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Abstract

Telomeres are ribonucleoproteins that cap chromosome-ends and their DNA length is controlled by counteracting elongation and short
ening processes. The budding yeast Saccharomyces cerevisiae has been a leading model to study telomere DNA length control and 
dynamics. Its telomeric DNA is maintained at a length that slightly varies between laboratory strains, but little is known about its variation 
at the species level. The recent publication of the genomes of over 1,000 S. cerevisiae strains enabled us to explore telomere DNA length 
variation at an unprecedented scale. Here, we developed a bioinformatic pipeline (YeaISTY) to estimate telomere DNA length from 
whole-genome sequences and applied it to the sequenced S. cerevisiae collection. Our results revealed broad natural telomere DNA 
length variation among the isolates. Notably, telomere DNA length is shorter in those derived from wild rather than domesticated en
vironments. Moreover, telomere DNA length variation is associated with mitochondrial metabolism, and this association is driven by wild 
strains. Overall, these findings reveal broad variation in budding yeast’s telomere DNA length regulation, which might be shaped by its 
different ecological life-styles.
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Introduction
Telomeres are ribonucleoprotein structures located at the ends 
of chromosomes (Blackburn and Gall 1978). They comprise tan
dem repeats of a DNA sequence whose motif and length vary 
among species (Monaghan 2010; Fulnečková et al. 2013). They 
maintain chromosome structure by distinguishing natural 
chromosome-ends from accidental double-stranded breaks 
(DSBs) and by contributing to chromosome segregation during 
cell division. Telomere DNA length (TL) is determined by the op
posite actions of elongation and degradation pathways: elong
ation is ensured by telomerase, a reverse transcriptase that 
uses RNA as a template (Greider and Blackburn 1985, 1987), or 
by alternative lengthening of telomeres (ALT) recombination 
pathways (Lundblad and Blackburn 1993; Bryan et al. 1995; 
Teng and Zakian 1999); degradation is linked to the semi- 
conservative replication of DNA extremities coupled to specific 
nuclease activities (Watson 1972; Olovnikov 1973; Lingner et al. 
1995). In mammalian somatic cells, telomerase is not or only 
weakly expressed and telomeres shorten at each cell division 
(Gilson and Géli 2007). By contrast, telomerase is constitutively 
expressed in the budding yeast Saccharomyces cerevisiae allowing 
telomeric DNA to be maintained at an equilibrium length 
(Marcand et al. 1999).

TL differs broadly among species. Human telomeres can range 
between 5 and 15 kb while mice can have extremely long telo
meres (even >100 kb; Monaghan 2010). In comparison, yeast telo
meres are relatively short at around 300 bp (Teixeira and Gilson 
2005). Yeast telomeric sequences are often flanked by the so- 

called telomere-associated sequences (TAS). These comprise re

petitive sequences like the X and Y′ elements, and interstitial telo

meric sequences (ITS), which are located between them (Louis 

1995; Wellinger and Zakian 2012). TL is a complex trait: in budding 

yeast it is modulated by more than 400 telomere length mainten

ance (TLM) genes that were identified in large-scale systematic 

genetic screens (Askree et al. 2004; Gatbonton et al. 2006; Ungar 

et al. 2009; Harari and Kupiec 2014), and by various environmental 

factors, including heat, caffeine, and ethanol (Romano et al. 2013; 

Kupiec 2014; Harari and Kupiec 2018b; Harari et al. 2020). TL also 

varies among individuals of the same species, including yeasts, 

nematodes, plants, mammals, and birds (Zijlmans et al. 1997; 

Liti, Haricharan et al. 2009; Heidinger et al. 2012; Fulcher et al. 

2014; Cook et al. 2016; Hansen et al. 2016; Foley et al. 2020).
TL can be inferred from next-generation sequencing data by es

timating the fraction of reads containing a sufficiently high num
ber of telomeric DNA repeated sequences. This approach was 
implemented for human genomes containing regular telomeric 
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DNA repeats (T2AG3)n (Ding et al. 2014; Nersisyan and Arakelyan 
2015; Hakobyan et al. 2016; Lee et al. 2017) as well as for S. cerevisiae, 
which contains irregular telomeric DNA repeated sequences 
(TG1–3)n (Puddu et al. 2019). These methods are now broadly ap
plied (Cook et al. 2016; Hakobyan et al. 2016; Barthel et al. 2017; 
Nersisyan et al. 2019; Taub et al. 2020).

In humans, TL variation has been associated with multiple 
pathological conditions (Aviv and Shay 2018) and with selection 
to attenuate the risk of cancer (Mangino et al. 2015; Hansen et al. 
2016). In birds, TL has been used to predict key life-history traits 
like growth, reproduction and lifespan, and individuals with 
shorter TL have a lower life expectancy (Haussmann et al. 2005; 
Heidinger et al. 2012). Examples of extreme TL variation among 
different subpopulations have also been reported in yeast, includ
ing S. cerevisiae and its closest wild relative S. paradoxus (Liti, 
Haricharan, et al. 2009). This raises the question whether TL vari
ation plays a role in the adaptation of a strain to its environment 
or if it derives from genetic drift. The lack of an adequate number 
of strains and experimental follow-up has so far prevented this 
question from being addressed.

The recent publication of the genomes and phenomes of more 
than 1,000 S. cerevisiae isolates (Peter et al. 2018; De Chiara et al. 
2020, 2022) enabled us to explore TL variation at an unprecedent
ed scale. Here, we report the first comprehensive analysis of TL 
variation in yeast strains isolated from a wide range of ecological 
niches and geographical areas, including domesticated and wild 
environments. For this purpose, we developed a bioinformatic 
pipeline that estimates the average TL, ITS content, and Y′ copy 
number from whole-genome sequencing data. We described TL 
variation across 26 well-defined lineages and identified new can
didate genetic variants involved in TLM. We compared TL with a 
series of phenotypes including growth using different carbon 
and nitrogen sources, mitochondrial metabolism, sporulation 
capacity, and chronological lifespan (CLS). The results revealed 
different TL regulation patterns in wild and domesticated yeasts 
that correlate with their mitochondrial functions.

Materials and methods
A bioinformatic pipeline for estimating TL, ITS 
content, and Y′ copy number
We developed YeaISTY (Yeast ITS, Telomeres and Y′ elements es
timator) in order to estimate TL, ITS content, and Y′ copy number 
in the 1,011 S. cerevisiae collection.

We optimized its running parameters by applying it to simu
lated reads derived from modified genome assemblies in which 
we simultaneously replaced all the native telomeres with de
signed ones of known length. We tested several cutoffs for the 
minimum length of the telomeric repeats stretch contained in 
the reads and set a threshold of 40 bp based on the results of 
our simulations (see Supplementary Discussion 1). We ran 
YeaISTY on the 1,011 S. cerevisiae collection with the following 
command line:

perl find_motif_in_reads.pl -i $SAMPLE.fasta -m motif.txt -o 
$SAMPLE.fasta.readscan -l $SAMPLE.fasta.readlist -c INT

where “i” is the input file (in FASTA format), “m” is a file contain
ing the telomeric motifs for pattern matching (C{1,3}A, TG{1,3}), 
“o” is an output file containing a list of the reads classified as telo
meric or ITS-derived and the position and length of their telomeric 
motifs, “l” is another output file containing the names of the reads 
classified as telomeric or ITS-derived, and “c” represents the min
imum number of bp covered by telomeric motifs that must be 
contained in a read in order to classify it as telomeric or 

ITS-derived. This value can be set by the user and must be an in
teger number (INT). In this study, we set “c” as 40.

Subsequently, we performed mapping on a modified SGD refer
ence genome in which we masked all repetitive sequences, includ
ing telomeres, ITS and Y′ elements, by BWA (version 0.7.12; Li and 
Durbin 2009). The list of repetitive sequences in the SGD genome 
was generated and masked using RepeatMasker (http://www. 
repeatmasker.org/). A representative, long version Y′ element 
(from TEL09L) was appended to this reference genome as an add
itional chromosome entry.

After applying the pipeline, 93 isolates stood out from the rest 
because they exhibited extremely high TL. These 93 isolates 
were sequenced in previous studies. Given that these results 
were not comparable to the rest of the collection, we excluded 
these isolates and only considered the remaining 918 strains. 
After assessing the impact of aneuploidy variation on TL estima
tion through computational simulations, we decided to only re
tain a subset of 706 euploid strains for further analyses (see 
Supplementary Discussion 2).

We observed an underestimation rate of 4- and 8-fold for TL and 
ITS content, respectively, as compared to the average values mea
sured by teloblot and the annotation of the 12 genome assemblies 
from the YPRP. We adjusted this bias by increasing TL and ITS con
tent of 4- and 8-fold, respectively, in the estimations of the 706 S. 
cerevisiae collection. Values reported in Supplementary Table 5
are already adjusted. Estimates from the other datasets used in 
this study varied around a different median value respect to the 
one of the 706 S. cerevisiae collection, indicating that the underesti
mation rate differs across datasets and therefore estimates are not 
directly comparable between datasets, but only within them 
(Puddu et al. 2019; Tattini et al. 2019). Since we did not perform tel
oblots of representative strains from all the other datasets, their 
exact underestimation rates remained unknown and their esti
mates were not adjusted. The reasons of the underestimation 
are unknown but might depend on the combination of the sequen
cing technology, library preparation methods and coverage. For in
stance, previous studies have shown that the probability of a DNA 
region to be targeted by a double-strand-break during the frag
mentation step of the sequencing library preparation is not equal 
along the genome, with GC-rich and terminal regions like telo
meres being particularly affected. The GC content bias and the 
positional bias result in an under-representation of sequencing 
reads derived from the affected regions, leading to a nonuniform 
distribution of coverage along the genome. Telomeres are particu
larly prone to show low coverage values due to their high GC con
tent and their terminal position (Grokhovsky et al. 2011; Benjamini 
and Speed 2012; Poptsova et al. 2014).

We tested whether the stringent parameters used by YeaISTY to 
select telomeric and ITS reads might cause the underestimation 
by recalculating TL and ITS content in 704 isolates of the S. cerevi
siae collection using a lower cutoff (20 bp). The new estimations 
significantly correlated with the previous ones (r = 0.97 for TL, r = 
0.99 for ITS content; P < 2.2e−16) but TL was still 3-fold lower than 
the value estimated by teloblot. At the 20 bp cutoff, the correlation 
with the teloblot was lower (r = 0.85 vs r = 0.87 for 20 and 40 bp cut
off, respectively; Supplementary Tables 3 and 5). We conclude 
that the parameters of our pipeline are only responsible of a frac
tion of the underestimation, while the major role is likely played 
by other factors. Due to the lower correlation obtained with the 
20 bp cutoff, we used the results derived from the 40 bp cutoff.

While relative values can still indicate whether one strain car
ries longer/shorter telomeres than another one within the same 
dataset, a comparison with already known TL and ITS is needed 
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to determine the exact underestimation rate of each dataset and 
obtain absolute TL and ITS estimates.

YeaISTY is freely available through github (https://github.com/ 
mdangiolo89/Different-telomere-length-patterns-between-domestic- 
and-wild-S.-cerevisiae-isolates).

Simulations of sequencing runs from genomes 
carrying designed telomeres
To estimate the efficiency of YeaISTY, we applied it to artificially 
constructed datasets, consisting of simulated sequencing runs de
rived from genomes where telomere lengths were set at specific 
values. We masked the native telomeres of the 12 previously de
scribed genome assemblies by using the program maskfasta con
tained in the suite bedtools (version 2.17.0; Quinlan and Hall 
2010). Subsequently, we replaced the masked native telomeres 
with 14 designed telomeres of known length, consisting of yeast 
telomeric TG{1,3} or C{1,3}A repeats. We created 168 (12 × 14) de
signed genomes in each of which single telomeres were all identi
cal to each other. The lengths of the designed telomeres had the 
following values: 18, 49, 77, 99, 135, 174, 208, 296, 360, 416, 504, 
553, 602, 651 bp. ITS were not modified. Illumina reads were 
then simulated from the 168 designed genomes using the software 
dwgsim (https://github.com/nh13/DWGSIM) with the following 
parameters: type of read = paired-end, read length = 100 bp, se
quencing error rate = 0%, insert size = 300 bp, coverage = 30. To 
test the performance of YeaISTY upon ploidy and aneuploidy vari
ation, we simultaneously replaced all the native telomeres of the 
S288C genome assembly with a designed telomere of 360 bp. We 
manually copy-pasted the full genome sequence to generate iden
tical S288C genome assemblies with ploidies ranging from 1n to 
5n. Next, we manually copy-pasted combinations of chromo
somes in order to artificially insert aneuploidies into the haploid 
genome assembly. We generated a total of 32 genome assemblies 
with a variable number of aneuploid chromosomes, ranging from 
1 to 14. To assess the performance of YeaISTY against increasing 
amounts of mutations in telomeric sequences we used another 
modified haploid S288C genome assembly in which we simultan
eously replaced all the native telomeres with a designed telomere 
of 296 bp. We manually introduced single-base mismatches in the 
telomeric sequence used to replace the native telomeres, generat
ing a total of 5 genome assemblies with a variable percentage of 
mismatches (0%, 1%, 3%, 5%, 10%). We simulated 2 Illumina 
paired-end sequencing runs for each ploidy, aneuploidy and mis
match background, except the euploid 1n for which we generated 
3 sequencing runs, by using the software ART (Huang et al. 2012) 
and the following parameters: type of read = paired-end, read 
length = 100 bp, insert size = 300 bp, coverage = 30.

ITS content, Y′ copy number, and TL estimation in 
the yeast population reference panel
We estimated TL, ITS content, and Y′ copy number in 7 S. cerevisiae 
and 5 S. paradoxus strains sequenced with Pacbio technology and 
whose complete genome assemblies were already available as 
part of the yeast population reference panel (YPRP; Yue et al. 
2017). We estimated the frequency and distribution of stretches 
of telomeric repeats in the 12 genome assemblies by using custom 
Perl scripts. We merged the repeats which were interspaced by 
only 1 bp into a unique telomeric repeat stretch by using the soft
ware mergeBed included in the suite bedtools (version 2.17.0) with 
the option “-d 1” (Quinlan and Hall 2010). Then, we filtered the list 
to keep only the stretches longer than 10 bp. The interstitial telo
meric repeats stretches were annotated as Y′-associated ITS if 
they closely preceded an annotated Y′ element, while the others 

were discarded. The ITS content of a strain was determined as 
the sum of the lengths of its Y′-associated ITS annotations.

TL of these 12 yeast strains was determined by analyzing their 
already available Sanger-sequencing reads, included in the SGRP 
project, as described in the paragraph “TL estimation in the 
SGRP collection”.

TL estimation in the SGRP collection
We estimated the TL of Sanger-sequenced strains of the 
Saccharomyces Genome Resequencing Project (SGRP; Liti, Carter 
et al. 2009) by using YeaISTY’s first module followed by manual an
notation. First, we filtered the Sanger-sequencing reads to retain 
only the ones containing abundant telomeric repeats. We classi
fied reads as telomeric if they contained a stretch of telomeric re
peats (either C{1,3}A or TG{1,3}) longer or equal to 40 bp and 
located at the extremities of the read. Then, TL was estimated 
from each telomeric read by manually counting the telomeric re
peats. Each read was considered as a single telomere. Lineage as
signments in Supplementary Fig. 10b reflect the phylogenetic 
clades of Liti, Carter et al. (2009). S. cerevisiae strains were classified 
as domesticated if they had been isolated from fermentation- 
related environments, while they were classified as wild if they 
were isolated in nature. S. cerevisiae strains whose substrate of iso
lation was unknown were classified as “Unknown”.

Southern blots
Yeast cell cultures from 7 YPRP strains and 17 representative iso
lates of the 1,011 S. cerevisiae collection were grown overnight at 
30°C in 5 ml of YPD medium to early stationary phase. Genomic 
DNA was subsequently extracted using MasterPure Yeast DNA 
Purification Kit. DNA (1–2 μg) was digested with XhoI at 37°C for 
5 h. The digested DNA was purified using phenol/chloroform 
and ethanol precipitation and separated by electrophoresis (16 h 
at 30 V using 0.9% agarose). A 200 bp DNA ladder was loaded in 
the first lane of the gel to provide a reference for terminal restric
tion fragments (TRF) size estimation. The gel was soaked in eth
idium bromide and an image was taken with a Typhoon 
machine. The DNA was then depurinated by incubating the gel 
in 200 ml of 0.25 M HCl for 30 min, and denaturated in 200 ml of 
0.5N NaOH +1 M NaCl for 20 min twice. Neutralization was per
formed by incubating the gel twice in 200 ml of 1 M ammonium 
acetate for 20 min. The content of the gel was then transferred 
to a Hybond-N membrane and crosslinked to the membrane 
through UV irradiation. The membrane was hybridized with a 
TG1–3 probe (270 bp) containing 32P-labeled dCTP by incubating 
it in 15 ml of a prehybridization solution (6× SSC, 0.5% SDS, 1% 
milk) for 1 h at 50°C, and then in 15 ml of hybridization solution 
(6× SSC, 0.1% SDS, 1% milk) overnight at 50°C. The membrane 
was subsequently washed to remove any unbound probe by incu
bating it in 20 ml of 2× SSC for 10 min at 50°C, then in 20 ml of 
2× SSC + 1% SDS for 30 min at 50°C and finally twice in 20 ml of 
0.2× SSC + 1% SDS for 30 min at 50°C. TRF were visualized using 
Phosphorimager after 24 h of exposure.

TRF signals were analyzed using ImageQuant. For each lane, a 
pixel analysis was performed and the distance between each TRF 
and the respective well was annotated, where the distance repre
sents the position of maximum pixel intensity of the band. For the 
lane containing the DNA ladder, the distance between each band 
and the well was annotated and used to construct a linear regres
sion model describing the relationship between the size of the 
DNA fragments and their migration pattern. The function repre
senting this model was used to predict the size of the TRF for 
each strain given its distance from the well. Given that the 
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restriction site for XhoI is located in a conserved position around 
875 bp before the start of each Y′ telomere, additional 875 bp 
were subtracted from the TRF size in order to obtain the final telo
mere length.

Statistics and data reproducibility
We estimated TL in 706 already sequenced S. cerevisiae strains 
(Peter et al. 2018). Strains classifications, including phylogenetic 
lineages and domesticated/wild assignments were maintained 
as described in (De Chiara et al. 2022). We used the whole collec
tion (n = 706) for most of the analyses performed in this study, ex
cept for the GWAS (see below) and the correlation analysis where 
we used the euploid diploid collection (n = 555; see paragraphs 
“Genome-wide association study and LOFs analysis” and 
“Correlation analysis”).

Statistical analyses were performed using R (version 3.5.3). 
Two-group comparisons were performed using the function wilcox.t
est, performing a 2-tailed Mann–Whitney test. Multiple-group com
parisons were performed using the function kruskal.test, performing 
a nonparametric ANOVA test. Subsequent pairwise analyses were 
performed using the function dunnTest included in the package FSA.

Genome-wide association study and LOFs 
analysis
We used a subset of euploid diploid strains (n = 555) for the 
genome-wide association study (GWAS) in order to minimize the 
confounding effects of ploidy variation.

Genotype data and the matrix of between-strains co-similarity 
to adjust for population structure were already available from 
(Peter et al. 2018). Only variants with a minor allele frequency 
(MAF) ≥ 0.05 in the whole population were included in the analysis 
(n = 101,579). TL data were converted to a normal distribution 
using the function qqnorm included in the R software. GWAS 
was performed using fast-lmm with the following command line:

fastlmmc -bfile $genotypes_file -bfileSim $cosimilarity_matrix 
-pheno $phenotypes_file -out $output_file

Variants with corrected P < 0.05 were considered statistically 
significant and retained for further analyses. Narrow-sense herit
ability (h2) for TL was calculated by dividing the genetic variance 
of the null model by the total variance of the null model (genetic 
variance and residual variance), computed using fast-lmm. The 
fraction of the phenotypic variance explained by the significant 
GWAS variants was calculated by removing all the rest of the gen
otypes from the co-similarity matrix and rerunning a second 
GWAS. Subsequently, we repeated the same calculations on the 
new output file.

LOF variants were already available from (Peter et al. 2018). A 
LOF was considered as present in a strain if it was either in homo
zygous or heterozygous state. LOFs were annotated as present in a 
clade if their frequency in the clade was higher than 0.6 but their 
frequency in the 555 S. cerevisiae collection was lower than 0.2.

Phenotypic measurements and correlation 
analyses
The set of phenotypes used in the correlation analysis was already 
available from previous studies. 35 phenotypes relative to resili
ence in the presence of stressors were derived from (Peter et al. 
2018). 114 phenotypes relative to growth in multiple carbon and 
nitrogen sources were derived from (De Chiara et al. 2022). 
Absolute and relative mtDNA copy number were derived from 
(De Chiara et al. 2022). Mitochondrial volume and activity were 
partially derived from (De Chiara et al. 2020) but, in this study, 
the measurements were extended to the euploid diploid 555 

yeasts collection and were performed as described in (De Chiara 
et al. 2020). Only the euploid diploid strains (n = 555) were used 
in the correlation analysis. Correlation analyses were performed 
using the function cor.test included in the R software applying 
the Pearson’s model.

To correct for potential bias due to population structure, we re
peated the correlation analysis by applying the phylogenetic gen
eralized least squares (PGLS) method. We computed Pagel’s λ and 
corrected correlation coefficients and P-values by using the func
tion pgls included in the R package caper. The tree representing the 
population structure was based on a subset of a vcf file derived 
from Peter et al. (2018), which contained genetic variants corre
sponding to the 555 euploid diploid strains, and was created 
with the software iqtree (Nguyen et al. 2015). The tree was subse
quently rooted on the branch of the Taiwanese clade using iTOL 
(Letunic and Bork 2021) and uploaded in the R environment in 
Newick format by using the function read.tree included in the 
package ape (Paradis et al. 2004).

In both analyses, missing data were not considered for the cal
culation of coefficients and P-values. In PGLS, the isolates contain
ing missing data were also removed from the tree by using the 
function drop.tip included in the package ape. P-values were subse
quently recomputed using the FDR correction for multiple hy
pothesis testing and associations were considered statistically 
significant if their corrected P < 0.05.

Results
S. cerevisiae telomere analysis from 
whole-genome sequences
We developed YeaISTY (Yeast ITS, Telomeres and Y′ elements es
timator) to estimate TL, ITS content and Y′ copy number from 
yeast whole-genome sequencing data (Methods). The perform
ance of YeaISTY has been extensively benchmarked against simu
lated and experimental datasets and its running parameters have 
been optimized (see next paragraph and Supplementary 
Discussions 1–4). The YeaISTY workflow begins with a screening 
of Illumina paired-end reads. The pipeline detects single units of 
telomeric motifs (CA, CCA, CCCA, TG, TGG, TGGG). If units are 
consecutive to one another they are considered as part of the 
same telomeric repeats stretch and its start/end points are as
signed, respectively, as the position of the first base of the first 
unit and the position of the last base of the last unit. The length 
of the telomeric repeats stretch is then calculated as end-start + 
1. We allow the presence of only one mismatch of maximum 2 nu
cleotides inside the telomeric repeats stretch without changing 
the starting point (Supplementary Fig. 1a, panel 2, read 1). 
Instead, if the telomeric repeats stretch is interrupted by a mis
match of at least 3 bp or by multiple mismatches, the starting 
point is reassigned as the position of the next available telomeric 
unit in the read (Supplementary Fig. 1a, panel 2, reads 2 and 3). 
Reads are retained if they contain a stretch of telomeric repeats 
(either C{1,3}A or TG{1,3}) longer or equal to 40 bp (Fig. 1a and 
Supplementary Fig. 1a). Since telomeric and ITS-derived reads 
are virtually impossible to distinguish from each other based sole
ly on their sequences, we introduced an additional step consisting 
in mapping all the reads to a modified reference genome in which 
all repetitive sequences, including telomeres, ITS and Y′ elements, 
have been masked. Moreover, a representative Y′ element was ap
pended to this reference genome as an additional chromosome 
entry. The presence of a single representative Y′ element solves 
the problem of spurious mapping, provides a criterion to distin
guish telomeric and ITS reads and enables us to reliably estimate 
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Y′ elements copy number (Supplementary Fig. 1a). ITS reads are 
recognized based on the following assumptions: (1) if a read con
tains a stretch of C{1,3}A or TG{1,3} repeats and its pair maps on a 
nonsubtelomeric part of the genome; (2) if a read contains a 
stretch of TG{1,3} repeats and its pair maps on the representative 
Y′ element. ITS reads are further classified as non-Y′-associated or 
Y′-associated if they fit the first or the second criterion, respectively. 
All the other retained reads from the first filtering step are consid
ered as telomeric. For simplicity, we refer to Y′-associated ITS 
content as “ITS content”, while the amount of non-Y′-associated 
ITS is not further analyzed in this study.

ITS content is calculated as 2(1Σn sITS)/c, while TL is calculated as 
(1Σn sTEL)/32c, where n is the number of reads assigned to each cat
egory (Y′-associated ITS or telomeric), s is the length of the telo
meric repeats stretch contained in the reads assigned to each 
category, and c is the median coverage in regions with a GC content 
of 50–80%, which is similar to what is found in yeast telomeric 

repeats. ITS values are multiplied by 2 because we are only able 
to detect Y′-associated ITS reads containing the TG{1,3} motif, 
but we assume a similar amount of ITS reads containing the 
C{1,3}A motif. TL values are divided by 32 because this is the num
ber of telomeres per haploid genome. In addition, Y′ elements copy 
number is estimated as cY′/c, where cY′ is the median coverage of 
the representative Y′ element and c is the median coverage along 
the whole genome (Fig. 1a and Supplementary Fig. 1a and 
Discussion 1). A more detailed description of the implementation 
of YeaISTY’s algorithm is presented in Supplementary Discussion 
1.

Benchmarking of YeaISTY against simulated and 
experimental datasets
We assessed the efficiency of YeaISTY by using both experimental 
and simulated datasets. First, we used complete genome assem
blies of 7 S. cerevisiae and 5 S. paradoxus strains belonging to the 

(a) (b)

(c)

Fig. 1. Overview of the YeaISTY workflow. a) Paired-end reads are scanned for telomeric repeats (either C{1,3}A or TG{1,3}). Reads containing a stretch of 
telomeric repeats longer or equal to 40 bp are retained. All the reads (retained and nonretained) are mapped to a modified reference genome. The 
mapping position of retained reads and their paired ones is used to classify them as ITS-derived or telomeric. The amount of ITS-derived and telomeric 
reads is then used to infer ITS content and telomere length, while coverage data are used to infer the copy number of Y′ elements. b) XhoI digestion of 
genomic DNA from representative strains of 17 S. cerevisiae lineages identified in Peter et al. (2018). Genomic DNA is probed with radioactively-labeled 
telomeric TG1–3 repeats. The black line denotes TRFs resulting from the digestion of a Y′ element. No TRFs were detected for the representatives of the 
Sake (25.S-CLN) and Mosaic beer (07.M-AAB) clades. The first lane shows a 200 bp DNA ladder used to derive the size of each TRF. c) Comparison of 
telomere length measured by teloblot and YeaISTY. Values in the plot are corrected for the 4-fold YeaISTY underestimation bias. Despite we estimated TL 
of S288C from sequencing data derived from Yue et al. (2017), we did not introduce this value in the plot as it derived from another sequencing batch and 
had a different underestimation rate. The Sake (CLN) and Mosaic beer (AAB) representatives were excluded from the comparison. The inset shows the 
correlation excluding the outlier with extremely long telomeres (1.2.C-ADI).
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YPRP (Yue et al. 2017) and estimated their ITS and Y′ content 
(Supplementary Fig. 1b, c and Supplementary Table 1). Next, we 
replaced native telomeres of these genome assemblies with de
signed ones of designated length and simulated Illumina 
paired-end sequencing runs. Then, we applied YeaISTY to this da
taset and compared the ITS content and Y′ copy number estima
tions to the real ones, while we compared the TL estimations to 
the length of the designed telomeres. Overall, we found very 
high and significant positive correlations (r = 0.98 and P < 2.2e−16 

for TL, r = 0.97 and P < 2.2e−16 for ITS content, r = 0.89 and 
P < 2.2e−16 for Y′ copy number; Supplementary Discussions 1, 2, 
Supplementary Figs. 2, 3 and Supplementary Table 2).

Next, we tested the accuracy of YeaISTY in estimating TL 
and ITS/Y′ content from real sequencing datasets. We first esti
mated TL of the 12 YPRP strains by manually inspecting 
Sanger-sequencing reads containing telomeric repeats derived 
from already published studies involving these isolates (Liti, 
Carter, et al. 2009). In parallel, we applied YeaISTY to already avail
able Illumina sequencing data derived from the same strains (Yue 
et al. 2017) and obtained significant positive correlations for all the 
measured variables (Pearson’s r = 0.63 and P = 0.04 for TL, r = 0.89 
and P = 9.63e−5 for ITS content, r = 0.83 and P = 0.0008 for Y′ copy 
number; Supplementary Fig. 4a and Supplementary Table 3).

Finally, we used 7 strains from the YPRP and one representative 
strain for 17 clades of the 1,011 S. cerevisiae collection and mea
sured their TL by southern blotting (teloblot). We correlated the 
teloblot results with the YeaISTY estimations and found an overall 
positive correlation (Pearson’s r = 0.78 and P = 0.06 for the YPRP, r = 
0.87 and P = 2.5e−5 for the S. cerevisiae collection; Fig. 1b, c and 
Supplementary Fig. 4b–d and Supplementary Table 3). Two strains 
(25.S-CLN and 07.M-AAB) in the S. cerevisiae collection’s teloblot did 
not give any TRF and were not included in the statistical analysis. 
One strain (1.2.C-ADI) had extremely long telomeres, in accord
ance with previous reports showing that this strain has atypical 
TL and massive amplification of ITS and Y′ elements (Bergstrom 
et al. 2014; O’Donnell et al. 2022). Overall, TL resulting from 
YeaISTY was underestimated by 4-fold respect to the values of 
the S. cerevisiae collection’s teloblot. We therefore applied a 
4-fold correction factor to the estimations of the S. cerevisiae 
collection.

Our TL estimations for the 15 representative strains of 
the S. cerevisiae collection (excluding 25.S-CLN and 07.M-AAB) also 
show positive correlation with TL measurements of the same 
strains derived from Nanopore sequencing (Pearson’s r = 0.69, P = 
0.004 between the teloblot and Nanopore sequencing, Pearson’s r 
= 0.49, P = 0.06 between YeaISTY and Nanopore sequencing; Gilles 
Fischer, personal communication). Additional details on the bench
marking of YeaISTY are presented in Supplementary Discussions 1– 
4 (Supplementary Figs. 1–5 and Supplementary Tables 2–4). Taken 
together, these results show that YeaISTY estimations are reliable 
and can be used for further analyses.

Global telomere length variation in the S. cerevisiae 
population
We applied YeaISTY to the 1,011 S. cerevisiae collection and estimated 
their TL. Strains derived from a former sequencing run (n = 93) were 
not included as their TL were not comparable to the rest of the data
set. Strains with aneuploidies (n = 212) were also excluded from this 
pool as our simulations showed that the number of aneuploidies can 
affect TL and ITS content estimations. We retained 706 strains and 
used these for further analyses (Supplementary Discussion 2 and 
Methods). TL was normally distributed with a median of 232 ± 
98 bp, a value that is close to that of the S288C laboratory strain. 

Some isolates had either very short (minimum 41 bp) or very long 
(maximum 1210 bp) telomeres (Supplementary Fig. 6a and 
Supplementary Table 5). TL varied significantly among 26 previously 
described clades and 3 mosaic lineages (2-tailed Kruskal–Wallis test, 
P = 0.0002; Peter et al. 2018). TL was longer in the Alpechin and 
African beer clades, where the median exceeded 300 bp, and it was 
shorter in the Malaysian and Ecuadorean clades, where it remained 
below 150 bp (Fig. 2 and Supplementary Table 6). The Wine 
European clade’s TL had a distribution comparable to that of the en
tire collection, ranging from 45 to 750 bp (median = 238 ± 99 bp), con
sistent with the largest clade sample size (∼1/3 of the 
whole collection) and intraclade substructure consisting of 4 sub
clades (Semi-wild, Clinical/Y′amplification, Clinical/S. boulardii, 
Georgian; Supplementary Fig. 6b). The median TL varied 
significantly among the Wine European subclades (2-tailed 
Kruskal–Wallis test, P = 6.137e−8). It was highest in the Clinical/Y′ 
amplification subclade where it exceeded 600 bp, and lowest in 
the Clinical/S. boulardii subclade, where it remained below 200 bp 
(Supplementary Fig. 6c and Supplementary Table 6). Clinical/Y′ 
amplification strains are known to have aberrant TL and 
amplification of ITS and Y′ elements (Bergstrom et al. 2014; 
O’Donnell et al. 2022). No variation in TL was detected among strains 
with variable ploidy (2-tailed Kruskal–Wallis test, P = 0.14; 
Supplementary Fig. 6d).

Finally, we measured the ITS content and Y′ copy number across 
the 706 isolates and found them to be highly variable but positively 
correlated with TL (Pearson’s r = 0.46 and P < 2.2e−16 between TL and 
ITS, r = 0.41 and P < 2.2e−16 between TL and Y′) and between them
selves (Pearson’s r = 0.84, P < 2.2e−16; Supplementary Discussion 5, 
Supplementary Figs. 7–9, Supplementary Tables 7 and 8). The 
marked correlation between ITS and Y′ is consistent with the pres
ence of short stretches of telomeric repeats between multiple Y′ cop
ies (Louis and Haber 1992). Of note, ITS and Y′ content in the Wine 
European subclades followed the same trend of TL, being more 
abundant in the Clinical/Y′ amplification subclade and less abun
dant in the Clinical/S. boulardii subclade. Overall, our analyses 
show that TL and ITS exhibit both inter- and intraclade variation, 
but co-vary in the same direction.

Domesticated and wild yeast isolates exhibit 
different TLs
Since domestication represents a crucial life-style shift in S. cerevi
siae (De Chiara et al. 2022), we investigated whether it shaped TL. 
Isolates were previously classified as wild (n = 52) or domesticated 
(n = 430) based on the dominant origin (>66%) in their clade (Peter 
et al. 2018; De Chiara et al. 2022). Isolates from clades that did not 
reach this threshold were classified as “Unassigned” (n = 224). 
Domesticated isolates had slightly longer telomeres than wild 
ones (median = 241 ± 111 bp and 215 ± 65 bp, respectively, 2-tailed 
Wilcoxon test, P = 0.0009), with a median difference of 26 bp 
(Fig. 3a and Supplementary Table 5). Consistently, TL was tenden
tially longer in domesticated clades than in wild ones (Fig. 2). This 
difference was significant even when using TL estimations ob
tained with a 20 bp cutoff (noncorrected TL = 95 ± 110 bp for do
mesticated, TL = 83 ± 24 bp for wild, P = 0.003; Supplementary 
Table 5), supporting the fact that the variation between the 2 
groups is not due to differences in the presence of mismatches 
in telomeric sequences.

Within the domesticated group (n = 430), most isolates were in
deed derived from fermentation-related processes in line with the 
dominant origin of the clade. We refer to these strains as 
“domesticated-anthropic” (n = 339), while others were isolated in 
nature and are defined here as “domesticated-feral” (n = 58). The 
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remaining part of domesticated strains were either isolated from 
the human body (n = 27) or from unknown sources (n = 6; 
Supplementary Table 5). Feral strains have gone through 
domestication but have then been redispersed into a natural 
environment. We compared TL between the anthropic and feral 
groups and found that feral isolates had a shorter median 
TL than anthropic ones (domesticated-anthropic = 256 ± 108 bp, 
domesticated-feral = 219 ± 76 bp, 2-tailed Wilcoxon test, P = 0.001; 
Fig. 3b). This suggests that the long TL pattern is associated with on
going domestication.

To further investigate the effects of domestication on TL, we 
compared the TL of S. cerevisiae to that of S. paradoxus, its closest re
lated species which was never domesticated. We estimated the TL 
of S. cerevisiae (n = 33) and S. paradoxus (n = 24) strains from the 
SGRP collection using already available Sanger-sequencing data 
(Liti, Carter, et al. 2009). S. cerevisiae telomeres were slightly longer 
than their S. paradoxus counterparts with a median difference of 
24 bp, although the comparison did not reach statistical 

significance (S. cerevisiae = 255 ± 49 bp, S. paradoxus = 231 ± 63 bp, 
2-tailed Wilcoxon test, P = 0.18). The median difference in TL be
tween the 2 species is comparable to what observed in the S. cere
visiae domesticated/wild dichotomy (Supplementary Fig. 10a). 
Therefore, we further examined this dataset by comparing the 
TL of SGRP S. cerevisiae strains isolated from fermentation-related 
environments (domesticated) vs the ones isolated in the wild. 
Telomeres were tendentially shorter in wild S. cerevisiae strains 
(264 ± 47 vs 244 ± 29 bp, respectively, 2-tailed Wilcoxon test, P = 
0.17). Moreover, TL of domesticated S. cerevisiae strains was signifi
cantly higher than that of S. paradoxus ones (264 ± 47 vs 231 ± 63 bp, 
respectively, 2-tailed Wilcoxon test, P = 0.05; Fig. 3c). These results 
reinforce our previous observation that domestication might be 
associated with telomere lengthening.

S. paradoxus TL is known to be very different in its 3 continental 
subpopulations, with short telomeres in European isolates and 
very long ones in American isolates despite all of them being 
wild and isolated from similar ecological niches (Liti, Carter, 

Fig. 2. TL variation in 706 S. cerevisiae isolates. Telomere length of the phylogenetic lineages in the 706 S. cerevisiae collection (Peter et al. 2018). Colors code 
represents the clade classification (domesticated, wild or unassigned), as reported in De Chiara et al. (2022). Clades are assigned as wild or domesticated 
based on the environmental origin of the isolates dominating (>66%) in the clade. They were labeled “Unassigned” if the threshold criterion was not 
passed. The order of clades on the x axis is the same as in Peter et al. (2018). In the box plots, horizontal lines denote the median, top and bottom hinges 
denote the IQR, whiskers denote maximum and minimum values within upper and lower hinges ± 1.5 × IQR. Numbers on top represent the number of 
isolates in each clade.
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et al. 2009; Liti, Haricharan, et al. 2009). While we observed a higher 
median TL in the American lineage, in agreement with previous 
findings, there was huge variation within both the S. paradoxus 
American and European lineages (Supplementary Fig. 10b 
and c). Therefore, the overall trend of S. paradoxus strains carrying 
shorter telomeres might also derive by a sampling bias toward 
European isolates (15/24) and the high variance in the S. paradoxus 
group suggests that genetic drift in geographic subpopulations 
can also result in large TL variation (Fig. 3c, Supplementary Fig. 
10 and Supplementary Table 9).

We conclude that S. cerevisiae strains exhibit a broad distribu
tion of TL patterns with medians that differ according to their life- 
styles: slightly longer for domesticated and shorter for wild 
strains. Remarkably, the domesticated pattern appears reversible, 
as exemplified in the feral isolates, showing that TL can change 
upon shifting life-style conditions and genetic drift.

Natural genetic variants underlie TL variation
We searched for associations between common (MAF >5%) single 
nucleotide variants (SNV), copy number variants (CNV) and TL by 
conducting a GWAS across 555 euploid diploid strains. We 

identified 20 variants (false discovery rate (FDR) corrected α = 
0.05), divided into 9 SNVs and 11 CNVs, including 2 CNVs encoded 
in the mitochondrial genome. Among the SNVs, 3 were in non
coding regions, while 6 were intragenic with 3 missense and 3 syn
onymous ones (Fig. 4a and Supplementary Table 10). Despite only 
one variant is in the intergenic region of a TLM gene previously 
identified in systematic genetic screens (AHC2; Askree et al. 
2004; Gatbonton et al. 2006; Ungar et al. 2009), 5 others are part 
of telomere length regulation pathways or complexes (REV7, 
MIP6, PRI2, RPL7B, RNR3; Harari et al. 2020). The remaining 14 var
iants underlie associations with potential novel candidate TL reg
ulators. The presence of intergenic hits suggests that part of TL 
regulation happens at the transcriptional level and these variants 
might act by regulating the expression of neighboring TLM genes.

In most nuclear CNVs, gene copy number amplification was as
sociated with shorter TL, except for YFR054C, and in most cases TL 
variation was stratified in the Clinical/S. boulardii subclade and the 
Ecuadorean clade, which carry multiple gene copies 
(Supplementary Fig. 11a). Similarly, both mitochondrial CNVs in
versely correlated with TL. Since accurate CN estimation of indi
vidual genes in the mitochondrial genome is difficult, we 

(a) (b) (c)

Fig. 3. TL variation in domesticated and wild yeasts. a) Telomere length of domesticated, wild and unassigned isolates. Isolates classification is as in Fig. 2. 
b) Telomere length of domesticated isolates, divided in groups based on their substrate of isolation. “Domesticated-anthropic” are strains isolated from 
fermentation processes; “Domesticated-feral” are strains isolated from natural environments; “Human-associated” comprises strains isolated from the 
human body; “Unknown” comprises strains whose substrate of isolation is unknown. c) Telomere length of S. cerevisiae vs S. paradoxus strains from the 
SGRP. S. cerevisiae strains are further subdivided in groups based on their substrate of isolation. Box plots within in the violin plots are as in Fig. 2. Numbers 
on top represent the number of isolates in each group. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, ns = nonsignificant.
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checked the relationship between TL and mtDNA copy number 
estimated using a set of 3 genes with nonproblematic mapping 
(De Chiara et al. 2020) and found an anticorrelation between the 
2 variables (Supplementary Tables 12 and 13).

In most of the SNVs (except CNA1), the allele with the lowest 
frequency in the population (minor) was associated with longer 
telomeres, but no clades emerged as the main drivers of TL vari
ation. The CNA1 minor allele was significantly enriched in domes
ticated clades (2-tailed X2 test, P = 7.68e−5) and associated with 
longer telomeres, therefore contributing to the TL difference be
tween domesticated and wild isolates (Supplementary Fig. 11b 
and Supplementary Table 10). Overall, we estimated TL narrow- 
sense heritability to be 34%, with the significant GWAS variants 
explaining only 11% of the total phenotypic variance of the popu
lation. Therefore, we searched for candidate rare variants that 
could explain the rest of the TL variation. Rare genetic variants 
(MAF < 5%) evade GWAS detection, so we investigated their 
effect by selecting likely loss of function (LOF) variants in TLM 
genes (n = 383). TLM LOFs were significantly enriched in wild 
strains (2-tailed X2 test, P = 6.7e−12). Noteworthy, this enrichment 
was more pronounced in genes whose deletion causes telomere 
shortening (P = 7.7e−19) rather than lengthening (P = 0.001), in ac
cordance with the trend of wild isolates to have shorter telomeres. 
This effect is specific to telomere length regulation, as LOFs in 
non-TLM genes (n = 5648) showed the opposite trend, being de
pleted in wild strains and enriched in domesticated ones (Fig. 4b
and Supplementary Table 11). Some of the TLM LOFs were private 
to one or few clades and could contribute to explain the extreme 
TL observed in those lineages (Supplementary Discussion 6 and 
Supplementary Table 11).

In conclusion, we detected multiple genetic variants and LOF 
mutations that contribute to the TL variation observed in the S. 
cerevisiae collection segregating within specific clades.

Mitochondrial metabolism is associated with TL 
variation
We searched for associations between TL and other phenotypes. 
First, we measured mitochondrial volume and activity in the euploid 
diploid strains (n = 555) in either fermentative (YPD) or respiratory 
(YPEG) medium (Supplementary Table 12). Both mitochondrial 

activity and volume in YPD and YPEG were positively correlated 
(Pearson’s r = 0.48, P < 2.2e−16 for activity, r = 0.62, P < 2.2e−16 for vol
ume, Supplementary Fig. 12a). While activity was higher in the 
glycerol-containing medium YPEG, in which fermentative metabol
ism is not active and respiration drives growth, volume was higher in 
YPD (2-tailed Wilcoxon test, P < 2.2e−16 for activity, P < 2.2e−16 for vol
ume, Supplementary Fig. 12b and c).

Mitochondrial activity and volume varied significantly among 
the clades (2-tailed Kruskal–Wallis test, P < 2.2e−16 for all the mito
chondrial phenotypes; only mitochondrial activity in YPD is 
shown in Fig. 5a for simplicity). Mitochondrial activity in YPD 
was particularly high in the Alpechin clade (Fig. 5a). Wild isolates 
had lower mitochondrial activity and volume in both YPD and 
YPEG as compared to domesticated ones (2-tailed Wilcoxon test, 
P = 5.58e−7 and P = 2.93e−9 for mitochondrial volume and activity 
in YPD, respectively; P = 1.06e−14 and P < 2.2e−16 for mitochondrial 
volume and activity in YPEG, respectively; Supplementary Fig. 12d 
and e). We then examined the mitochondrial phenotypes of the 
feral strains and found they had a lower mitochondrial volume 
than anthropic ones (2-tailed Wilcoxon test, P = 0.0008 in YPD 
and P = 0.0008 in YPEG). Mitochondrial activity was also lower in 
feral strains but not significantly (2-tailed Wilcoxon test, P = 0.22 
in YPD and P = 0.30 in YPEG).

There were positive correlations of TL with mitochondrial vol
ume and activity in both YPD and YPEG (Pearson’s r = 0.16 and 
P = 0.02 for mitochondrial volume in YPEG, r = 0.18 and P = 0.006 
for mitochondrial activity in YPEG, r = 0.13 and P = 0.08 for mito
chondrial volume in YPD, r = 0.19 and P = 0.002 for mitochondrial 
activity in YPD). When switching to Spearman’s correlation, 
P-values were still significant, indicating that the association is ro
bust (data not shown). Since domesticated and wild yeast isolates 
have different TL patterns, we also checked their associations 
with the mitochondrial phenotypes separately. The correlation 
coefficients of all mitochondrial phenotypes were higher when 
considering the wild isolates alone (Pearson’s r = 0.42 for mito
chondrial volume in YPEG, r = 0.35 for mitochondrial activity in 
YPEG, r = 0.25 for mitochondrial volume in YPD, r = 0.48 for mito
chondrial activity in YPD), although the P-value was only signifi
cant for the latter phenotype in this setting because of the 
reduced sample size (Fig. 5b and c, only mitochondrial activity 

(a) (b)

Fig. 4. TL genetic variants. a) Manhattan plot showing the position of the GWAS variants across the genome. 20 variants are beyond the genome-wide 
significance threshold (P < 0.05, dashed line). SNVs: single nucleotide variants; CNVs: copy number variants. Numbers in brackets denote the number of 
variants contained in that group. For simplicity, only the first 1,000 tested variants are shown in the plot. b) Fraction of TLM and non-TLM genes carrying 
predicted loss-of-function mutations in euploid diploid domesticated (n = 350) and wild (n = 49) isolates (total n = 399). Isolates classified as unassigned (n 
= 156) were not considered in this analysis. TLM genes are further subdivided into the ones conferring shorter vs longer telomeres when deleted. The 
dashed line indicates the fraction of wild strains in the 399 S. cerevisiae collection (12%).
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(a)

(b) (c)

Fig. 5. TL and mitochondrial phenotypes. a) Mitochondrial activity in YPD of the phylogenetic lineages in the 555 S. cerevisiae collection. Isolates 
classification is as in Fig. 2. Box plots are as in Fig. 2. FU = fluorescence units. b, c) Associations between mitochondrial activity in YPD and telomere length 
in the 555 S. cerevisiae collection (left panel) and in the subset of wild isolates (n = 49; right panel). Each point represents a single isolate and the lines 
represent linear regression functions before (green) and after (pink) correction for phylogenetic signal. The association is significant when considering 
both the whole dataset (n = 555) and only the wild isolates. The other 3 mitochondrial phenotypes (mitochondrial activity and volume in YPD and YPEG) 
show similar trends but they are not shown for simplicity, while the copy number of mitochondrial DNA negatively correlates with telomere length  
(P < 0.05). Orig. regr = original regression.
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in YPD is shown for simplicity, Supplementary Table 13). In do
mesticated strains we observed the opposite trend, with correl
ation coefficients close to 0, consistent with wild strains being 
the main drivers of the association between TL and mitochondria.

Closely related isolates might show more similar traits as a re
sult of shared recent ancestry and this could bias the association 
analysis. We estimated a moderate phylogenetic signal for telo
mere length (λ= 0.54). Therefore, we reanalyzed our dataset by ap
plying the PGLS method to correct for this bias. Telomere length 
and mitochondrial activity in YPD were still significantly 
correlated after correction (r = 0.16 and P = 0.01 for all, r = 0.54 
and P = 0.009 for wild) and the linear model describing this associ
ation was only mildly affected (Fig. 5b and c). Upon correction, telo
mere length and mitochondrial copy number showed a significant 
anticorrelation that is mainly driven by the domesticated subgroup 
(r = 0.17 and P = 0.009 for all, r = 0.21 and P = 0.009 for domesticated).

Finally, we investigated the relationship between TL variation 
and a set of previously published phenotypes (n = 151) including 
growth in different carbon and nitrogen sources, in the presence 
of chemical compounds and environmental challenges, repro
ductive capacity and CLS under standard (SDC) and 
caloric-restricted conditions (Peter et al. 2018; De Chiara et al. 
2022). No significant correlations were found between TL and 
other phenotypes except for growth yield in tryptophan when 
considering all the isolates or only the domesticated ones 
(Supplementary Table 13). This correlation was not anymore sig
nificant after PGLS correction.

Overall, these findings indicate that TL has only a limited im
pact on fitness traits, which is restricted to mitochondrial func
tions. The association between TL and mitochondrial 
metabolism is not spuriously driven by phylogenetic signal and 
it appears to be largely driven by wild isolates.

Discussion
By estimating the telomeric DNA length (TL) and ITS content of 
706 S. cerevisiae isolates collected worldwide and associated with 
an extensive genomic and phenotyping dataset (Peter et al. 2018; 
De Chiara et al. 2020, 2022) we unveiled the species span of telo
mere length variation. We observed a wide spectrum of normally 
distributed TLs whose median value is close to what previously 
measured in the classical S288C laboratory strain. This variation 
is not explained by ploidy and instead is associated with several 
punctuated genetic variants.

We analyzed the association between TL and the ecological ori
gin of the yeast isolates. Remarkably, we found that TL was shorter 
in wild strains than in domesticated ones, although the distribu
tions within these 2 groups are broad. Noteworthy, within the do
mesticated group, the feral strains have shorter TL than anthropic 
ones, suggesting that the long TL pattern is associated with on
going domestication while the return to wild-life is accompanied 
by TL shortening. The difference in TL between domesticated 
and wild strains further adds to the profound disparities in life- 
cycle and metabolism previously described, with wild strains 
growing better in stressful environments and uniformly having a 
more efficient sexual reproduction (De Chiara et al. 2022). Our find
ings, together with a recent report showing that wild mammals 
have shorter TL than domesticated ones (Le Pepke and Eisenberg 
2021), unveil that domestication vs wild-life are important life- 
style traits that are associated with TL regulation.

These results raise the question of whether variations in TL 
underlie an adaptive strategy to different environments as pro
posed in various organisms (Young 2018; Casagrande and Hau 

2019; Jacome Burbano and Gilson 2021). On one hand, a wild habitat 
imposes yeasts to cope with fluctuating environments and short tel
omeres could help survival through the transcriptional regulation 
of subtelomeric regions, which are enriched in stress response, nu
trient utilization and cell wall composition genes (Stone and Pillus 
1996; Wyrick et al. 1999; Ai et al. 2002; Robyr et al. 2002; Smith et al. 
2011; Ye et al. 2014). In addition, short TL can lead to the release of 
transcription factors from telomeres, allowing them to bind and 
regulate their targets genome-wide (Maillet et al. 1996; Martin et al. 
1999; Buck and Lieb 2006; Platt et al. 2013). This hypothesis agrees 
with the shorter telomere DNA length observed in feral strains, sug
gesting that the return to wild settings coincides with short telo
meres. On the other hand, long telomeres could be favored in 
domesticated environments, where fermentative processes submit 
yeasts to previously unencountered stresses. Alternatively, TL may 
not be directly under selection but its variable pattern in domesti
cated/wild yeasts could be a corollary of the so-called “domestica
tion syndrome” (De Chiara et al. 2022). A neutral scenario dictated 
by genetic drift could also explain the broad TL variability observed 
within the 2 classes of strains. For example, the highly diverged 
Asian lineages have different TL despite sharing the same life-style, 
habitat and some life-cycle traits, suggesting that TL was free to 
evolve after the split from their last common ancestor. The 706 S. 
cerevisiae collection is under-represented for wild isolates and a 
more extensive sampling of strains from natural environments 
will better elucidate the role of drift and/or selection in shaping 
TL. Further studies where fitness is measured in isogenic back
ground with controlled TL and in culture conditions close to the 
wild and domestic environments are also needed to distinguish be
tween these evolutionary scenarios.

Among a wide range of phenotypes tested, TL positively corre
lated with mitochondrial volume and activity while negatively cor
related with mitochondrial DNA copy number. These results 
reinforce the view that telomeres and mitochondria are function
ally connected (Nautiyal et al. 2002; Passos, Saretzki, Ahmed, et al. 
2007; Passos, Saretzki, and Von Zglinicki 2007; Sahin et al. 2011; 
Qian et al. 2019; Robin et al. 2020). Instead, TL was generally not as
sociated with growth in various conditions, in line with previous 
results showing that artificially shortened/elongated telomeres 
do not affect yeast fitness in laboratory conditions (Harari et al. 
2017; Harari and Kupiec 2018a). Whether the association between 
mitochondria and telomeres in wild strains represents a fitness ad
vantage is a possibility that warrants further investigation.

Overall, our analyses revealed extensive TL variation across a 
large population of S. cerevisiae isolates collected around the world, 
which can be explained, at least in part, by genetic variations, eco
logical origins and associations between telomere length and 
mitochondrial functions. The low narrow-sense heritability of TL 
in our population (34%) suggests that a substantial fraction of TL 
variation is affected by nonadditive genetic factors. Furthermore, 
isogenic S. cerevisiae backgrounds grown under defined environ
mental conditions (e.g. ethanol, acetic acid and caffeine) adjust 
TL through the modulation of TLM protein levels to a magnitude 
that overlaps the variation detected in the 1,011 collection, show
ing that this phenotype is highly plastic (Ungar et al. 2011; Kupiec 
and Weisman 2012; Harari et al. 2013; Romano et al. 2013). Future 
studies will quantify the role of genes, environment and their in
teractions in controlling telomere length in natural populations.

Data Availability
The simulated reads of the designed genomes generated in this 
study are available at http://mdangiolo.ircan.org/sim_reads/. 

http://academic.oup.com/genetics/article-lookup/doi/10.1093/genetics/iyac186#supplementary-data
http://academic.oup.com/genetics/article-lookup/doi/10.1093/genetics/iyac186#supplementary-data
http://mdangiolo.ircan.org/sim_reads/
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The phenotype data and other resources are available at: https:// 
github.com/mdangiolo89/Different-telomere-length-patterns- 
between-domestic-and-wild-S.-cerevisiae-isolates.

Supplemental material available at GENETICS online.

Code availability
YeaISTY (Yeast ITS, Telomeres and Y′ elements estimator) and 
other custom scripts are available at: https://github.com/mdangi 
olo89/Different-telomere-length-patterns-between-domestic-and 
-wild-S.-cerevisiae-isolates.
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