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Long telomeres are associated with clonality in wild
populations of the fissiparous starfish Coscinasterias
tenuispina
This article has been corrected since Advance Online Publication and a corrigendum is also printed in this issue

A Garcia-Cisneros1, R Pérez-Portela2, BC Almroth3, S Degerman4, C Palacín1 and H Nilsson Sköld5

Telomeres usually shorten during an organism’s lifespan and have thus been used as an aging and health marker. When
telomeres become sufficiently short, senescence is induced. The most common method of restoring telomere length is via
telomerase reverse transcriptase activity, highly expressed during embryogenesis. However, although asexual reproduction from
adult tissues has an important role in the life cycles of certain species, its effect on the aging and fitness of wild populations,
as well as its implications for the long-term survival of populations with limited genetic variation, is largely unknown. Here we
compare relative telomere length of 58 individuals from four populations of the asexually reproducing starfish Coscinasterias
tenuispina. Additionally, 12 individuals were used to compare telomere lengths in regenerating and non-regenerating arms, in
two different tissues (tube feet and pyloric cecum). The level of clonality was assessed by genotyping the populations based on
12 specific microsatellite loci and relative telomere length was measured via quantitative PCR. The results revealed significantly
longer telomeres in Mediterranean populations than Atlantic ones as demonstrated by the Kruskal–Wallis test (K=24.17,
significant value: P-valueo0.001), with the former also characterized by higher levels of clonality derived from asexual
reproduction. Telomeres were furthermore significantly longer in regenerating arms than in non-regenerating arms within
individuals (pyloric cecum tissue: Mann–Whitney test, V=299, P-valueo10−6; and tube feet tissue Student's t=2.28,
P-value=0.029). Our study suggests that one of the mechanisms responsible for the long-term somatic maintenance and
persistence of clonal populations is telomere elongation.
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INTRODUCTION

Although aging is observed in most organisms, there is a large degree
of variation in the rate at which it occurs, at both the species and
individual level. Telomere length has frequently been used as an aging
marker because telomere caps normally become shorter during an
organism’s lifetime, not only primarily during DNA replication but
also in association with other factors such as stress (Von Zglinicki,
2002; Epel et al., 2004; Kotrschal et al., 2007). Critically short
telomeres trigger a signal prompting the cell to permanently stop
dividing, which leads to the induction of cellular senescence (Herbig
et al., 2006). Furthermore, long telomeres have been found to correlate
with good health and higher life expectancies in several species,
thereby also serving as an indicator of somatic fitness, which
represents the boundary of aging diseases (Bize et al., 2009; Horn
et al., 2010; Barrett et al., 2013).
During fission or fragmentation in asexual organisms, two or more

separate individuals are formed, resulting in clonal offspring with
genotypes identical to the parent and to each other. In wild asexual
populations and after recurrent fissions, it is difficult to determine the

age of an individual by morphological means, not only for the
potential clone itself but also the original parental half. In these cases,
genetic analyses can reveal the level of clonality within a population as
well as the extent of a clone, thus providing information regarding its
age and longevity (Ally et al., 2010). Indeed, extremely large and long-
lived clonally propagating populations exist, such as some sea grass
species, with clones that are estimated to be 1000 year (Reusch et al.,
1999) or more (Arnaud-Haond et al., 2012). In the case of a terrestrial
tree, the age of some clones have been estimated as old as 10 000 year
(Ally et al., 2010) and in cold waters, clonal individuals of the coral
Lophelia pertusa are estimated to be 4500–6000 year (Dahl et al., 2012).
These estimations obtained for several plants and animal groups may
in some way indicate the existence of mechanism to largely delay, or
even resist, aging in particular clones although the evolutionary
significance of these long-term resistance has not been clarify yet.
In sexually reproducing species, telomere length is restored during

embryogenesis by the reverse transcriptase telomerase (Schaetzlein
et al., 2004). However, little is known about aging in asexual
organisms that propagate via fission or budding; many questions
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remain unanswered as to whether they are able to fully maintain
and/or restore their telomeres to persist over time or whether they
undergo somatic aging (Sköld and Obst, 2011). In a study using
laboratory cultures of two invertebrate species, upregulation of
telomerase has been shown to at least partly restore telomeres in the
clones of a flatworm (Tan et al., 2012). Telomerase is also upregulated
during budding in the colonial ascidian Botryllus schlosseri (Laird and
Weissman, 2004). On the other hand, experiments involving another
colonial ascidian, Diplosoma listerianum, found that telomerase activity
declined, telomeres shortened and the growth rate slowed after
prolonged asexual duplication, indicative of long-term senescence in
the studied clones (Sköld and Obst, 2011). There is, however, very
limited information available regarding the effect of prolonged periods
of asexual duplication on telomere length and aging in wild popula-
tions. Whether molecular aging occurs and how it could potentially be
delayed in wild clones is still unknown.
Most asteroids have the ability to regenerate their body parts after

autotomy or injuries, and about 26 species can reproduce asexually via
fission (Emson and Wilkie, 1980). All four known species of the
cosmopolitan genus Coscinasterias, commonly found in shallow
waters, can reproduce both sexually and asexually via fission (Alves
et al., 2002; Lawrence, 2013 among other references). When indivi-
duals of Coscinasterias reproduce sexually, they release planktotrophic
larvae that remain in the water column for several weeks, with a high
potential to colonize new habitats via dispersal (Karako et al., 2002).
The species Coscinasterias tenuispina (Lamark 1816), widely distributed
throughout the Atlantic Ocean and Mediterranean Sea, presents in
some cases populations either consisting of individuals of only one
gender (usually males) or with an unbalanced proportion of males and
females (Alves et al., 2002; authors' unpublished data). The absence of
one gender in some populations of this species, as well dominance of a
few genotypes—according to allozyme analyses (Ventura et al., 2004)
—suggests that maintenance of these populations takes place solely via
asexual reproduction.
The aim of the present study was to assess the effect of asexual

reproduction on relative telomere length in wild populations of the
starfish C. tenuispina, and its implication for the long-term survival of
populations with limited genetic variation. For this purpose, telomere
length and its relationship with different levels of genetic diversity
related to asexuality were assessed by using populations from two

Mediterranean and two Atlantic sites. Additionally, we explored the
potential existence of mechanisms for telomere length control in
somatic tissues by comparing regenerating and non-regenerating arms
within a set of individuals.

MATERIALS AND METHODS

Sampling
Starfish of the species C. tenuispina (Supplementary Figure 1) were collected
from four different European sites (Figure 1a), two in the Atlantic basin and
two in the Mediterranean basin, with between 13 and 17 individuals collected
per locality. The two Mediterranean sites, Llançà (Costa Brava, Northwestern
Mediterranean) and Taormina (east of Sicily, Central Mediterranean), hereafter
referred to as LLA and TAO, respectively, were sampled in autumn 2011. Both
Atlantic sites, Bocacangrejo and Abades (BOCA and ABA, separated by 33 km),
were located near Tenerife (Canary Islands) and were sampled in the spring
(June) of 2012 (Table 1). These four sampling locations were selected based on
the abundance of the studied species and on the varying prevalence of
individuals undergoing fission. The starfish were sampled at between 0 and
20m depth by snorkeling or scuba-diving. Immediately after their removal
from the sea, the animals were photographed on a millimeter-scaled table in
order to determine body size. Tube feet, used for the starfish locomotion and
substrate attachment, from the middle part of the longest arms of each individual
were also collected (Figure 1b) and preserved in either RNAlater (Invitrogen, Life
Technologies, Carlsbad, CA, USA; www.invitrogen.com) for telomere length
analysis or absolute ethanol for microsatellite genotyping. The animals were then
released back into the sea. All tissue samples were stored at −20° C once in the
laboratory prior to analysis. Body size was assessed as the longest diameter across
the starfish using the ImageJ software program (Abramoff et al., 2004).
Additionally, both tube feet and pyloric caeca tissue (stomach extensions for

processing and storage organ) were collected from the middle part of the
longest (non-regenerating) and shortest (regenerating arm; when the length of
this arm was o50% of the longest arm) arms of 12 asymmetric specimens
sampled at site LLA (Figure 1b, Supplementary Figure 1). Pyloric caeca tissue
was considered in the present analysis because it is a distinct tissue that has
further been shown to be involved in arm regeneration (Hernroth et al., 2010).
Although gonads may be also considered for the telomere length analysis, they
cannot be used in this study because more than 50% of the individuals of the
species lack gonads, even during the reproductive season (Crozier, 1921).

Genetic analyses using microsatellites
Twelve microsatellite markers (m.ten1, m.ten6, m.ten13, m.ten14, m.ten19,
m.ten24, m.ten25, m.ten27, m.ten30, m.ten31, m.ten32 and m.ten40) specifi-
cally designed for C. tenuispina (Garcia-Cisneros et al., 2013) were employed

Tube feet

Pyloric caeca

Regenerating (short)
arms

Normal (long)
armsCosta Brava, 

Llançà (LLA)

Sicily,
Taormina
(TAO)

Tenerife, Bocacangrejo
(BOCA)

Tenerife, Abades
(ABA)

Figure 1 (a) Map of sampling locations, including those in Mediterranean Sea and Northeastern Atlantic Ocean. Circles highlight the three sampling areas.
Two different populations were sampled in Tenerife. (b) Schematic anatomy of Coscinasterias tenuispina showing normal and regenerating arms.
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for population genetic analyses (Table 1). Extractions and amplifications were
performed using a REDExtract-N-Amp Tissue PCR Kit (Sigma-Aldrich,
St Louis, MO, USA; www.sigmaaldrich.com). For PCR reactions we added
4 μl of PCR Ready Mix, 4 pmol of each primer, between 10 and 50 ng of DNA,
and ultrapure water for molecular use to a final reaction volume of 10 μl.
Forward primers for each locus were labeled with a fluorescent dye as described
in Garcia-Cisneros et al. (2013). Amplifications were performed on an S1000
Thermal Cycler Dual 48/48 Reaction Module (BioRad Laboratories, Hercules,
CA, USA; www.bio-rad.com), with an initial step of 1min denaturation at
96 °C followed by 35 cycles of 96 °C for 1min, 49 °C for 30 s and 72 °C for 20 s
and a final step at 72 °C for 3min. Amplification products were analyzed on an
ABI Prism 3730xl Genetic Analyzer (Applied Biosystems, Life Technologies, San
Francisco, CA, USA; www.lifetechnologies.com) by the Scientific-Technical
Services of the University of Barcelona. Allele size was estimated relative to an
internal size standard 70–400 ROX (Bioventures Inc, Murfreesboro, TN, USA;
www.bioventures.com) using the software program Peak-Scanner-96 (Applied
Biosystems). The prevalence of identical genotypes, considered as potential
clones, within and between populations was tested using GenoDive (Meirmans
and Van Tienderen, 2004) and MLGsim (Stenberg et al., 2003). Both
approaches were applied to count the number of individuals with identical
multilocus genotypes (MLGs) and to calculate the likelihood of observing
identical MLGs in a population due to sexual events (Psex). MLGsim
calculations of the Psex, and their significance values, were based on 1000
random simulations. MLGsim set a critical value for MLGs because of sexual
events at a minimum of 0.040. Values obtained for MLGs of C. tenuispina were
significantly lower than the critical value of 0.040 (see Table 1) pointing to
clonal reproduction as the origin of identical MLGs. Genetic diversity was
measured by calculating allelic richness, including all individuals from the
populations even if they were considered the same clone, genotype diversity
(synonym of clonal diversity) after rarefaction for each population, hetero-
zygosity expected and observed and the inbreeding coefficient (Fis) using the
Hierfstat and Vegan packages (Dixon, 2003 Goudet, 2005) in the software
program R v. 3.0.0.
In order to assess genetic differentiation between populations, we calculated

values of the D estimator (Jost, 2008), a statistic to measure differences in
genetic structure between populations based on the allele frequencies, using the
R package DEMEtics (Gerlach et al., 2010). The significance of these D values
was evaluated by performing 10 000 permutations including all the individuals
from the populations (Gerlach et al., 2010).

Telomere measurements
The relative telomere lengths in either tube feet or pyloric caeca tissue were
measured for each specimen via a quantitative PCR (qPCR) method (Farzaneh-
far et al., 2008), and modified and optimized in our laboratory (Gothenburg,
Sweden). Telomere length assessment via qPCR has already been validated
(Grabowski et al., 2005; O’Callaghan et al., 2008). However, although qPCR
telomere measurements are normalized based on single copy genes in humans
and other model species, the lack of genomic data for non-model species such
as C. tenuispina hinders the identification of nuclear genes without paralogs for
normalization. For this reason, telomeric DNA measurements in the present
study were performed relative to the total quantity of DNA in the samples.

Genomic DNA was extracted using the DNeasy Blood and Tissue kit
(Qiagen, Venlo, Netherlands; www.qiagen.com) according to the manufac-
turer's instructions, and DNA concentrations assessed with a NanoDrop
(Thermo Scientific, Waltham, MA, USA; www.thermoscientific.com) in
triplicate to obtain an accurate value of DNA quantity. Absorbance ratios
measuring DNA purity at 260/280 averaged approximately 1.9± 0.1, with the
260/230 absorbance ratio also indicating acceptable sample purity (1.8± 0.2).
Small differences in absorbance ratios were not correlated with final telomere
length (260/280: R2= 0.006, P= 0.96; 260/230: R2= 0.001, P= 0.99).
The amount of DNA to be added in the qPCR reaction was estimated from a

standard curve obtained via a dilution series of a mixed sample DNA pool (10–
0.0001 ng). The reaction efficiency calculated from the standard curve was
E= 104.1%, R2= 0.997. For the sample qPCR reaction, all DNA samples were
adjusted to the same concentration, and 0.5 ng of DNA was added for each
PCR mix; this produced a concentration value falling well within the linear
range of the mixed sample standard curve.
Telomere analyses examining a broad range of species have indicated that the

TTAGGG sequence is conserved among deuterostomes (Gomes et al., 2010);
the primers used for the qPCR reaction in C. tenuispina were therefore those
described for humans in Farzaneh-far et al. (2008).
(forward) 5′ CGGTTTGTTTGGGTTTGGGTTTGGGTTTGGGTTTGGGTT 3′,

and (reverse) 5′ GGCTTGCCTTACCCTTACCCTTACCCTTACCCTTACCCT 3′.
Concentrations used for the forward and reverse primers were 100 and

200 nM, respectively. A 10-μl KAPA SYBR FAST qPCR Kit (Kapa Biosystems,
Wilmington, MA, USA; www.kapabiosystems.com) was employed as a Mas-
termix, with 3 μl of water added for a final PCR volume of 20 μl following the
protocol described by Carney Almroth et al. (2012). Telomeres were amplified
in triplicate for each sample to ensure accurate measurements using the
following qPCR protocol cycle: 3 min at 95 °C followed by 25 cycles of 15 s at
95 °C and 1min at 56 °C. The final step comprised 81 cycles of temperature
increase from 55 to 95 °C in order to generate a melt curve, indicating the
presence of a single product. Relative telomere length is represented as a cycle
threshold value (Ct value), which is inversely proportional to telomere amount;
longer telomeres thus produce an earlier detectable signal than shorter
telomeres. All measurements were analyzed in seven PCR plates, with the
mixed sample DNA dilution series included on each plate as an internal
standard; Ct values for these differed by less than 1.5% between plates and were
adjusted for.
Telomere length verification was performed in an independent laboratory

(Umeå, Sweden) using a similar protocol for telomere length qPCR (Cawthon,
2002). DNA from 11 samples were send to Umeå and DNA concentration were
re-measured by the Nanodrop instrument (Thermo scientific). Each qPCR
reaction contained: 17.5 ng DNA (diluted in TE/E. coli buffer), 0.1- μM forward
primer, 0.9-μM reverse primer, 1 × PCR Buffer 2, 1.7 mM-MgCl2, 2.5 mM-DTT,
0.2 mM-dNTP, 150-nM ROX, 0.2X SYBR and 0.625 U AmpliTaq Gold (Applied
Biosystems).
Telomere primer sequence (5′–3′) Forward: CGGTTTGTTTGGGTTTG

GGTTTGGGTTTGGGTTTGGGTT, Reverse: GGCTTGCCTTACCCTTACCC
TTACCCTTACCCTTACCCT. Each sample was analyzed two separate times in
triplicates on the ABI7900HT instrument (Applied Biosystems).

Table 1 Geographical coordinates and genetic information of the sampled Coscinasterias tenuispina populations

Population Code Coordinates n MLG Clonal

MLG

Single

MLG

Allelic richness

r[13]

R (Clonal rich-

ness)

Genotype

diversity

r[13]

Ho/He Fis

Llança, Costa Brava LLA 42°23’ N, 3°09’ E 17 1 1 0 1.33 0.00 1.00 (±0.0) 0.33/0.17 −1

Taormina, Sicily TAO 37°51’ N, 15°18’ E 15 4 3 1 1.75 0.21 3.80 (±0.4) 0.24/0.27 0.11

Bocacangrejo, Tenerife BOCA 28°24’ N, 16°19’ W 13 8 2 6 2.06 0.58 7.54 (±0.5) 0.53/0.27 −0.29

Abades, Tenerife ABA 28°08’ N, 16°26W 13 7 1 6 2.14 0.50 6.54 (±0.5) 0.43/0.25 −0.22

Total 58 20 7 13 0.33

Abbreviation: MLG, multilocus genotypes.
Data presented include: sample size (n), number of different MLGs, clonal MLGs (found in more than one individual) and single MLGs (found in only one individual), as well as allelic richness after
rarefaction to 13, clonal richness (R), genotype diversity measured after rarefaction, observed and expected heterozigosity (Ho/He) and inbreeding coefficient (Fis).
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Statistical analyses
To compare body size between specimens from different populations, a non-
parametric Mann–Whitney test was performed since the data did not match
our prior expectation of homoscedascity (Bartlett test= 35.97, and signification
value, P-valueo10− 7). As body size data also did not match normality
(Shapiro–Wilk test; W= 0.93, P-value= 0.0048), a Spearman correlation was
used to test if telomere lengths were correlated to body size. A mixed model
analysis of variance, with telomere length (expressed as the Ct value) as a
dependent variable, was performed using ‘basin’ (Atlantic and Mediterranean
basins) as a fixed factor, and ‘population’ and ‘MLGs’ as random factors. A
non-significant effect was found for the MLGs (P-value40.98) and was
therefore not considered for further analyses (see Supplementary Figure 3).
Since our data did not match normality (Shapiro–Wilk test; W= 0.96,
P-valueo0.01), a Kruskal–Wallis test of the telomere length was performed
between the different sites, and a Mann–Whitney test between basins. Spear-
man correlation was used to test the relationship between genetic diversity and
mean telomere length.
Potential differences in telomere length between regenerating and non-

regenerating arms within individuals were tested using a mixed model involving
the logarithmic transformation of Ct values, ‘tissue type’ as a factor, and
interaction with ‘regeneration’. Moreover, we separately tested the effects of
regeneration for both tissue types via a paired-data student’s t-test for tube feet,
and a paired Mann–Whitney test for pyloric caeca telomere length since the
data did not match normality (non-normal distribution; Shapiro–Wilk test;
W= 0.8482, P-value= 0.002).
All statistical analyses of telomere length and box plots were performed

in R v. 3.0.0.

RESULTS

Genetic diversity and genetic distance between localities
The low and significant values (P-values) of the Psex (Table 2)
indicated that the identical genotypes observed among individuals
are a consequence of clonal propagation in this species. The studied
populations of C. tenuispina presented different levels of allelic
richness and clonality as defined by identical genotypes (Table 1).
Populations from the Atlantic Ocean were genetically more diverse
than those from the Mediterranean Sea, presenting 12 out of the 13
single multilocus genotypes (MLGs) found in the whole study area.
Furthermore, excess of heterozygotes were found in all populations
except Taormina. The D estimator, used to assess differences in
genetic structure between populations, revealed significant genetic
differences among all four populations here analyzed (Table 3). Large
and significant differences were recorded between the two Mediterra-
nean populations, with the latter characterized by a higher prevalence
of genetic clones compared with the Atlantic populations. Indeed, only
one multilocus genotype was detected at Llançà (Table 1).

Differences in telomere length and body size between and within
populations
Telomeres were significantly longer in the Mediterranean than in the
Atlantic starfish populations as shown by the Kruskal–Wallis test
(K= 24.17, significant value: P-valueo0.001) (Figures 2a and b).
When the four populations were analyzed separately, significantly
longer telomeres were again observed in the two Mediterranean
populations (Kruskal–Wallis test; K= 37.03, P-valueo0.001), with
individuals from Llançà presenting the longest telomeres (Figure 2b).
Telomere length measurements were double-checked and verified by
an independent laboratory (Umeå, Sweden), and the result showed a
strong correlation between the measurements between both indepen-
dent sets of analyses (value of the correlation for the regression:
R2= 0.88), (Supplementary Figure 2).
Genotype diversity (also expressed as clonal diversity) in this species

depends on the relative ratio of fission (asexual reproduction) versus

sexual reproduction. Here, populations with lower genotype diversity,
and therefore higher fission rates had longer telomeres at the
population level, as demonstrated by a significant correlation (Pearson
correlation: R= 0.99, P-valueo0.007). In Figure 3, it is presented the
high correlation between mean of genotype diversity per population
and the Ct value (which is inversely proportional to telomere length).
Populations analyzed showed differences in the mean body size of

the starfish, demonstrated by a significant value of the Mann–Whitney
test (W= 740, P-valueo10− 7), with considerably larger specimens
observed in the Atlantic populations (mean body size= 6.36± s.d.
3.8 cm) than in those from the Mediterranean Sea (mean body
size= 2.81± s.d. 1.1 cm). However, telomere length did not depend
on the starfish body size, as demonstrated by the absence of
correlation between these two variables (correlation value: ρ= 0.065,
P-value= 0.63, non-significant) (Supplementary Figure 3).

Telomere length in relation to arm regeneration
Our results showed that telomere length was significantly longer in
regenerating (short) arms than in non-regenerating (long) arms
(Figure 1b, Supplementary Figure 1), as demonstrate by the signifi-
cance of the different tests applied (F= 52.26, P-valueo0.001), for
both tissue types analyzed, tube feet (Student’s-t= 2.28, P-value=
0.029) and pyloric cecum tissue (Mann–Whitney, V= 299, P-value
o10− 6) (Figure 4). Pyloric cecum telomeres were always longer in
regenerating arms in all individuals, while 8 out of 12 specimens
displayed longer telomere lengths in regenerating arm tube feet.

DISCUSSION

Life expectancy in clonal lineages remains unclear due the lack of
understanding of different phenomena that would influence on its
time survival. Firstly, we do not know the real consequences of the
accumulation of somatic mutations and their deleterious effects on the

Table 2 Different MLGs found in more than one individual in the four

localities

Clonal MLG Locality n Psex P-value

MLG 1 LLA 17 o10−14 0.000*

MLG 2 TAO 5 0.000 0.000*

MLG 4 TAO 3 o10−8 0.007*

MLG 8 TAO 6 o10−15 0.000*

MLG 9 BOCA 2 o10−10 0.000*

MLG 11 BOCA 5 0.000 0.000*

MLG 12 ABA 7 o10−14 0.000*

Abbreviations: ABA, Abades; BOCA, Boca Cangrejo; LLA, Llançà; multilocus genotypes,
MLG; TAO, Taormina.
Data presented include the number of individuals sharing the same MLG (n), the probability of
obtaining the same MLG from different sexual events (Psex) and the associated P-value of Psex.
*Significant when P-valueso0.01.

Table 3 Values of the D genetic differentiation estimator between

populations of Coscinasterias tenuispina

TAO LLA BOCA

LLA 0.167*

BOCA 0.159* 0.233*

ABA 0.143* 0.148* 0.138*

Abbreviations: ABA, Abades; BOCA, Boca Cangrejo; LLA, Llançà; TAO, Taormina.
*Indicates significant P-valueso0.01.
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individual and their clonal offspring. Secondly, we ignore the real
effect in wild populations of the lack of genetic diversity for adaptive
potential, and finally the mechanisms to avoid senescence. The first
two difficulties are usually overcome when the species are able to
maintain sex, even at low rates or sporadic events, by combining
genomes and eliminating phenotypic expression of deleterious muta-
tions when recessive. Here, in this study, we shed some light on the
third problem, evidencing telomere elongation during asexual repro-
duction of the starfish C. tenuispina.
Our work represents the first study to explore the potential

implications of asexual reproduction on relative telomere length in
wild populations of a clonal starfish. To date, most ecological studies
examining telomere length and/or telomerase activity have focused on
obligate sexually reproducing species or clonal organisms maintained
in laboratory cultures (see examples in Klapper et al., 1998; Horn
et al., 2010; Ojimi and Hidaka, 2010; Sköld and Obst, 2011; Carney

Almroth et al., 2012; Tan et al., 2012), and no previous study based on
telomeres and aging has been conducted on wild clonal populations of
any species.
Longer telomeres were recorded in the Mediterranean populations

of the starfish C. tenuispina, while these specimens also significantly
smaller in size. Although shorter telomeres were observed in the
Atlantic populations characterized by a larger mean body size, our
results did not detect any correlation between the two variables. This
finding is consistent with the lack of age-related telomere shortening
demonstrated for other marine species, including sea urchins and
lobsters, and may be attributed to high phenotypic plasticity in body
size and/or to continuous telomerase activity throughout their lifespan
(Klapper et al., 1998; Ebert et al., 2008). Nevertheless, telomere length
is regarded as an indicator of health and somatic fitness, and its
variation observed in our populations may be influenced by both
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Figure 2 Box plots of telomere qPCR Ct values obtained from tube feet for the Coscinasterias tenuispina populations from different seas and localities: (a) Ct
values of grouped Atlantic and Mediterranean populations, and (b) Ct values of each separate locality. Lower Ct values indicate longer telomeres. Boxes are
represented by the first and third quartile, the dark line is the median, and dots are outliers. Llançà (LLA), Taormina (TAO), Abades (ABA) and Bocacangrejo
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Figure 4 Box plot of Coscinasterias tenuispina telomere qPCR Ct values in
regenerating and non-regenerating arms for two different tissues from
individuals of Llança: pyloric cecum (Pyl) and tube feet (TF). Boxes are
represented by the first and third quartile, the dark line is the median, and
dots are outliers. Pyloric cecum from non-regenerating arms (Pyl NR); pyloric
cecum from regenerating arms (Pyl R); tube feet from non-regenerating arms
(TF NR); tube feet from regenerating arms (TF R).
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inherited and/or environmental components (Epel et al., 2004). Thus,
populations of C. tenuispina comprising only one clone may be
healthily maintained, including those in Llançà, which were also
characterized by the longest telomeres.
The longer telomeres found in regenerating compared with longer

non-regenerating arms are indicative of telomere elongation and the
preservation of chromosome ends in somatic tissue over the asexual
cycle. These results may explain the positive correlation between
telomere length and level of clonality. Asexual reproduction via fission
has been proposed as more prevalent in small specimens of
Coscinasterias (Emson and Wilkie, 1980), which is also consistent
with our results and observations. It is therefore possible that the key
to retain long telomeres in these starfish is to frequently undergo
fission. On the other hand, fission may be influenced by the
environment, either directly, for example, by different temperature
regimes between the Mediterranean and Atlantic basins here analyzed,
or indirectly, for example, by growth limitation and therefore it could
be more prevalent in such situations (Haramoto et al., 2007).
Therefore, in C. tenuispina, longer telomeres and greater somatic
fitness may be triggered by unstable environmental conditions in wild
populations.
Elongation of telomeres in populations of C. tenuispina may be one

of the mechanisms related to the absence of senescence and genetic
defects associated to prolonged periods of asexual propagation. Studies
investigating terrestrial species have demonstrated that both telomere
length and telomere erosion are predictors of survival and somatic
fitness (Bize et al., 2009; Horn et al., 2010), with the combination of
long telomeres and telomere elongation in regenerating tissues
potentially providing these clonal starfish a high probability of survival.
Although the results of a previous study examining a colonial ascidian
suggest that passing through a sexual reproductive phase is required in
order to avoid senescence after prolonged periods of asexual budding
(Sköld et al., 2011), it is not known how generally this finding can be
applied to other species. Despite the fact that asexual reproduction
facilitates clonal dispersion and renewal, it depends on mitotic
divisions, which may increase the accumulation of somatic mutations,
the Muller ratchet phenomena. Different studies with asexual species
already revealed accumulation of somatic mutations on non-
synonymus position in clonal lineages compared with their non-
clonal sibling species (Paland and Lynch, 2006; Barraclough et al.,
2007). Unfortunately, the negative effects of deleterious mutations in
wild populations of clonal species have never been fully investigated or
proved, and these effects have been only supposed, but asexual lineages
persist over short evolutionary periods (Schwander and Crespi, 2009).
However, older clones of aspen species has been found to exhibit a
significant reduction in reproductive performance associated with
male sexual fitness decline, suggesting that at least some long-lived
clonal organisms may be vulnerable to senescence over long periods of
time (Ally et al., 2008). A hypothesis to explain the excess of
heterozygosity found in the studied populations of C. tenuispina
may be a positive selection of heterozygotes to keep genetic diversity,
besides having greater individual adaptability by high phenotype
plasticity (Hörandl, 2009; Goudie et al., 2012). Nevertheless, our
current results cannot actually test this hypothesis, and the hetero-
zygotes excess found in all populations may be results from other
stochastic processes that have not been controlled in this study. In
other organisms as plants that maintain asexual lineages has been
observed that polyploidy and hybridization commonly generate
heterozygotes. In other species as fur seals, inbreeding is avoided by
an active selection from females for non-relative males or hetero-
zygotes (Hoffman et al., 2007). However, we do not have evidences of

any of these processes, and positive selection of heterozygotes is the
only hypothesis that can be presented here, but further studies on this
particular point may shed light on it.
Although the molecular mechanisms responsible for telomere

elongation and its preservation in C. tenuispina remain unknown,
studies examining other asexual and sexual organisms indicate a
pivotal role for telomerase in the telomere length regulation of somatic
cell lineages. In Asterias rubens, a sexually reproducing starfish,
telomerase activity is high throughout the animal irrespectively of
mitotic activity and there was no difference in telomerase activity nor
telomere length between regenerating and non-regenerating arms
(Hernroth et al., 2010), but clonal starfishes may have higher
telomerase activities after fission as other asexual species. In flatworms,
maintenance of somatic telomere length seems to be an adaptation of
asexual but not sexual strains, and is based on different levels of
telomerase activity (Tan et al., 2012). Furthermore, in the colonial
ascidian Botryllus schlosseri, telomerase activity is upregulated in early
bud rudiments, and declines during zooid development (Laird and
Weissman, 2004). Differences in the relative abundance of somatic
versus stem cells might also determine variation in telomere length
(Ojimi and Hidaka, 2010), but we cannot either discard recombina-
tion between homologous telomeres as a means to elongate telomeres
(Liu et al., 2007). Even in plants, telomere restoration is only present
in meristomatic and reproductive tissues, with exceptions in long-lived
species (Flanary and Kletetschka, 2005; Watson and Riha, 2011 among
other references), whereas in some algae it has been described
telomerase activity during all life cycles, but large differences in
telomerase activity have been found across algae groups (Fulnecková
et al., 2013; Ševčíková et al., 2013). Further comparison of telomerase
and stem cells in relation to regeneration in the analyzed populations
of C. tenuispina would thus be of future interest.
The results presented here reveal the need for further research

exploring the ecological and evolutionary significance of asexual
reproduction and telomere elongation in clonal lineages. Future
empirical studies measuring the success of Atlantic and Mediterranean
populations should consider additional variables such as sexual
reproductive success, as well as an evaluation of whether genetic
diversity is fundamental to the maintenance of clonal populations,
concepts that have been only theoretical explored for few authors as
Weissman et al. (2009) and Marriage and Orive (2012). Those
theoretical models for asexual species have evaluated and proposed
that clones with large population sizes exhibit high successful levels
(Weissman et al., 2009; Marriage and Orive, 2012). Nevertheless,
further analysis regarding possible somatic deleterious mutations, as
well as health and population size monitoring, is essential in order to
understand the life expectancy of clonal populations.
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