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Abstract

In virtually every eukaryotic species, the endsof nuclear chromosomes are protectedby telomeres, nucleoprotein structures counter-

acting the end-replication problem and suppressing recombination and undue DNA repair. Although in most cases, the primary

structure of telomeric DNA is conserved, there are several exceptions to this rule. One is represented by the telomeric repeats of

ascomycetous yeasts, which encompass a great variety of sequences, whose evolutionary origin has been puzzling for several

decades. At present, the key questions concerning the driving force behind their rapid evolution and the means of co-evolution

of telomeric repeats and telomere-binding proteins remain largely unanswered. Previously published studies addressed mostly the

general concepts of theevolutionaryorigin of telomeres, keypropertiesof telomeric proteins aswell as themolecular mechanismsof

telomere maintenance; however, the evolutionary process itself has not been analyzed thoroughly. Here, we aimed to inspect the

evolution of telomeres in ascomycetous yeasts from the subphyla Saccharomycotina and Taphrinomycotina, with special focus on

the evolutionary origin of species-specific telomeric repeats. We analyzed the sequences of telomeric repeats from 204 yeast species

classified into 20 families and as a result, we propose a step-by-step model, which integrates the diversity of telomeric repeats,

telomerase RNAs, telomere-binding protein complexes and explains a propensity of certain species to generate the repeat hetero-

geneity within a single telomeric array.

Key words: telomeric repeat, telomere-binding protein, telomerase, evolution.

Introduction

Telomeric DNA is a key constituent of the system responsible

for chromosome end-protection (Levy et al. 1992; de Lange

2009). The overall structure of different types of telomeres

might vary significantly between species (Huang et al. 1998;

Monaghan et al. 2018), extrachromosomal genetic elements,

such as plasmids and viruses (e.g., Hinnebusch and Barbour

1991; Qin and Cohen 1998) or even between different

compartments of a single cell (Gilson and McFadden 1995;

Nosek et al. 1998; Zauner et al. 2000). However, their princi-

pal function is always to provide a solution to both the end-

replication and end-protection problems, thus contributing to

genome stability (McKnight et al. 2002; Bhattacharyya and

Lustig 2006). Telomeric DNA of nuclear chromosomes usually

consists of a double-stranded (ds) region composed of an

array of short tandem repeats, which ends with a single-
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stranded (ss) 30 overhang (McEachern et al. 2000). Both ss and

ds regions of telomeric DNA are bound by telomeric DNA-

binding proteins (TBPs), which facilitate the crucial processes

of telomere maintenance—replication, addition of new telo-

meric repeats and protection against undue DNA recombina-

tion and repair (Griffith et al. 1999; Smogorzewska and de

Lange 2004; de Lange 2005; de Lange 2009; Stewart et al.

2012; Tom�a�ska et al. 2020).

New telomeric repeats are usually synthesized at the 30 ss

overhang by telomerase, followed by the synthesis of com-

plementary strand by conventional DNA polymerase

(Blackburn and Collins 2011; Wu et al. 2017; Lue 2018). In

most eukaryotes with known telomeric sequence, including

all vertebrates, telomeric repeat is represented by a hexanu-

cleotide 50-TTAGGG-30 or its single nucleotide substitution/

indel variants (50-TTAGGG-30-like repeats) (Meyne et al.

1989; Weiss and Scherthan 2002; V�ıtkov�a et al. 2005). As

shown previously, this type of sequence is recognized by var-

ious DNA-binding proteins, such as mammalian TRF1, TRF2

(dsTBPs), and Pot1 (ssTBP) (de Lange 2005; de Lange 2018).

Furthermore, several unrelated TBPs, including yeast telomeric

proteins Tay1 and Taz1 (dsTBPs from Yarrowia lipolytica and

Schizosaccharomyces pombe, respectively) bind 50-TTAGGG-

30-like sequences with high affinity, even though the natural

telomeric repeats of both yeasts differ from this motif

(Kramara et al. 2010; Vi�sack�a et al. 2012; Sep�siov�a et al.

2016). In addition, Teb1p, a homolog of Tay1p responsible

for the regulation of gene expression in S. pombe, also exhibit

a high affinity toward the 50-TTAGGG-30 sequence (Brigati

et al. 1993; Valente et al. 2013; Sep�siov�a et al. 2016), making

this motif a versatile basis for the assembly of several types of

telomere-protecting complexes.

The Evolutionary Paths to Telomere Diversity

In most eukaryotic lineages, including basal branches, telo-

meres are composed of 50-TTAGGG-30 repeats (fig. 1), sug-

gesting the ancestral origin of this motif (Blackburn and

Challoner 1984; Chiurillo et al. 2000; Fulne�ckov�a et al.

2013). However, for reasons that still remain unclear, in cer-

tain lineages, telomeres evolved rapidly, leading to the emer-

gence of novel types of repeats (Lue 2010; �Cerven�ak et al.

2017).

In most flowering plants, telomeric sequences are very sim-

ilar (50-TTTAGGG-30) (Richards and Ausubel 1988; Richards

et al. 1992; Shippen and McKnight 1998; Pe�ska and Garcia

2020) or even identical to the vertebrate motif (e.g., several

species belonging to the order Asparagales or Zostera marina)

(S�ykorov�a, Lim, Kunick�a, et al. 2003; S�ykorov�a et al. 2006;

Fajkus et al. 2019; Pe�ska et al. 2020). However, there are two

specific lineages, where these motifs evolved into more com-

plex sequences. The first is represented by the genus Allium,

including A. cepa, A. ursinum, and A. fistulosum. In these

species, the telomeric repeat (50-CTCGGTTATGGG-30) is

about two times longer than the vertebrate motif and

includes a G/C-rich sequence at the 50 end (Fajkus et al.

2016, 2019). The second has been discovered in Cestrum

elegans, a species belonging to the Cestrum clade, which

also includes the genera Sessea and Vestia, of the family

Solanaceae. In this species, the sequence of the telomeric re-

peat (50-TTTTTTAGGG-30) is longer than the common plant

motif, harboring additional thymine nucleotides (Pe�ska et al.

2015; Fajkus et al. 2019). Interestingly, in closely related spe-

cies Sessea stipulata and Vestia foetida, telomeres do not con-

tain typical plant telomeric repeats as well, suggesting the

unusual repeat might be conserved in the entire Cestrum

clade (S�ykorov�a, Lim, Chase, et al. 2003; Fajkus et al.

2019). Similarly, the variant repeats were also found at the

chromosomal ends of green algae, such as Chlorella vulgaris

(50-TTTAGGG-30) and Chlamydomonas reinhardtii (50-

TTTTAGGG-30) (Petracek et al. 1990; Higashiyama et al.

1995).

Another demonstration of the evolutionary tinkering at the

chromosomal ends can be found in invertebrate animals, such

as worms and insects. Specifically, in contrast to most flat-

worms, whose telomeres are composed of 50-TTAGGG-30

repeats (Bombarov�a et al. 2009), some chromosomal ends

of the tapeworm Hymenolepis microstoma terminate with

extremely long (median unit length of 179 nt) repeats, which

exhibit several traits typical for centromeric sequences (Olson

et al. 2020). This observation further underlines a possible

functional and evolutionary relationship between centro-

meres and telomeres (Villasante et al. 2007) and suggests

that under specific conditions, one type of the repetitive

DNA element can be replaced by the other (Olson et al.

2020). Moreover, a slight deviation from the 50-TTAGGG-30

motif is also typical for some of the phylogenetically distant

worm species, such as Caenorhabditis elegans and Ascaris

lumbricoides, which possess a single substitution variant (50-

TTAGGC-30) of the canonical repeat (Müller et al. 1991;

Wicky et al. 1996).

In most insects, a telomeric repeat similar to the canonical

vertebrate motif (50-TTAGG-30 or 50-TCAGG-30) was reported

(Sahara et al. 1999; V�ıtkov�a et al. 2005; Kuznetsova et al.

2012). However, in the fruit fly Drosophila melanogaster

and the midge Chironomus tentans, the insect-type telomeric

repeats were replaced by either retrotransposons or complex

satellite sequences, respectively (Levis et al. 1993; Nielsen and

Edström 1993; Kordyukova et al. 2018). In D. melanogaster,

the three highly specialized terminal retrotransposons (HeT-A,

TART, TAHRE) act as the protectors of the upstream unique

sequence by inserting their copies preferentially at the chro-

mosomal termini (Kordyukova et al. 2018). This type of ge-

nomic symbiosis enables the mobile element to propagate

itself without reducing the fitness of its host, which is bene-

ficial for both partners. In C. tentans, the repeat unit is 350 nt

long and is likely to originate from short (7–10 nt) sequences

similar to canonical telomeric repeats (Saiga and Edström

�Cerven�ak et al. GBE
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1985; Nielsen and Edström 1993). Presumably, several inver-

sions and insertions changed the overall structure of these

repeats, transforming them into long telomeric blocks that

are no longer maintained by telomerase (Nielsen and

Edström 1993).

Finally, one of the most puzzling cases of runaway evolu-

tion in telomere biology is represented by the telomeric

repeats of fungi. Although in all major fungal lineages, the

50-TTAGGG-30-like motifs are common (fig. 1), telomeric

repeats of species belonging to the ascomycete subphyla

Saccharomycotina (e.g., S. cerevisiae, Candida albicans,

Kluyveromyces lactis) and Taphrinomycotina (e.g., S. pombe)

vary in both primary sequence and length (supplementary

table 1, Supplementary Material online) (Guni�sov�a et al.

2009; Lue 2010; �Cerven�ak et al. 2017). Telomeric motifs of

these species might be over 20 nucleotides long (e.g.,

C. albicans, K. lactis), heterogenous (e.g., S. cerevisiae, S.

pombe) and appear unrelated to canonical 50-TTAGGG-30 re-

peat (Guni�sov�a et al. 2009; Rhind et al. 2011). Moreover, the

variability in telomeric sequences is in concert with the vari-

ability of telomeric proteins, ranging from conserved compo-

nents similar to their counterparts in vertebrates (S. pombe) to

systems based on unrelated DNA-binding proteins

(S. cerevisiae, Y. lipolytica) and their interacting partners

(Smogorzewska and de Lange 2004; Longhese et al. 2012;
�Cerven�ak et al. 2017). This unprecedented variability hinders

our understanding of the evolution of telomeres in certain

fungal lineages. Nevertheless, the accessible data describing

telomeric repeats of many different species (Cohn et al. 1998;

Guni�sov�a et al. 2009) along with several large scale genome

FIG. 1.—Telomere diversity in eukaryotic nuclear chromosomes. The phylogenies of eukaryotes, opisthokonts, and holozoans were inferred from Burki

et al. (2020), Li et al. (2020), and Torruella et al. (2012), respectively. Black branches represent the lineages where the human-type (i.e., 50-TTAGGG-30)

telomeric repeats were identified. Red branches indicate the lineages in which the 50-TTAGGG-30 telomeric repeats have not been identified so far. The

lineages with uncharacterized telomeric sequences are shown in gray. Examples of nonhuman telomeric repeats are indicated above the branches (i.e.,
1Cryptosporidium parvum [Liu et al. 1998], 2Eimeria tenella [Shirley 1994], 3Theileria parva [Sohanpal et al. 1995], 4Tetrahymena thermophila [Blackburn and

Gall 1978], 5Oxytricha trifallax [Klobutcher et al. 1981], 6Guillardia theta [Zauner et al. 2000], 7Arabidopsis thaliana [Richards and Ausubel 1988], 8Cestrum

elegans [Pe�ska et al. 2015], 9Allium cepa [Fajkus et al. 2016], 10Dictyostelium discoideum [Rodriguez-Centeno et al. 2019], 11Giardia lamblia [Morrison et al.

2007], 12Giardia intestinalis [Le Blancq et al. 1991], 13Aspergillus oryzae [Kusumoto et al. 2003], 14various species [see the main text, fig. 2 and supplementary

table 1, Supplementary Material online], 15Schizosaccharomyces cryophilus and 16Schizosaccharomyces japonicus [Rhind et al. 2011], 17Schizosaccharomyces

pombe [Murray et al. 1986], 18Phanerochaete chrysosporium [Ramirez et al. 2011], 19Cryptococcus neoformans [Edman 1992], 20Postia placenta [Ramirez

et al. 2011], 21Wallemia sebi [Fulne�ckov�a et al. 2013], 22Rhizopus oryzae [Ma et al. 2009], 23Allomyces macrogynus [Fulne�ckov�a et al. 2013],
24Encephalitozoon cuniculi [Peyret 2001], 25Creolimax fragrantissima [Denbo et al. 2019], 26Caenorhabditis elegans [Wicky et al. 1996], 27Apis melifera

[Sahara et al. 1999], 28Tribolium castaneum [Osanai et al. 2006], 29Hymenolepis microstoma [Olson et al. 2020], 30Drosophila melanogaster [Levis et al.

1993]).

Step-by-Step Evolution of Telomeres GBE

Genome Biol. Evol. 13(2) doi:10.1093/gbe/evaa268 Advance Access publication 23 December 2020 3



sequencing projects focused on yeasts (e.g., The 1000 yeast

genome project; http://www.y1000plus.org/, last accessed

January 6, 2021) enabled us to inspect the evolutionary pro-

cess in greater detail. Based on these data, we present here a

model describing a series of steps, which might have modified

the ancestral fungal telomeric motifs into the present-day pal-

ette of variable telomeric repeats found in ascomycetous

yeasts.

50-TTAGGG-30-like Motifs Served as a Basis for the
Diversification of Fungal Telomeric Repeats

In Basidiomycota, canonical 50-TTAGGG-30 telomeric repeat is

typical for most species (Guzm�an and S�anchez 1994; Ram�ırez

et al. 2011; Fulne�ckov�a et al. 2013). Similarly to some plants

and insects, both longer (50-TTTAGGG-30 in Phanerochaete

chrysosporium) and shorter (50-TTAGG-30 in Postia placenta,

Heterobasidion annosum) variants are present, providing evi-

dence for a slight variability of telomeric repeats in the phylum

(Guzm�an and S�anchez 1994; Ram�ırez et al. 2011). In

Ascomycota, most species belonging to the subphylum

Pezizomycotina (e.g., Neurospora crassa, Podospora anserina,

Aspergillus fumigatus) share the canonical telomeric motif as

well (Podlevsky et al. 2007; Fulne�ckov�a et al. 2013), although

in Aspergillus oryzae, a longer repeat (50-TTAGGGTCAACA-

30) was reported (Kusumoto et al. 2003). In the subphylum

Taphrinomycotina, several species of the genera Taphrina,

Pneumocystis, and Saitoella also possess 50-TTAGGG-30

repeats (Underwood et al. 1996; Cisse et al. 2013; Tsai

et al. 2014). On the other hand, in fission yeast species of

the genus Schizosaccharomyces, 50-TTACTTGGG-30 repeats

were identified in both S. cryophilus and S. octosporus and

heterogenous repeats 50-TTACA0-1G2-8-3
0 are typical for

S. pombe (Murray et al. 1986; Rhind et al. 2011).

In contrast to most fungal lineages, 50-TTAGGG-30 telo-

meric motifs were not identified in the available genomic

sequences of the Saccharomycotina species. As mentioned

above, telomeric repeats in this subphylum vary greatly in

terms of sequence motif, heterogeneity and overall length

of telomeric arrays. The shortest predicted telomeric motifs

(in case of heterogenous repeats, a sequence of a single re-

peat is deduced from the template domain of telomerase

RNA [TER]) are 5 nt long (50-TCAGG-30) and were identified

in several species belonging to the genus Hanseniaspora,

whereas one of the longest putative telomeric motifs is almost

nine times as long (43 nt) and was found in Pichia norvegensis

(supplementary table 1, Supplementary Material online).

Between these two extremes lies a wide range of different

motifs with limited similarity to either 50-TTAGGG-30 or its

variants. As a result, it is difficult to get a reliable alignment

of yeast telomeric sequences that would point out the evolu-

tionary conserved sites. However, several pieces of indirect

evidence suggest that similarly to other eukaryotic lineages,

the common ancestor of the subphylum Saccharomycotina

possessed a 50-TTAGGG-30-like telomeric repeats.

Firstly, the putative telomeric repeats of Lipomyces oligo-

phaga and L. suomiensis, two species from the

Lipomycetaceae family, representing a basal branch of the

Saccharomycotina subphylum (Shen et al. 2016; Shen et al.

2018), resemble the 50-TTAGGG-30 repeat (fig. 2; Krassovski

et al. 2019). Moreover, we searched the genomic assemblies

of other species of this family for putative telomeric repeats

and identified four additional motifs, located predominantly

as tandem repeat arrays at the ends of several scaffolds,

which share this resemblance (supplementary table 1,

Supplementary Material online). Similarly, we identified a can-

didate for telomeric repeat of Trigonopsis vinaria, a species

belonging to the family Trigonopsidaceae, which is another

deep branching lineage of this subphylum. Although this re-

peat is slightly more divergent, including a single thymine

nucleotide inserted into the original triplet of guanosines,

the overall similarity to 50-TTAGGG-30-like telomeric motifs

is preserved. Next, in 12 out of 13 species belonging to the

Yarrowia clade, the telomeric motif is 50-TTNNNNAGGG-30

with variable central four nucleotides, showing the conserved

portion of the sequence is identical to the canonical repeat

(�Cerven�ak et al. 2019). Importantly, in some of the yeast spe-

cies with longer telomeric repeats (e.g., Debaryomyces hanse-

nii, Clavispora lusitaniae), the 50-TTAGGG-30-like sequence is

partially preserved at the 50 end of the repeat (fig. 2). These 50

elements may represent the remnants of the ancestral 50-

TTAGGG-30-like telomeric motif and were eventually lost in

some lineages (in most species of the Saccharomycetaceae

family, telomeric repeats lack these elements). In addition,

the 50-TTAGGG-30 repeats located at the subtelomeres of

S. cerevisiae (Louis and Haber 1992) possibly represent a mo-

lecular fossil that might have served as the telomeric sequence

before the current S. cerevisiae telomeric motif emerged and

the chromosomal ends expanded. To inspect this hypothesis

in greater detail, we analyzed the genomic sequences of sev-

eral species where telomeric arrays have been unambiguously

assigned to the ends of the corresponding chromosomes

(e.g., S. pombe, Y. lipolytica), but we did not detect substan-

tial enrichment for 50-TTAGGG-30 repeats in the subterminal

regions of chromosomal contigs. Therefore, it is likely that in

these cases the ancestral telomeric repeats were lost due to a

lack of positive selection. In S. cerevisiae, subtelomeric 50-

TTAGGG-30 repeats, in concert with DNA-binding proteins,

such as Tbf1p and Reb1p mediate the formation of hetero-

chromatin (Fourel et al. 1999), which may in turn also play a

role in the preservation of chromosomal termini.

The telomere-binding proteins are another crucial factor in

the evolutionary process. In Y. lipolytica, a species belonging

to one of the basal clades of Saccharomycotina, the ds part of

telomeric DNA is bound by Tay1p, a DNA-binding protein

containing two tandem Myb domains exhibiting similarity to

those of human TRF1 and TRF2 (Kramara et al. 2010).

�Cerven�ak et al. GBE
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Importantly, Tay1p was reported to bind 50-TTAGGG-30

repeats with higher affinity than the natural telomeric se-

quence of Y. lipolytica (50-TTAGTCAGGG-30) (Vi�sack�a et al.

2012), suggesting that either 1) the optimal affinity of this

protein toward telomeric sequences is not necessarily the

highest possible ( Tom�a�ska et al. 2019), or 2) in its evolution-

ary history, Tay1p was selected as the 50-TTAGGG-30-binding

protein and as soon as the telomeric repeats of yeasts started

to accumulate mutations, its affinity toward the new motifs

decreased. The second scenario relies on the presumption

that telomeric repeats evolved faster than the corresponding

TBPs and is consistent with the fact that besides telomeres,

TBPs usually bind various DNA sequences located inside the

chromosome (such as promoter regions of specific genes) and

interact with different protein partners (e.g., transcription acti-

vators). As a result, yeast TBPs had to adapt to new telomeric

repeats while maintaining the already existing interactions.

Understandably, a combination of both aforementioned sce-

narios is possible, assuming a wider range of affinities be-

tween telomeric repeats and the TBP is acceptable for the

TBP (in this case Tay1p) to fulfill its telomeric functions.

Nevertheless, in many yeast lineages with further modified

telomeric repeats, TAY1 gene was not identified in the ge-

nome (these species recruited Rap1p as TBP; fig. 2), suggest-

ing the gradual decrease in affinity of the ancestral TBP

toward ever-changing telomeric repeats led to its replacement

and (in some cases) elimination.

Taken together, the currently available data concerning the

evolutionary constrains of different yeast species, properties

of specific TBPs and the sequences of several telomeric

repeats indicate that the ancient telomeric repeat present in

the common ancestor of Saccharomycotina species was a 50-

TTAGGG-30-like sequence.

Gradual Divergence of Yeast Telomeric Repeats: A Model
of Evolution

Looking at the present variability of telomeric repeats in asco-

mycetous yeasts, it is obvious that these sequences evolved

rapidly, and as a result, 1) all Saccharomycotina species ana-

lyzed so far lack the 50-TTAGGG-30 telomeric repeats, and 2)

protein complexes of yeast telomeres were restructured sev-

eral times in distinct phylogenetic branches. In our previous

work (�Cerven�ak et al. 2017), we proposed a general evolu-

tionary scenario, where the initial changes in the sequences of

telomeric repeats triggered the transition from ancestral TBPs

with strict preference for 50-TTAGGG-30 repeats to their more

flexible counterparts. Here, we aimed to inspect the process in

greater detail with special focus on the specific changes in the

sequences of telomeric repeats from a large palette of species.

FIG. 2.—Variability of telomeric repeats and TBPs in the subphylum Saccharomycotina. Topology of the phylogenetic tree was inferred from Shen et al.

(2016). Blue text represents the 50-TTAGGG-30 sequences, orange boxes mark the conserved Rap1p-binding sites (according to Wahlin and Cohn 2000) and

gray boxes mark the degenerate Rap1p-binding sites (up to 2 substitutions/indels). Tay1p and/or Rap1p homologs were identified in genomic sequences

using the TBlastN algorithm (blast.ncbi.nlm.nih.gov) and the sequence of ScRap1p or YlTay1p as query. Putative homologs (E-value< 1.10�12) are indicated

(þ). The species with confirmed telomeric repeats are listed in bold, asterisks indicate the presence of heterogenous repeats.

Step-by-Step Evolution of Telomeres GBE
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Therefore, we systematically analyzed the telomeric repeats in

Saccharomycotina species, put them into the context of their

evolutionary history and supported the resulting model with

newly identified putative telomeric sequences.

As mentioned above, most of the Yarrowia clade species

share the 50-TTNNNNAGGG-30 telomeric motif, suggesting

that in the early stages of the evolutionary process the 50-

TTAGGG-30 sequence became prone to the insertion of

spacer (�Cerven�ak et al. 2019). This hypothesis is in line with

the data from other basal lineages, such as the

Lipomycetaceae family, where the putative telomeric repeats

also include short insertions (supplementary table 1,

Supplementary Material online). Next, we searched for the

similarities in telomeric sequences (both putative and experi-

mentally confirmed) from species belonging to the families

Debaryomycetaceae (e.g., D. hansenii) and

Metschnikowiaceae (e.g., C. lusitaniae, Candida auris) and

found out that in some of them, an arrangement similar to

that of the Yarrowia clade species is preserved (fig. 2). In

D. hansenii, the spacer element is longer than in Y. lipolytica

and three additional nucleotides are present at the 30 end, but

the overall structure is conserved. Moreover, the predicted

telomeric repeats of several related species showed similar

structural pattern with variation in the spacer length. In

C. lusitaniae and C. auris, the 30 ends of the repeats are ex-

panded, but the Yarrowia-like sequence is still present at the

50 end. The sequences of putative telomeric motifs, predicted

for other species of the family Metschnikowiaceae are struc-

turally similar, including the expanded 30 end (supplementary

table 1, Supplementary Material online). Importantly, the 30

sequences of telomeric motifs from these species represent

potential binding sites for Rap1p (fig. 2). This particular fea-

ture is crucial for our understanding of the evolutionary pro-

cess, suggesting the ancestral telomeric repeats expanded at

their 30 ends, which led to the emergence of a new protein-

binding site. In some species (e.g., Hyphopichia burtonii,

Spathaspora passalidarum), it is likely that the expansion of

the repeat was due to gradual elongation of spacer, which

eventually provided a platform for the generation of Rap1p-

binding site (fig. 2).

According to our hypothesis, up to certain point in the

evolution, these complex telomeric repeats were still bound

by the ancestral 50-TTAGGG-30-binding proteins (such as

Tay1p), although their affinity gradually decreased as the

mutations accumulated. After some time, the decrease in af-

finity compromised the telomeric functions of the dsTBP,

which would lead to a drastic decrease in cell fitness.

Presumably, this situation was resolved by the recruitment

of Rap1p, a novel telomere-binding protein, which recognized

the complex repeats and took over the position of the dsTBP

in some yeast lineages (Vi�sack�a et al. 2012). This scenario is

supported by the sequence composition of specific telomeric

repeats and can be experimentally tested in several ways, for

example, by confirming the role of repeats identified in silico,

comparing the kinetic properties of different TBPs toward var-

ious types of telomeric repeats and their variants, and/or

reprogramming telomeres in a species to carry repeats typical

for another species (similarly to the case of “humanized”

S. cerevisiae telomeres) and testing the ability of native TBP

to maintain such telomeres in vivo (Henning et al. 1998).

The evolution of Rap1p itself is an interesting story, that

needs to fit into our model. In several species, such as human

and S. pombe, it does not bind DNA directly but is associated

with TBPs via protein–protein interactions and it is a part of

the telomere-protecting complex called shelterin (de Lange

2005; Fujita et al. 2012). In these species, Rap1p possesses

just one Myb domain, which is insufficient for stable DNA-

binding and thus cannot associate with telomeric DNA directly

(Li et al. 2000; Chikashige and Hiraoka 2001). However, in

several species from the families Saccharomycetaceae

(S. cerevisiae and related species), Debaryomycetaceae (e.g.,

D. hansenii, Meyerozyma guilliermondii, S. passalidarum,

Scheffersomyces stipitis) and Metschnikowiaceae (e.g.,

C. lusitaniae), Rap1p includes two Myb domains, enabling it

to effectively bind telomeric repeats. Similarly, some of the

Rap1p homologs from basidiomycetes with 50-TTAGGG-30

telomeric repeats were also predicted to possess two Myb

domains (Yu et al. 2013), although none of these proteins

was reported to be involved in telomere maintenance so far.

Instead, telomeres in U. maydis seem to be bound by two

dsTBPs, homologous to YlTay1p (UmTrf1p) and ScTbf1p

(UmTrf2p), respectively, and each having a distinct role in

telomere maintenance (Yu et al. 2020). This situation can

be explained by two possible scenarios: 1) the ancestral

Rap1p possessed one Myb domain and acquired another in

several independent lineages, or 2) the ancestral protein pos-

sessed two Myb domains and some of the later orthologs lost

one of them. Either way, the ancestral RAP1 gene was present

in the common ancestor of both ascomycetes and basidiomy-

cetes alongside the other TBP-encoding genes, which might

have emerged via the neutral evolutionary ratchet (Vi�sack�a

et al. 2012), and became associated with telomeric DNA via

protein–protein interactions (as in human or S. pombe).

Afterwards, the initial proximity of the protein to telomeric

DNA in combination with two functional Myb domains made

it possible for Rap1p to become a TBP in certain lineages. In

others (e.g., Lipomycetaceae, Yarrowia clade), Rap1p did not

acquire any important function and was lost. Moreover, one

specific feature of Rap1p, which might have been useful dur-

ing the Tay1p/Rap1p transition period is its flexibility in DNA-

binding, allowing it to bind a wider spectrum of potential

substrates than its ancient counterparts (Steinberg-Neifach

and Lue 2015). Specifically, the binding of two Myb domains

tolerates different spacing between recognition sequences,

allowing for flexible binding to a spectrum of motifs. Thus,

the DNA-binding activity of Rap1p may be modulated by

binding to specific variants of consensus sequence and the

protein may adopt several conformations, enabling a
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recruitment of different cofactors (König et al. 1996;

Steinberg-Neifach and Lue 2015).

Nevertheless, the fundamental reconstruction of the

telomere-associated complexes in many yeast species had to

be an extremely challenging process. Specific interactions be-

tween the DNA-binding protein and its interacting partners

had to be rebuilt, many of the interacting partners themselves

had to be replaced and the communication between the

telomeric proteins and other components of the telomere

maintenance systems, such as telomerase and DNA repair

machinery needed to be maintained. Clearly, Rap1p was

able to fulfill this complex task and from that point on, it

served as a basis for the assembly of telomere-protecting

complexes in the corresponding yeast species.

After the Tay1p/Rap1p transition, we can observe the

gradual disappearance of the 50-TTAGGG-30 sequence from

yeast telomeric sequences, which is probably due to the re-

laxation of selection pressure (fig. 2). As a result, in many

species belonging to the families Debaryomycetaceae,

Metschnikowiaceae and Phaffomycetaceae (e.g.,

Wickerhamomyces canadensis, Cyberlindnera saturnus),

Rap1p-binding site is conserved, whereas the 50 sequence is

variable (Guni�sov�a et al. 2009). In most species of the family

Saccharomycetaceae, including S. cerevisiae, the former 50

sequence of the telomeric repeat is completely lost (Cohn

et al. 1998), suggesting the remnants of the 50-TTAGGG-30

repeat were not essential for the binding of Rap1p.

Eventually, although the transition from ancestral 50-

TTAGGG-30-binding telomeric proteins to flexible Rap1p

was caused by the initial changes in telomeric sequences, it

resulted in a situation, were the TBP was much more likely to

tolerate new mutations. Such arrangement ultimately accel-

erated the evolutionary process and led to the present vari-

ability of telomeric motifs in ascomycetous yeast. It is also

possible, that in some species (e.g., S. cerevisiae), the 50-

TTAGGG-30-like repeats might have been bound by Tbf1p,

which either served as the initial dsTBP instead of Tay1, or

took part in a more complex Tay1p/Tbf1p/Rap1p transition

period (�Cerven�ak et al. 2017). However, with an exemption of

its potential role in maintenance of artificially humanized telo-

meres in S. cerevisiae (Alexander and Zakian 2003; Berthiau

et al. 2006; Fukunaga et al. 2012; Ribaud et al. 2012), its

function as the native TBP was so far not documented in

any species.

Role of TERs in the Evolution of Telomeric Repeats

When examining the sequences of telomeric repeats and the

process of their evolution, some of the crucial pieces of evi-

dence might lie in the TERs. These noncoding RNAs contain

several important domains responsible for RNA–protein inter-

actions, as well as the template domain, which specifies the

sequence of a telomeric repeat (Romero and Blackburn 1991;

Theimer and Feigon 2006). Most regions of TERs evolve

extremely rapidly and even in relatively closely related species,

it is complicated to align the entire sequences (Guni�sov�a et al.

2009; �Cerven�ak et al. 2019). On the other hand, the template

domain is usually conserved (Chen et al. 2000; �Cerven�ak et al.

2019). As the sequence complementary to G-strand of every

telomeric repeat, the template domain of TER is crucial in our

understanding of telomeres, because 1) if a mutation should

affect the sequence of every telomeric repeat in the cell, it

needs to occur in the template domain of TER, and 2) the

secondary structure of the template domain might affect the

activity of the entire telomerase complex.

Telomeric arrays undergo frequent mutations resulting

from an inefficient repair of damaged DNA, causing local

problems to DNA-binding proteins, replication and transcrip-

tion machineries, and other regulatory systems (Chen et al.

2000; Fumagalli et al. 2012). However, these are never sys-

tematic and do not occur repeatedly at the same positions. In

contrast, if the template domain of TER is affected by a mu-

tation, each newly synthesized telomeric repeat is affected,

which inflicts a much broader impact on the cell fitness and

ultimately the evolutionary process. Importantly, for every

telomeric repeat, there are many variants of a template do-

main (different permutations of 1–2 repeat units) potentially

acceptable for its synthesis by telomerase. This leaves a wide

space for a variability among the primary structures of the

templates. However, if the yeast telomeric repeats evolved

step-by-step from an ancient 50-TTAGGG-30-like sequences,

as we propose, then so should have done the template

domains of their TERs. Consequently, when aligning the tem-

plate domains of TERs from several unrelated yeast species, it

is apparent that these sequences show the same pattern of

changes as the telomeric repeats (fig. 3). This suggests that

the evolutionarily modern templates evolved from the ancient

sequences via gradual accumulation of mutations and the

expansion of 50 end of the template domain, followed by

the Tay1p/Rap1p transition and the shortening of the 30

end. Considering the mechanism of telomere-lengthening

by telomerase (Wu et al. 2017), the reason why the 50 end

of the template accumulated mutations faster than the 30 end

might have been based on the role of 30 end in the telomere-

TER annealing.

The secondary structure of the template domain and pos-

sibly the entire TER molecule is another important factor in the

evolutionary process. Specifically, the ability of mutated TERs

to form a catalytically active complex with the other subunits

of telomerase is critical for the synthesis of new telomeric

repeats (Bachand and Autexier 2001; Lin et al. 2004).

Therefore, if the other types of changes (e.g., severe rear-

rangements of the original template domain or the expansion

of its 30 end) prevented TERs from creating a secondary struc-

ture suitable for the telomerase assembly, such changes

would have been detrimental to the telomere maintenance

system even though the telomeric repeat itself was suitable

for the binding of a particular TBP.
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Heterogenous Telomeric Repeats in Yeasts

One particular feature of yeast telomeric repeats, which

emerged alongside their rapid evolution, is the heterogeneity

of repetitive units inside a single telomeric array (Cohn and

Blackburn 1995; McCormick-Graham et al. 1997; Cohn et al.

1998). It is typical for S. cerevisiae and several mechanisms

contributing to this type of variability have been described in

the past, including stuttering, stalling, random misincorpora-

tion of bases or a premature dissociation of telomerase

(McCormick-Graham et al. 1997; Förstemann and Lingner

2001). In vitro characterization of telomerases from

S. cerevisiae and Naumovozyma castellii suggests the varia-

tions in S. cerevisiae telomeric repeats are due to premature

dissociation and stuttering along the template (Cohn and

Blackburn 1995). Interestingly, in some strains of Candida

tropicalis, telomeric arrays are composed of two types of

repeats, differing in a single nucleotide. It was proposed

that this type of heterogeneity might have been introduced

by two distinct TER alleles with different template domains

(McEachern and Blackburn 1994).

In S. pombe, heterogeneity can be explained as a combi-

nation of effects where in a certain extension cycle only a part

of RNA template is used, or, as in S.cerevisiae, RNA template

aligns to telomeric DNA in different registers in different cycles

of extension (Förstemann and Lingner 2001; Webb and

Zakian 2008; Wellinger and Zakian 2012). The analyses of

S. pombe TER also revealed that polymerization can in some

cycles extend into the template boundary element and cause

the heterogeneity at the 30 end of the repeat (Webb and

Zakian 2008).

In other eukaryotes (e.g., the ciliate Tetrahymena thermo-

phila from the superphylum Alveolata), the insertion of addi-

tional cytosine residue in TER template can lead to telomerase

stuttering, resulting in the addition of multiple guanosines

(Gilley et al. 1995). But how did this sequence heterogeneity

arise and why was it tolerated (or possibly even favored) in the

evolution? There are two possible situations, where hetero-

geneity in telomeric repeats might be tolerated: 1) the

telomere-binding proteins are flexible binders, recognizing a

broader palette of target sequences, or 2) a pool of Myb do-

main encoding sequences is present in the genome, enabling

further adaptation to sequence variability at telomeres by

substituting the former TBP for a more flexible contender. It

was also proposed that under certain conditions,

heterogeneity-generating mechanisms might be positively se-

lected (Tom�a�ska and Nosek 2009; �Cerven�ak et al. 2017).

At S. pombe telomeres, the heterogenous repeats are

bound by Taz1, a dsTBP, which possesses only a single Myb

domain in its sequence and forms a homodimer complexes

(Cooper et al. 1997; Deng et al. 2015). In comparison to hu-

man telomeric proteins TRF1 and TRF2, Taz1p exhibits more

flexibility and binds various DNA substrates with comparable

affinity (Sep�siov�a et al. 2016). Importantly, the origin of gene

encoding Taz1p still remains enigmatic, making it a possible

Myb domain-containing contender which replaced a Tay1-

like protein at S. pombe telomeres. However, since the telo-

meric repeats of S. pombe and related species resemble the

50-TTAGGG-30 motif, the reason for the Tay1p/Taz1p transi-

tion might have been different in comparison with

Saccharomycotina species. According to our scenario, Taz1p

was able to replace Tay1p even though the affinity of Tay1p

toward telomeric DNA was still relatively high and no novel

protein-binding site emerged (fig. 4). The exact reasons for

this change of guards in Taphrinomycotina are still unclear,

although the flexibility in DNA-binding, which is typical for

Taz1p (similarly to Rap1p) might have played a key role.

Moreover, it is possible that in comparison to

Saccharomycotina, the evolutionary process is still in its early

stage and the Tay1p homologs will eventually disappear in

some Taphrinomycotina species as well. On the other hand,

the role of SpTeb1p in transcription regulation of several es-

sential genes (e.g., those encoding histones) suggests it might

simply adapt to a new function (Valente et al. 2013).

Importantly, the binding flexibility of Taz1p allowed for the

emergence of heterogeneity in S. pombe telomeric sequence

later on, whereas the Tay1p/Rap1p transition served as a basis

for the emergence of telomeric heterogeneity in S. cerevisiae.

However, the transition to the novel types of TBPs was clearly

not the only reason for the emergence of telomeric hetero-

geneity, since the other related species (to both S. cerevisiae

and S. pombe), which possess similar TBPs, contain homoge-

nous telomeric repeats. It is therefore possible, that the flex-

ible TBPs only created the environment, where the additional

mutations affecting the processivity and fidelity of yeast

FIG. 3.—Evolution of template domains of yeast TERs. Putative binding sites for Tay1p and Rap1p are indicated, the bases conserved in all species are

marked by blue (in Tay1p-binding site) or orange (in Rap1p-binding site) color.
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telomerases were tolerated. The heterogeneity itself might

have been introduced later by different types of error-prone

telomerase complexes, establishing a dynamic balance be-

tween the properties of specific TBP and corresponding telo-

merase. According to this hypothesis, the emergence of

telomeric heterogeneity might be expected in more yeast spe-

cies with flexible TBPs in the future.

Conclusions

In recent years, the variability of yeast telomeric repeats, TBPs

and TERs was addressed several times, bringing up new ex-

perimental data and new points of view. The identification of

telomeric sequences in most Saccharomycotina clades and

comparative analyses of telomeric complexes from different

lineages pointed out general trends in genome evolution,

which served as the basis for our model (Lue 2010; �Cerven�ak

et al. 2017). Later, the structural and functional analyses of

telomeric proteins revealed the flexibility in DNA-binding of

specific TBPs (Steinberg-Neifach and Lue 2015; Sep�siov�a et al.

2016; Tom�a�ska, et al. 2019), which was instrumental in our

understanding of processes, such as Tay1p/Rap1p transition.

In this article, we combined the available data with our own

analysis of several yeast telomeric repeats and template

domains of TERs, in order to create a tangible step-by-step

model of evolution. According to this model, the 50 end of the

template domains in yeast TERs expanded, leading to the

emergence of complex telomeric repeats. Consequently, at

the 30 ends of these repeats, a site appeared which eventually

led to Tay1p/Rap1p transition and the shortening of novel

repeats from their 50 end. As a result, large diversity of telo-

meric repeats emerged in ascomycetous yeasts and was ac-

companied by formation of several types of protein

complexes, which were adapted for their effective

maintenance.
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