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* Background and Aims Interstitial telomeric repeat (ITR) sites, consisting of tandem repeats of telomeric
motifs localized at intrachromosomal sites, have been reported in a few unrelated organisms including plants.
However, the causes for the occurrence of ITRs outside of the chromosomal termini are not fully understood. One
possible explanation are the chromosomal rearrangements involving telomeric sites, which could also affect the
location of other structural genome elements, such as the 45S rDNA. Taking advantage of the high dynamism in
458 rDNA loci previously found in Anacyclus (Asteraceae, Anthemideae), the occurrence and patterns of variation
of ITRs were explored in this genus with the aim of finding common underlying causes.

e Methods In total, 132 individuals from 44 populations of nine species were analysed by fluorescence in situ
hybridization using an Arabidopsis-type telomeric sequence as a probe.

* Key results Variable presence of ITR sites was detected in six out of nine species of Anacyclus, ranging from
two to 45 sites and showing contrasting chromosomal locations and a differential presence of the ITR site on
homologous chromosome pairs. At the intraspecific level, the ranges were as large as 0—12 ITR sites. Although only
26 % of the total observed ITR sites were localized in chromosomes bearing 45S rDNA loci, all cases of interstitial
45S rDNA reported in a previous work co-occurred with ITRs in close proximity in the same chromosome arms.
* Conclusions High levels of ITR polymorphism within a single species have not been previously reported in
plants and suggest that this pattern might have been overlooked due to insufficient sampling. Although ancient
Robertsonian translocations or the amplification of terminal 45S rDNA sites cannot, on their own, explain all
of the levels of variability in ITRs reported here, there are suggestions that they may have been involved in the
evolutionary history of this genus or its ancestors in Anthemideae.
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INTRODUCTION

Telomeres are universal components of linear eukaryotic chro-
mosomes and are essential for chromosome stability. They pro-
tect the chromosome caps against end-to-end fusions or from the
elicitation of a cellular response, such as apoptosis (Blackburn,
2001). Telomeres are formed by nucleoprotein/DNA complexes
that cap the ends of chromosomes, consist of simple G-rich
motifs that are tandemly repeated and constitute long repetitive
stretches, up to 160 kb in some plants (e.g. Nicotiana tabacum;
Fajkus et al., 1995). In plants, the dominant consensus telomere
repeat is composed of seven nucleotides of the Arabidopsis-
type (TTTAGGG), (Richards and Ausubel, 1988) following a
sequence that is highly similar to those of other organisms from
distant lineages of flowering plants (for the presence of unusual
repeats in plants, see Weiss and Scherthan, 2002; Sykorova
et al., 2003; Shibata and Hizume, 2011; Peska et al., 2015; Tran
et al., 2015; Fajkus et al., 2016). Conservation of the terminal
telomeric loci and concomitant sequences in eukaryotes prob-
ably reflects the strong selective pressures associated with their
essential function, which facilitates the complete replication of

the chromosome termini and protects them from being cova-
lently joined (Nelson et al., 2014).

An interstitial telomeric repeat (ITR) site consists of tandem
repeats of telomeric motifs that are localized at intrachromo-
somal sites (Lin and Yan, 2008). They have been reported in
unrelated organisms, such as vertebrates (Meyne et al., 1990)
and plants (Cox et al., 1993; Fuchs et al., 1995). Telomeric-
like sequences have been reported to be associated with
terminal nucleolus organizer regions (NORs) in some organ-
isms (Copenhaver and Pikaard, 1996; Liu and Fredga, 1999;
Armstrong et al., 2001; Dvotackova et al., 2015). However,
whether such associations between rRNA genes and telomeric
sequences occur in organisms showing interstitial rRNA genes
has not been investigated. Addressing this question may pro-
vide clues about the mechanisms of chromosomal and genomic
rearrangements involved in the origin of ITRs.

Recently, we reported exceptionally high levels of 45S
rDNA locus diversity in the plant genus Anacyclus (Asteraceae,
Anthemideae), a diploid (2n = 18) Mediterranean lineage includ-
ing nine species. Such diversity affects site number, chromosomal
location, presence in accessory chromosomes, and differential
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presence of the 45S rDNA site on the homologous chromosome
pairs (i.e. homozygosis and heterozygosis; Rosato et al., 2017).
There is an uneven distribution of this diversity, particularly at
the inter- and intrapopulation levels, which is particularly pro-
nounced in sympatric populations of Anacyclus clavatus and
A. valentinus and in areas where species ranges overlap even if
no hybridization has been reported. One of the possible mecha-
nisms involved in such dynamism is chromosomal rearrange-
ments. Therefore, we examined if other structural elements of the
genome that could have been affected by such rearrangements
show comparable levels of polymorphism to 45S rDNA sites. We
focused on telomeric elements and the possibility of ITR sites.
To this end, we used an Arabidopsis-type telomeric sequence
as a probe to search for the presence of ITRs in mitotic chromo-
somes using fluorescence in situ hybridization (FISH), to assess
the degree of stability of these elements across Anacyclus.
Specifically, our objectives were: (1) to determine whether ITR
loci are present within the karyotype of Anacyclus species and,
if so, to assess the patterns of variation at the population and
species levels in wild accessions; (2) to ascertain whether vari-
ation in 45S ribosomal loci is associated with the presence of
ITR; and (3) to analyse the results from an evolutionary per-
spective. For this purpose, we used a large sampling size cover-
ing the whole genus, which also allowed us to document the
frequency of ITRs in natural populations, and performed ances-
tral character-state reconstruction for the number of ITR sites.

MATERIALS AND METHODS

Plant materials

A subset of the accessions included in Rosato et al. (2017)
to analyse 45S rDNA site variation in Anacyclus was used.
Specifically, 132 individuals from 44 populations of nine
Anacyclus species were analysed in this study (Supplementary
Data Table S1). This sampling covers all species of the genus
according to the most recent molecular phylogenetic analysis
(Vitales et al., 2018), which has revised the circumscription
of Anacyclus by Humphries (1979). Seeds were collected in
the field and those with the fastest rate of germination (Torices
et al., 2013) were selected. After germination, seedlings were
grown individually in a mix of COMPO SANA Universal
Potting Soil and siliceous sand (3: 1) until roots were devel-
oped. Root tips were collected following Rosato et al. (2008).

Cytogenetic analysis

Fluorescence in situ hybridization. The telomeric sequence
TTTAGGG was localized using the pAtT4 clone isolated from
Arabidopsis thaliana (Richards and Ausubel, 1988). The probe
was labelled with biotin-16-dUTP through a nick translation
procedure according to the manufacturer’s protocols (Roche,
Germany). We followed the in situ hybridization protocols of
Rosato ef al. (2008). Probe detection was conducted using the
method of Zhong et al. (1996) with modifications according to
Galiédn et al. (2014). Because we were interested in the possible
association between 45S rDNA sites and I'TRs as well as the
potential underlying causes for their co-occurrence, the same
slides analysed by Rosato et al. (2017) to detect the 45S rDNA
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sites using the pTa71 clone (Gerlach and Bedbrook, 1979) were
sequentially hybridized with the telomeric DNA probe pAtT4
clone (Fig. S1).

Karyotype  analysis. Chromosome measurements were
made on digital images using the computer application
MicroMeasure version 3.2 (Reeves, 2001). Cariograms were
obtained from chromosome measurements of at least five well-
spread metaphase plates. Each chromosome arm was divided
into four regions of equal size according to Roa and Guerra
(2012): proximal (p), interstitial-proximal (ip), interstitial—
terminal (it) and terminal (t). Each ITR (and 45S rDNA) site
was positioned in one of the four regions. Neither the ITR
nor the 45S rDNA signals coincided with the position of the
centromere.

Evolutionary trends in ITR site change. To explore evolu-
tionary trends in ITR site change, we chose two characters
(the occurrence of ITRs and the modal number of ITR sites
per species) to be mapped onto the available phylogenetic
tree of Anacyclus based on sequences from the nrDNA
internal transcribed spacer (ITS) region (Oberprieler,
2004). The presence of ITRs was coded as binary (with
three species being polymorphic: A. clavatus, A. valentinus
and A. monanthos), whereas the modal number of ITR sites
was coded as multistate discrete. Intervals were established
so that no species were polymorphic for this character (0,
1-10, 11-20, >20). Reconstruction of ancestral charac-
ter states was carried out using the maximum likelihood
(ML) approach in Mesquite, version 3.04 (Maddison and
Maddison, 2015), which assigns to each internal node the
character state that maximizes the probability of obtain-
ing the observed character states in the terminal taxa under
the specified model of evolution. The ML reconstructions
were conducted using the Mk1 model of evolution (Schluter
et al., 1997; Pagel, 1999). The Mkl (Markov k-state 1
parameter model) is a k-state generalization of the Jukes—
Cantor model, corresponding to Lewis’ (2001) Mk model,
which assigns equal probability to changes between any two
character states. In addition, we mapped the geographical
distribution of the number of ITRs per species and popula-
tion to search for possible patterns.

RESULTS

FISH experiments using the Arabidopsis-type telomeric probe
(TTTAGGG), revealed, as expected, strong and consistent sig-
nals in the terminal ends of both chromosome arms (Fig. 1). In
addition, a variable number of interstitial telomeric signals were
detected in six out of nine species of Anacyclus (Table 1, Figs 1
and 2). Interstitial telomeric sites were absent in A. homoga-
mos, A. maroccanus and A. radiatus (both subspecies). In con-
trast, all analysed accessions of A. atlanticus, A. linearilobus
and A. pyrethrum showed ITRs. The remaining three species
(A. monanthos, A. clavatus and A. valentinus) were polymor-
phic for the presence and distribution of ITRs, showing a con-
trasting pattern of variation at the inter- and intrapopulation
levels (Fig. 3). For instance, one population of A. monanthos
showed no ITRs (GAB), another was fixed for the presence of
ITRs (MAT) and the ZER population showed individuals both
with and without ITRs. This overall pattern was also found in
A. clavatus. In contrast, A. valentinus showed populations fixed
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FiG. 1. Telomeric-like sequence (TTTAGGG), sites in Anacyclus assessed by FISH analysis. Telomeric sites and interstitial telomeric repeat (ITR) sites are shown

as red fluorescent signals and the chromosomes are counterstained with 4, 6-diamidino-2-phenylindole (DAPI) (blue colour). (A) Anacyclus homogamos (no ITR

sites); (B) A. atlanticus (six ITR sites); (C-E) A. clavatus showing three (C), nine (D) and 14 (E) ITR sites; (F) A. linearilobus (19 ITR sites); (G-H) A. pyrethrum

showing 26 (G) and 45 (H) ITR sites; (I-L) A. valentinus showing three (I, J), four (K) and ten (L) ITR sites. The occurrence of an extra chromosome in A. valen-
tinus (J) is indicated by an asterisk. Scale bars: 10 pm.

for the presence of ITRs, or with intrapopulation polymor-
phisms but none fixed for the absence of ITRs.

Overall, when present, the number of ITRs in the genome
ranged from two (A. clavatus, A. valentinus) to 45 sites (A. pyre-
thrum). The ranges were also outstanding at the intra- and inter-
population levels (Table 1, Fig. 2). The most striking results
were found in A. pyrethrum where ITRs ranged from 26 to 45
signals within a single population. Interestingly, a significant

number of those individuals showing ITRs were heterozygous
for at least one locus (approx. 31 %). Uneven numbers of ITR
signals occurred in all species, except in A. monanthos, which
was homozygous for all ITR sites.

The number of chromosome pairs showing ITR signals
ranged from one (A. clavatus and A. valentinus) to all nine pairs
of the complement (A. pyrethrum). The modal value of chromo-
somal pairs showing I'TRs was three. The range of variation for
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TABLE 1. Distribution of ITR sites in the studied populations of Anacyclus

Species Number of analysed populations (sample size) ITR site number (number of individuals)
A. atlanticus 3 (10%) 6(2),8(2),17 (1)
A. clavatus 14 (38) 0(8),2(5),3(2),4(5),6(3),8(9),9(3),12(2), 14(1)
A. homogamos 2(8) 0(8)
A. linearilobus 3 (5%) 19 (1)
A. maroccanus 309 009
A. monanthos 3 (10) 0(5),4 (5
A. radiatus
subsp. coronatus 2(7) 0(7)
subsp. radiatus 3(8) 0(8)
A. pyrethrum 2 (6%) 26 (1),30(1),45(2)
A. valentinus 9 (31) 0(4),2(11),3(3),4(6),5(2),6(2),10(3)

*Five individuals of A. atlanticus, four of A. linearilobus and two of A. pyrethrum unambiguously showed the presence of ITR sites, but their number could not
be accurately determined.
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FiG. 2. Geographical distribution of the occurrence of interstitial telomeric repeats (ITRs) in Anacyclus. Green indicates the occurrence of ITRs, with the number of
ITR sites found in individual samples shown in red. Eleven individuals were unequivocally found to contain ITRs but the exact number could not be determined (popu-
lations ANS, BMO, MAC, MOB, TBK; see Table 1). Yellow indicates no ITRs detected. Circle size is proportional to the sampling in each population. Sympatric pop-
ulations of A. clavatus and A. valentinus are indicated by an empty dot. The map is made with Natural Earth. Free vector and raster map data @naturalearthdata.com.
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FiG. 3. Cariograms showing inter- and intrapopulation site number variation of interstitial telomeric repeats (ITRs) in Anacyclus clavatus. Telomeric sites and
ITRs are shown as red fluorescent signals and the chromosomes are counterstained with 4, 6-diamidino-2-phenylindole (DAPI) (blue colour). Representative indi-
viduals from Salobrefia (A, D), Carchuna (B) and Altea (C) populations are shown. (A) Four ITR sites; (B) six sites; (C) nine sites; (D) 14 sites. Scale bars: 10 pm.

this feature was remarkable in some species, such as A. clava-
tus, where one to six chromosome pairs showed ITRs.

The lowest average number of ITR signals observed per gen-
ome (mean = SD) was 3.45 + 0.48 in A. valentinus followed
by 5.03 + 0.63 in A. clavatus. The highest average value was
36.5 + 4.30 recorded in A. pyrethrum.

The distribution of ITR sites in the chromosome arms
was slightly but significantly (%> = 11.34, P = 0.0034) biased
towards the short arms (containing 56 % of the overall signals)
compared to the long arms (44 %). Overall, the presence of ITR
signals along the chromosome arms was uneven. No ITR sig-
nals were localized at the centromeric or subtelomeric regions
and their presence was mostly recorded in the p and ip regions
of the short (95 %) and long arms (89 %) (Fig. 4A). When
comparing Anacyclus species there were differences in the ITR
distribution along the chromosomal regions, but no fixed spe-
cies-specific sites could be detected.

Only 26 % of the total observed ITR sites were localized
in chromosomes bearing 45S rDNA loci, suggesting that
these chromosomes were not a hotspot of ITR amplification.
However, in those chromosomes with both, the ITRs and inter-
stitial 45S rDNA signals were found in close proximity (Fig. 4,
Fig. S2).

The ML reconstruction of the ancestral states of the two ITR
characters suggests that the presence of ITRs was the most
likely condition in the basalmost node leading to Anacyclus
diversification (Fig. 5). It is inferred that ITR losses occurred
at least twice during the evolutionary history of this genus. The
hypothesis that the ancestral state in Anacyclus was the pres-
ence of a moderate number of ITR sites (1-10) showed the
highest likelihood scores (Fig. 5). No clear geographical pat-
tern was found for the distribution of the number of ITRs across
populations and species (Fig. 2).

DISCUSSION

Is Anacyclus an isolated case of site number ITR hypervariability
in plants?

Following the early compilations of Cox et al. (1993) and
Fuchs ef al. (1995), there have been several new reports of
interstitial telomere-like sequences in plants (e.g. Tek and
Jiang, 2004; Gaspin et al., 2010; Manddkova et al., 2016). In
particular, a broad survey using FISH detected Arabidopsis-
type or human-type (TTAGGG), repeats at interstitial or
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proximal chromosome regions in eight of 87 species (Shibata
and Hizume, 2011). Under this perspective, our reports of ITR
in Anacyclus, belonging to a plant family (Asteraceae) in which
ITR sites have been previously recorded (Hanmoto et al., 2007,
Shibata and Hizume, 2011), are of limited novelty.

However, in contrast to previous findings, the situation
in Anacyclus is unique due to the unexpected variation in
site number and chromosomal distribution of the ITRs at
the intra- and interpopulation, and interspecific levels. Our
experimental approach, covering all known species from a
single genus and sampling a significant number of popula-
tions and individuals, contrasts with all previous reports deal-
ing with the presence (or absence) of ITRs in plants on the
basis of FISH analysis.

Our results in Anacyclus suggest a hypervariability and
dynamism previously unrecorded in plants, although the pos-
sibility that other studies have partly underestimated this due
to inadequate sampling cannot be discarded. All analysed
Anacyclus individuals showing ITRs may be distinguished by
their cytogenetic pattern. However, a closer characterization
beyond the cytogenetic level, based on extensive sequencing
data, could provide additional information about sequence
homogeneity and copy number within and between ITR sites.
This may open new perspectives on our understanding of the
evolutionary turnover of ITR sites in plants.
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ITR occurrence is ancestral in Anacyclus

The ML character-state reconstruction of ITR presence
and site number in Anacyclus suggests that ITRs were prob-
ably present in the ancestor of the genus. Shibata and Hizume
(2011) reported the presence of ITRs in two other genera of
Anthemideae (Matricaria and Tanacetum) that are closely
related to Anacyclus (Sonboli et al., 2012; Vitales et al., 2018).
However, the distribution of ITRs within Anthemideae could
not be simply inferred from phylogenetic relatedness because
we detected the presence of a high number of ITR sites (52)
in Cota [C. nigellifolia (Boiss.) Alv.Fern. & Vitales; M. Rosato
et al., unpubl. res.], which is distantly related to Anacyclus
(Vitales et al., 2018). In contrast, no ITRs were detected in
individuals from four species of Argyranthemum (Borgen et al.,
2003), a genus also belonging in the tribe Anthemideae, but
not closely related to Anacyclus (Oberprieler, 2004). These
scattered results are compatible with the possibility that ITRs
originated early in the diversification of the Eurasian grade of
Anthemideae (Oberprieler et al., 2009) and were followed by
complex and recurrent cycles of amplification, genomic spread
and contraction.

Trends in ITR change in Anacyclus

Our results have consistently shown that, contrary to what
was assumed previously in other plant species, the occurrence
of ITRs is a labile genomic feature in Anacyclus. The ranges of
ITR presence within and between populations of several species
are similar or even higher than those reported for interspecific
comparisons in other genera. Such a high level of polymorph-
ism suggests caution when inferring the evolutionary dynamics
of ITR change because the low sample size analysed for some
populations and species might be masking ITR polymorphisms.
For instance, the fixed absence of ITR sites in A. homogamos,
A. maroccanus and A. radiatus and the fixed presence of ITRs
in A. pyrethrum and A. linearilobus may turn out to contain
some variation if sampling is increased. These cautions, how-
ever, do not alter the conclusion that ITR losses and gains have
occurred independently many times during the evolutionary
history of Anacyclus.

Patterns in A. valentinus, A. monanthos and A. clavatus,
where the presence of ITRs is either fixed, polymorphic or
absent at the population level, are particularly noticeable.
However, the relatively large number of populations and indi-
viduals analysed suggests that our results mirror the overall
pattern of ITR polymorphisms present in these species. With
the exception of the geographically restricted A. atlanticus and
A. linearilobus, the other annual species are weedy, grow in
unstable anthropogenic environments and show contrasting
changes in population sizes (I. Alvarez, pers. observ.), leading
to severe demographic bottlenecks. Thus, it could be hypoth-
esized that recurrent cycles of breeding isolation between
populations, together with stochastic population bottlenecks
and founder effects, are associated with balancing selection
and genetic drift leading to the fixation of ITR genotypes.
Additional biological factors may counteract genetic drift and
be associated with the generation and maintenance of ITR
diversity. Hybridization may be one of those factors given
that all tested species in Anacyclus are obligate outcrossers
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FiG. 5. Maximum likelihood reconstruction of ancestral character states for two characters, presence/absence of ITR sites and number of ITR sites in Anacyclus
species, using the phylogenetic tree in Oberprieler (2004) with a slight modification (Heliocauta atlantica, the sister group to Anacyclus, is labelled as A. atlanti-
cus). Pie charts illustrate the relative likelihood for each character state at each node under the specified model of evolution (Mk1 model, in this study). Bootstrap
support for the nodes obtained in the original study of Oberprieler are indicated as follows: black (90-100 %), grey (71-89 %), dashed (<70 %). The presence of
ITR sites, the ranges of modal numbers of ITR sites and the number of 45S rDNA loci (Rosato et al., 2017) for each species are indicated on the right margin.

and interfertile (Humphries, 1981), and there is evidence for
its occurrence in natural populations (Rosato et al., 2017,
I. Alvarez, unpubl. res.). The heterozygosity for several ITR
loci found in several individuals (Table 1, Fig. 3) is consistent
with the structural heterozygosity reported in highly repeated
DNA families in Anacyclus (Schweizer and Ehrendorfer,
1976; Ehrendorfer et al., 1977), and both groups of observa-
tions are likely to be contributed to by outcrossing and even-
tual hybridization.

The origin of ITRs in Anacyclus

The first observations of ITRs in centromeric regions of
many animal and plant species suggested that ITRs were cyto-
logical hallmarks of chromosome rearrangements (Fuchs et al.,
1995). Specifically, it was first hypothesized that ITRs derived
from centric fusions (Robertsonian translocation) between two
telocentric (or acrocentric) chromosomes to form metacentric
ones (Slijepcevic, 1998), causing a change in chromosome
number (Guerra, 2008).

The fact that no ITR sites are present in centromeric loca-
tions in Anacyclus apparently does not support such an ori-
gin, although the possibility that ITRs were present in ancient
fusions and later spread to other chromosome regions through
chromosome rearrangements (inversions, breakage—fusion—
bridge cycle, translocation as single events or combined) cannot
be totally discarded. Recently, Huang ef al. (2016) postulated

that two whole-genome duplication events occurred during the
early evolutionary history of Asteraceae (Late Cretaceous—
Palaeocene). In addition, they suggested that most of the major
clades are palaeopolyploids that may have undergone drastic
chromosome rearrangements after polyploidization, includ-
ing descending dysploidies, leading to low chromosomal base
numbers (e.g. x = 9 in tribe Anthemideae, to which Anacyclus
belongs). Interestingly, the occurrence of ITRs associated
with translocation-based descending dysploidy was recently
reported in Cardamine cordifolia A. Gray (Manddkova et al.,
2016), suggesting that similar cytogenetic processes may have
occurred in Asteraceae and Brassicaceae (Lysak et al., 2016).
The fact that the three species presenting interstitial 45S rDNA
loci (i.e. A. clavatus, A. monanthos and A. valentinus) also show
closely situated ITRs in the chromosomes lends some support
for a role of chromosomal rearrangements in the occurrence of
ITRs in Anacyclus.

Alternatively, interstitial telomeric-like sequences have been
reported to be associated with dynamic changes in terminal
NORs and could be linked to transposition events (Copenhaver
and Pikaard, 1996; Liu and Fredga, 1999; Armstrong et al.,
2001). However, because a preferential association between
ITRs and terminal 45S rDNA sites was not observed in any of
the nine species analysed, our results suggest instead that the
transposition of a 45S rDNA multigene family has not played a
significant role in the origin of ITRs in Anacyclus.

Another possible causal mechanism based on the heterocho-
matin distribution model (Schweizer and Loidl, 1987) is equilocal
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dispersion of telomeric DNA to interstitial regions of the chromo-
some via transposition or heterologous recombination. This was
recently suggested in Nothoscordum (Souza et al., 2016).

Finally, telomeric sequences can be considered to be a particu-
lar kind of microsatellite sequence, due to their short length, high
copy number and tandem arrangement in the genome. Thus, it
may be hypothesized that the generation of telomeric-like repeats
is caused by similar mechanisms to those driving the evolutionary
dynamics of the repetitive satellite DNA sequences (Charlesworth
etal., 1994). In fact, the repair mechanism of DNA double-strand
breaks could also lead to short stretches of ITR sequences (Lin
and Yan, 2008). Instead, the mechanism of rolling-circle replica-
tion of extra-chromosomal circular DNA has been proposed as a
mechanism for the amplification of longer repetitive sequences,
such as the megabase-sized ITR formation detected in Solanum
(He et al., 2013). The fact that we detected signals of long
stretches of telomeric-like sequences, some of them as strong or
even stronger than those in the telomeric regions, suggests the
rolling-circle replication of extra-chromosomal circular DNA as
a possible mechanism to explain the hypervariable ITR pattern in
Anacyclus. This requires that the ITR had already jumped out of
the chromosome termini. Therefore, it could be hypothesized that
repeats of the TTTAGGG telomeric motif were already present
in interstitial locations of Anacyclus ancestors and their ampli-
fication generated long stretches of telomeric-like sequences
discernible as ITR signals on a reduced evolutionary timescale.
This hypothesis is consistent with some published works and our
own preliminary results from related genera in which ITR sig-
nals have been detected (see above under the section on ancestral
occurrence of ITRs). However, short stretches of telomeric-like
regions are undetectable by FISH (Majerovd et al., 2011) and
yet these have been detected in interstitial chromosomal loca-
tions using DNA sequencing (Majerova et al., 2014). Therefore,
the possibility that there are short stretches of ITRs, as reported
by Lin and Yan (2008), in addition to the long ones cannot be
excluded. Next-generation sequencing approaches can be used
not only to test for the presence of short stretches of ITRs but
also to shed light on the mechanisms responsible for ITRs in
Anacyclus and on whether more than one of them underlie the
patterns reported here.

CONCLUSION

Telomeres are one of the best conserved landmarks in eukary-
otic genomes because the natural ends of linear chromosomes
require structural adaptations that are essential for chromo-
some stability. Tandem repeats of telomeric motifs have been
reported at intrachromosomal sites in unrelated organisms.
The level of variation of ITRs in wild plants had not been
assessed to date. However, it is assumed that the occurrence
of ITRs in plants is stable and generated by unusual genomic
events. Here, we report for the first time in plants high levels of
ITR polymorphism in site number, chromosome distribution
and differential presence of the ITR site on homologous chro-
mosome pairs within and between populations in Anacyclus.
Such hypervariability shows that, contrary to expectations, the
occurrence of ITRs is a labile genomic feature in Anacyclus,
and suggests that this phenomenon has been possibly over-
looked in plants due to the low sample sizes used in previous
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studies. The high levels of polymorphism found opens new
perspectives on our understanding of the evolutionary turnover
of ITR sites in plants and, possibly, also on the dynamics and
maintenance of the telomeric regions themselves. Finally, our
results suggest caution for those studies using ITRs as mark-
ers of species’ phylogenetic relationships without a thorough
sampling.

SUPPLEMENTARY DATA

Supplementary data are available online at https://academic.
oup.com/aob and consist of the following. Table S1: Accessions
of Anacyclus species analysed by FISH with their origins.
Fig. S1: Localization of 45S rDNA sites, telomeric sites and
interstitial telomeric repeat (ITR) sites. Fig. S2: Association
between 45S rDNA and interstitial telomeric repeat (ITR) sites.
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