, F.
tataricum, R. acris, S. sinuata and, V. foetida assembled by TRrI-
NITY tool (Grabherr er al, 2011) as described in Fajkus
et al. (2021) and raw genomic DNA-Seq data from Atropa bella-
donna and Warburgia ugandensis.

Analysis of syntenic relationships among TR loci using the
CoGe platform

Comparative analysis of gene collinearity between genomic
regions containing TR genes and pseudogenes was performed by
using the CoGE platform (Lyons & Freeling, 2008). Selected
diploid Brassicales species with available annotated genomes at

CoGE were subjected to this analysis (listed in Table S3). TR loci
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were identified in selected CoGe genomes by using COGEBLAST
(Lyons ez al., 2008). The closest genomic feature (gene/exon) of
each particular TR hit was used as a query to identify colinear
regions in a selected set of genomes by using SYNFIND (algorithm:
Last; gene window size =40; Min. no. of genes: 4; scoring: ‘colli-
near’; Tang ez al., 2015). Identified colinear regions between spe-
cies and within species (in the case of more TR paralogs) were
checked for presence of TR gene and sent to GEvo (Lyons
et al., 2008) for their visualization. All links to regenerate particu-
lar SYNFIND/GEvO analyses are provided in Table S3.

Results

Computational identification of TR genes and telomere
motifs across land plants

The first step in understanding the evolution of TRs and telo-
mere motifs across plants is the characterization of TR-like
sequences and telomere repeats in genome assemblies. Using the
Infernal tool with optimized covariance models for land plant tel-
omerase RNAs (Fajkus ez al., 2021), 4829 hits were obtained of
which 2219 corresponded to genuine TR sequences in 986 repre-
sentative genomes (at NCBI). TR sequences were taxonomically
ordered, filtered according to their hit significance (e-value) and
extended with 200 nt of adjacent genomic sequence for further
promoter analyses (summarized in Table S1). These data were
supplemented with TRs identified in RNA-Seq and DNA-Seq
data in species lacking genome assembly (e.g. Delphinium,
Ranunculus and Vestia). Summary quantification of the TR
search, presented in Fig. 3, indicates the frequent presence of
more than one TR variant per genome. In parallel, whole-
genome data (our own newly generated data together with data
available in the Sequence Read Archive (SRA) at NCBI) from
species selected across land plants were analysed by optimized
TREFi to identify and quantify the genome proportion of tandem
repeats. As we have previously shown, telomere repeats usually
belong among the most highly abundant tandem repeats. The
results for each analysed species are taxonomically ordered and
presented in Table S2.

Selection of plant species indicating presence of an unusual
telomere sequence and validation

As the aim of this study is to elucidate the evolutionary mechan-
isms leading to telomere sequence transitions, species, where such
evolutionary changes had occurred or are currently in progress,
were identified and examined first. The knowledge of TR, specifi-
cally of its template region, in combination with information
about abundant tandem repeats in the respective genome, enables
straightforward identification of the telomere sequence in such
species (Fig. 2). Besides previously reported examples of unusual
telomeres, we present additional species in Table 1, selected from
across all the analysed genomes (Tables S1, S2), including impor-
tant plant crops, carrying noncanonical telomeric repeats. Species
potentially harbouring unusual telomere repeats (Table 1) are
scattered throughout the land plant phylogeny and include early
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Fig. 3 Quantification of 2219 telomerase RNA (TR)-like sequences identi-
fied in 986 representative Tracheophyta (vascular plants) genomes (at
NCBI, National Center for Biotechnology Information). Numbers after taxa
names indicate numbers of corresponding representative species/gen-
omes. The percentage shows the relative number of genomes with a
single-copy TR (in red) or 2, 3, 4 and 5 and more TR copies (in shades of
blue).

diverged angiosperms as well as monocot and eudicot clades in
which species with noncanonical telomeres have been described
previously or newly in this work (in bold letters). In representa-
tives of Poales (Festuca, Lolium, Zea), TR template regions as well
as high abundances of TTAGGG and TTTAGGG tandems in
their genomic data (Tables S1, S2) suggested the presence of
mixed telomeres in these species. However, FISH experiments in
Festuca revealed terminal localization of only the plant canonical
variant TTTAGGG, while the alternative TTAGGG variant was
found in interstitial regions of some chromosomes (Fig. 4). This
underlines a need for experimental validation of predicted species
with noncanonical telomeres based on the above-mentioned clues
(TR template + abundant tandem repeats).

Experimental validation in a subset of species

Selected species (overviewed in Methods S1) were experimentally
investigated to test our predictions. We employed: Fluorescence

New Phytologist (2023) 239: 2353-2366
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in situ hybridization (FISH); Analysis of Terminal Restriction
Fragments (TRF), including examination of their sensitivity to
BAL31 nuclease; and Telomere Repeat Amplification Protocol
(TRAP) with subsequent sequencing of in vitro synthesized telo-
merase products and quantitative real-time PCR analysis (RT-
qPCR) of transcripts of TR variants.

FISH signals with candidate telomere probes Using custom,
high-affinity probes for candidate telomeric sequences (Methods S3),
the expected punctate pattern of telomere motifs in Caryophyllales
was detected (Fig. 4a). F. tataricum shows the co-occurrence of
two distinct telomeric motifs, TTTCGG and TTTCAGG, while
F. esculentum displays only the TTTCGGG motif. The canonical
motif is absent in both species (Figs 4a, S1). The TTTCGGG
motif was present also in E. guttata from the order Lamiales
(Fig. 4b). In Ranunculales, TTTCGGG (D. consolida and
A. napelus) and TTCAGGG motifs (P. somniferum) were con-
firmed (Fig. 4d). In Solanales, Solanum melongena and Salpiglossis
sinuata showed signals of the TTCAGGG motif only, indicating
the loss of the ancestral TTTAGGG telomere in these species
(Fig. 4e). Other Solanales species with more functional TR copies
whose templates encode variant telomere motifs showed variability
in telomeric signals. Different patterns were found in species pos-
sessing two distinct motifs, that is TTTTTTAGGG and
TTTTTTCGGG in V. foetida or TTTAGGG and TTCAGGG
in other species (Figs 4e,f, S1). Whereas almost complete colocali-
zation of the signals was observed in C. chinense and P. chamaesara-
choides, preferential signal localization of individual motifs at
distinct telomeres was observed in C. annuum, J. sinuosa, A. bella-
donna and V. foetida. To gain a better view of the mutual distribu-
tion of TTTAGGG and TTCAGGG motifs, we performed 3D
imaging followed by deconvolution, showing partial colocalization
in C. annuum, J. sinuosa and P. chamaesarachoides (Figs 4e, S2).
For all selected species with a telomere motif different from the
canonical one, dual FISH labelling was used to confirm whether
the TTTAGGG motif is absent (Fig. S1). Clear extended signals
of the TTCAGGG probe were found on DNA fibres prepared
from S. melongena (Fig. S1). This is in agreement with the probe
detection on isolated nuclei (Fig. 4e). In contrast to Solanales,
where FISH results confirmed the presumed coexistence of differ-
ent motifs in a single species, FISH signals confirmed the telomere
location of TTTAGGG, while TTAGGG was observed in intersti-
tial regions in F. pratensis (Figs 4c, S1).

Sensitivity of TRF signals and telomere read counts to BAL31
nuclease digestion Terminal localization of the predicted telo-
mere repeats was probed by two strategies employing treatment
of high-molecular-weight genomic DNA by BAL31 nuclease.
Terminal Restriction Fragments, generated with Mse/ endonu-
clease digestion and separated by PFGE, indicate progressive
shortening and loss of signal intensity with increasing time of
BAL31 treatment (Fig. 5b). TRF shortening was evaluated with
the WALTER tool (Lycka ez al, 2021; Fig. S3). An alternative
approach using sequencing of whole-genome datasets from high-
molecular-weight DNAs treated and untreated with BAL31
nuclease (BAL31-NGS; Peska ¢t al., 2017) confirmed depletion
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Table 1 Overview of newly predicted and previously published species with unusual telomere sequence motifs.

Species name (experimentally tested in this TR-like Telomere expected (TRFi & Template) or
Order work in bold) genes TR templates (5'-3') (published)
Alismatales Zostera marina 2 CTAACCCTAA TTAGGG (Peska et al., 2020)
Asparagales Allium cepa 2 AACCGAGCCCATAACCGA CTCGGTTATGGG (Fajkus et al., 2016)
Allium sativum 4 AACCGAGCCCATAACCG CTCGGTTATGGG (Fajkus et al., 2016)
Asparagus kiusianus 3 ACCCTAACCC TTAGGG (Sykorova et al., 2003)
Asparagus officinalis 4 ACCCTAACCC TTAGGG (Sykorova et al., 2003)
Asparagus setaceus 5 ACCCTAACCC TTAGGG (Sykorova et al., 2003)
Hemerocallis citrina 1 CCTAACCCTA TTAGGG (Sykorova et al., 2003)
Vanilla planifolia 1 ATCCCTAATCC ATTAGGG
Canellales Warburgia ugandensis nd CCCTGAACCCTAACCCT TTAGGG
TTCAGGG
Caryophyllales  Fagopyrum esculentum 4 AAAACCCGAACCC T(2-4)CGGG
AACCCGAAACC
AAACCCGAACCC
Fagopyrum tataricum 6 TGAACCTGAAC T(2-3)CAGG
AACCGAACCGAAC T(2-3)CGG
Fabales Quillaja saponaria 1 CCTAACCCTAACC TTAGGG
Lamiales Erythranthe guttata 1 AACCCGAAACC TTTCGGG
Genlisea hispidula nd GAACCTGAACC T(2-3)CAGG (Tran et al., 2015)
Malpighiales  Euphorbia escula 5 ACCCTAACC TTAGGG
Poales Lolium perenne 3 CTAACCCTAAACC T(2-3)AGGG
Festuca pratensis 3 CTAACCCTAAACC T(2-3)AGGG
Zea mays 1 CTAACCCTAAACCCTA T(2-3)AGGG
Ranunculales  Delphinium consolida 2 AAACCCGAAAAC T(3-4)CGGG
Ranunculus acris 2 GAACCCTGAAC TTCAGGG
Ranunculus repens 2 AACCCTGAACC TTCAGGG
Kingdonia uniflora 6 CTGATACCCGCCTGA TATCAGGCGGG
Papaver armeniacum 4 CCCTGAACCCTGA TTCAGGG
Papaver atlanticum 2 CCCTGAACCCTGA TTCAGGG
Papaver bracteatum 2 CCCTGAACCCTGA TTCAGGG
Papaver californicum 1 CCTGAACCCTGA TTCAGGG
Papaver nudicaule 2 CTGAACCCTGA TTCAGGG
Papaver somniferum 3 CCTGAACCCTGAACC TTCAGGG
Solanales Atropa belladona nd TAAACCCTAAACC TTTAGGG
TGAACCCT TTCAGGG
Capsicum annuum 3 CTAAACCCTAAACC TTTAGGG
TGAACCCTGAACC TTCAGGG
Capsicum baccatum 4 CTAAACCCTAAACC TTTAGGG
TGAACCCTGAACC TTCAGGG
Capsicum chinense 3 CTAAACCCTAAACC TTTAGGG
TGAACCCTGAACC TTCAGGG
Cestrum elegans 2 TAAAAACCCTAAAAACT TTTTTTAGGG (Peska et al., 2015)
Datura stramonium 4 AAACCCTGAACC TTCAGGG
AAATCCTGAACT
GAACCCTGAACT
Jaltomata sinuosa 3 CTAAACCCTAAACC TTTAGGG
CCTGAACCCTGA TTCAGGG
Salpiglossis sinuata 2 AACCCTAAACCC TTTAGGG
CTGAACCCTGAACCCT TTCAGGG
Solanum clarkiae 6 CCTGAACCCTGA TTCAGGG
Solanum medicagineum 4 CCTGAACCCTGA TTCAGGG
Solanum melongena 5 CCTGAACCCTGA TTCAGGG
Solanum sejunctum 8 CCTGAACCCTGA TTCAGGG
Vestia foetida 2 GAAAAACCCGAAAAAC TTTTT(T)CGGG

CTAAAACCCTAAAAACT TTTTT(T)AGGG

These were predicted based on a combination of knowledge of the telomerase RNA (TR) template and abundant tandem repeats (summarized in

Supporting Information Tables S1, S2, respectively).

of reads corresponding to predicted telomere repeats in BAL31
treated sequence libraries in both analysed species (F. ttaricum,

V. foetida; Fig. 5a; Table S2).

© 2023 The Authors

New Phytologist © 2023 New Phytologist Foundation

Synthesis of variant telomere repeats and differential contribu-
tion of TR paralogs To identify sequences genuinely synthe-
sized by telomerase, TRAP assays and sequencing of the PCR
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Fig. 4 Fluorescence in situ hybridization mapping of candidate telomeric sequences. Detection of probes targeting the predicted telomeric motifs in
Caryophyllales (a), Lamiales (b), Poales (c), Ranunculales (d) and Solanales (e). Sequences detected by FISH, Fluorescene in situ hybridization, in different
species are indicated on the left of the image. Distinct localization patterns of telomeric sequences (type 1 — mixed with highly colocalization of signals
(HO); type 2 — with low colocalization of signals (LC); type 3 — single motif) are indicated at the bottom right for each species analysed, schematically
depicted in (f). 3D imaging was performed for more precise signal colocalization is shown for Capsicum annuum and others in Supporting Information
Fig. S2.
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Fig. 5 Sensitivity of the candidate telomere sequences to BAL31 nuclease. (a) BAL31-NGS analysis of Fagopyrum tataricum and Vestia foetida. Normalized
read counts (y-axis) and corresponding tandem motifs (x-axis) show relative abundance of these reads/motifs in BAL31 treated (+) and untreated (—)
sequence libraries (generated from high-molecular-weight genomic DNAs). Only results for the candidate telomere motifs are shown, complete results,
including all motifs identified by Tandem Repeats Finder (TRFi), are summarized in Supporting Information Table S2. (b) Terminal Restriction Fragment
(TRF) analysis showing high-molecular-weight DNAs predigested with BAL31 for four-time intervals and then digested with Msel and separated by pulse-
field gel electrophoresis (PFGE). Hybridization signals of radioactively labelled concatemeric probes (indicated below images) are shown including molecular
weight marker (on the left of each panel, kilobases). The signal changes with increasing time of BAL 31 treatment were assessed by WALTER tool (Lycka

etal., 2021), see Fig. S3.

products in F. esculentum, F. tataricum, D. consolida and P. som-
niferum were employed (Fig. 6a,b). The sequenced TRAP pro-
ducts (Figs 6b, S4) show synthesis of TTCAGGG motif in P.
somniferum and TTTCGGG motif in D. consolida. In F. escu-
lentum, TRAP products indicate inaccurate synthesis of the
repeats in TRAP (Fig. 6b,d), that is 61% of sequenced motifs
corresponded to TTTTCGGG, 19% to TTTCGGG and 19%
to other motifs. In F. tataricum, only motifs corresponding to T
(2-4)CAGG variants were detected in TRAP reactions (Meth-
ods S5). However, k-mer analysis of long-read genome sequen-
cing data (PacBio) generated in genome sequencing projects of
F. esculentum and F. tataricum (Zhang et al, 2017; Penin

© 2023 The Authors
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et al., 2021) indicate a more realistic abundance of particular
motif variants in their genomes (Fig. 6d; Table S2). Short T(2-3)
CAGG and T(2-3)CGG arrays identified in F. tataricum appear
to be intermingled at telomeres (no homogeneous T(2-3)
CAGG or T(2-3)CGG arrays were observed in the PacBio data;
Fig. 6d; Table S2). These mixed arrays together form long
stretches (thousands of bp) as illustrated by reconstructed
pseudo-chromosome ends from de novo assembled PacBio reads
spanning chromosome-specific subterminal region and nonspe-
cific telomere region (Fig. 6¢). The inaccurate synthesis of telo-
mere repeats in both Fagopyrum species may result from
imprecise TR annealing to telomere, the usage of different TR
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Fig. 6 (a) Analysis of telomerase activity by TRAP (telomere repeat amplification protocol). TRAP reactions were performed with two concentrations of
crude telomerase extracts (Tex) from seedlings (Papaver somniferum, Fagopyrum esculentum and Fagopyrum tataricum) and root tips (D. consolida).
Products were separated by polyacrylamide gel electrophoresis, stained and imaged. A reaction without extract was used as a negative control (nc). (b)
Results of sequencing of telomerase products cloned from positive TRAP reactions. (c) Reconstruction of chromosome end from F. tataricum long reads
(PacBio). Only reads spanning nonspecific telomere region and chromosome arm-specific subterminal region were used for the assembly. Telomeres
showed intermingled arrays of T(2-3)CAGG and T(2-3)CGG motif variants. (d) Summary of the analysis of relative distribution of repeat variants in TRAP
clones (Supporting Information Fig. S4) and k-mer analysis of PacBio data (Table S2). Relative transcript levels of TR (telomerase RNA) paralogs were
examined by RT-gPCR (quantitative reverse transcription polymerase chain reaction). TR variants from F. tataricum that may be responsible for synthesis
of corresponding repeat motifs are highlighted in colours (blue, red — similarly as in panel (c)).

paralogs, or a combination of both factors. To distinguish
between different processes, relative transcription of TR paralogs
was measured by RT-qPCR using variant-specific primers
(Fig. 6d; Methods S6). While each of the TR paralogs from F.
esculentum is capable of generating T(2-4)CGGG motif var-
iants, the situation in F. fataricum is even more interesting.
While FtVarl,2,3 variants (¢. 55% of total TR levels) code for
T(2-3)CGG motifs, FtVar6 (c. 45% of total TR levels) can gen-
erate the T(2-3)CAGG variant only. Moreover, transcripts of
variants FtVar4,5 were not detected.
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Origin and fate of TR paralogs

Plant genomes have undergone a series of polyploidization and
diploidization events during their evolution, which gave rise to
duplicated or even multiplicated large DNA segments (or whole
chromosomes) within a single genome. The divergence level of
such duplicated segments depends on how advanced postpoly-
ploid diploidization has become (i.e. reversion of a structurally
polyploid genome to a diploid-like genome), and how exposed
the duplicated segment is to selection pressures. Duplicated genes
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Fig. 7 Resolving the genomic context of telomerase RNA (TR) genes and paralogs using the CoGe (CoGe, comparative genomics) platform (Lyons & Freel-
ing, 2008) in examples from Brassicales. TR loci were identified in the CoGe genomes in example diploid (ancestral polyploid) species by using CoGe : BLast
with corresponding TRs identified in Supporting Information Table S1. Closest annotated feature (gene, exon) to the TR hits was used as a query for syn-
teny analysis using the SynFinD tool (Tang et al., 2015) against selected CoGe Genomes (for details, see Table S3). The absence of the region (in a respective
genome) showing similar gene collinearity (as the TR query) is marked with grey boxes. Regions with conserved collinearity with either present or absent
TR are indicated by red and blue boxes, respectively. Putative TR pseudogenes, that is truncated TR variants and/or variants lacking promoter are named

as D in the suffix.

generated by polyploidization and large-scale duplications usually
preserve gene synteny, that is duplicated genes co-localize in
mutually colinear gene blocks. However, gene copies generated
in a small-scale manner via tandem, retro- or trans-duplications
are usually interspersed throughout the genome without any con-
served gene collinearity of paralogs. To ask whether paralogs of
the TR gene originated from polyploidization events or local
duplications, they were analysed by using the SYNFIND tool (Tang
et al., 2015) in species of Brassicaceae, involving diploid species
(ancient polyploids) with a single copy or more TR copies
(Fig. 7; Table S3). TR loci showed conserved synteny limited to

© 2023 The Authors
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species from lineages I to IV, whereas the corresponding locus
without TR is evolutionarily conserved even outside of these
lineages (e.g. in Cleomaceae). Lack of conserved TR synteny
within early diverged clades (while loci are usually conserved;
Fig. 7, blue boxes) indicates a high tolerance of the TR gene to
moving into diverse genomic contexts. Moreover, TR copies in
the diploids we analysed seem to result from small-scale duplica-
tions rather than having been created in ancient polyploidization
events. In species with extra TR copies (Boechera stricta, Cleome
violacea, Gynandyropsis gynandra and Tarenaya hassleriana, except
Brassica nigra), additional TR copies underwent pseudogenization
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(truncated TR variants or variants lacking type 3 snRNA promo-
ter). Interestingly, an ancestral variant in B. stricta BstriTR-2D
(which shares synteny with other related Brassicaceae) was pseu-

dogenized, while a newly emerged copy took over its function
(BstriTR-1).

Discussion

Evolutionary changes in telomeres, previously reported based on
scattered experimental findings only in individual plant species
(Peska ez al., 2015, 2020; Tran ez al., 2015; Fajkus et al., 2016)
or specific phylogenetic taxa (Sykorova ez al., 2003) have been
analysed here systematically across the entire land plant evolu-
tionary tree based on available or newly generated genomic data.
Due to the reverse approach applied in this work, in which the
bioinformatic identification of putative unusual telomeres was
the first step of the extensive evolutionary screen, the experi-
mental workload has been substantially reduced. Subsequent
validation experiments demonstrated terminal localization of
candidate telomere repeats and their synthesis by telomerase in
all tested species, except Festuca from Poales, where the putative
TTAGGG tandem motif showed interstitial localization. Inter-
estingly, species with more TRs whose templates code for differ-
ent telomere motifs (listed in Table 1) showed a varied
distribution of respective repeats at chromosome ends (or inter-
phase nuclei). FISH signals on F. tataricum, V. foetida chromo-
somes, Capsicum and the other examined Solanaceae interphase
nuclei displayed specific patterns corresponding either to mixed
telomere motifs (e.g. TTTCAGG and TTTCGG in F. tatari-
cum) or preferential motif distribution at specific chromosome
arms and interphase nuclear foci (e.g. TTTAGGG and
TTCAGGG in C. annuum). While mixed telomeres or an over-
all dominance of one of the telomere types could be explained
as a result of concerted evolution of TRs or a differential func-
tion and expression of corresponding TRs, unequal (preferen-
tial) motif distribution at different chromosome ends within the
same cell may suggest a possible functional significance in
telomere clustering (e.g. in meiosis Harper er al, 2004;
Scherthan, 2007). Besides FISH experiments, the distribution
of telomere variants was examined in detail in F. tataricum and
F. esculentum in sequenced TRAP products and available geno-
mic long reads (PacBio), including relative transcript levels of
their TR paralogs.

This work points to a fundamental role of TR duplication in
telomere evolution, in accordance with the generally accepted
concept (Ohno, 19705 Louis, 2007). In view of structural RNAs
with type 3 snRNA promoters (e.g. spliceosomal, 7SL, MRP
RNAs), which frequently occur in multiple copies with overall
low synteny conservation (Marz ez al., 2008), our similar observa-
tion in the case of plant TRs and their paralogs is not surprising.
TRs were also shown to be prone to form pseudogenes indepen-
dently in many species, consistent with the observation in, for
example mammalian snoRNAs, which can be spread through the
genome as nonautonomous mobile elements (Weber, 2006).
Prominent examples are Alu elements, which evolved from 7SL
RNA and represent ¢. 10% of the human genome. Overall, the

New /’/{)'/(l//(ghl (2023) 239: 2353-2366
www.newphytologist.com

New
Phytologist

variation among snRNA paralogs and their relative expression
may thus represent a very powerful evolutionary tool (e.g. variant
spliceosomes contribute to gene regulation in tissue/cell-specific
manner; Mabin ez al., 2021).

This work highlights the role of frequent TR duplication and
subsequent change in establishment of noncanonical telomeres
in plants. Telomeres, as well as centromeres, represent key chro-
mosome structures ensuring stable chromosome transmission
over generations. Centromere DNA and protein variation is a
common phenomenon in plants, which is regarded as a critical
factor responsible for the formation of new species. Alterations
in centromere location, function or gene transcription and
epigenetic status in pericentromeric regions promote genetic
divergence of new species (reviewed, e.g. in Malik & Henikoff,
2009; Comai et al, 2017). In contrast to centromeres, telo-
meres have appeared to be highly uniform which — in this view
— did not provide much space for their active contribution to
speciation. Consequently, telomere studies in plants have
usually been purely analytic, mostly lacking an adequate evolu-
tionary context (with rare exceptions as, e.g. Fulneckova
et al., 2013; Cervenak et al, 2021). The recent identification of
TRs across the plant phylogeny allowed us to address this issue
with an unprecedented evolutionary representation of taxa. Pre-
vious studies described specific telomere changes as ‘exceptions’
lacking the Arabidopsis-type TTTAGGG telomere motif, based
on ad hoc experimental data. In this work, we were able to
apply, for the first time, a systematic approach, in which we first
predicted telomeric DNA and the corresponding TRs across a
broad phylogenetic span, based on available or newly generated
genomic data (Table 1). Subsequently, we demonstrated experi-
mentally the presence of predicted telomeres and TRs in
selected examples. Our results provide a new interpretation of
telomere evolutionary changes. Rather than a static list of excep-
tions from a common plant telomere DNA motif, we offer the
view of an ongoing battle among frequently duplicated TR
genes. These tend to be frequently mutated and evolve, while
minimizing the risk of the loss of viability, as proposed in our
working hypothesis (Fig. 1). This updated view of the telomere
evolution process highlights the role of the ‘telomere factor’ in
the processes of speciation, cross compatibility of species (e.g.
in Solanaceae or buckwheat breeding) or meiotic segregation. In
this view, telomere DNA is considered as a product of the intri-
cate and dynamic evolution of TRs.
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