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Abstract Population irruptions of crown-of-thorns sea-
star (CoTS, Acanthaster spp.) represent a perennial threat 
to Indo-Pacific coral reefs. Age determination of CoTS is 
challenging, thereby hindering understanding and manage-
ment of this nuisance species. Telomeres, which are protec-
tive DNA structure found at the ends of eukaryotic chro-
mosomes that shorten at each cell division, have been used 
to estimate age in wild animals. To investigate the use of 
telomeres in CoTS, we optimized a quantitative PCR pro-
tocol to measure relative telomere length (rTL) in CoTS for 
the first time. Comparing rTL among four age groups (4, 
7, 16, > 24 months post-settlement), we found that adult 
CoTS generally exhibit shorter rTL than juveniles, which is 
the first evidence of age-related telomere attrition in CoTS. 
However, there was large within-age class variation, and no 
significant relationships were found between adult CoTS rTL 
and potential age-indicating external features. Furthermore, 
we found accelerated telomere attrition under sub-optimal 
diet, where individuals that were fed crustose coralline algae 
for 16 months exhibited shorter rTL than their counterparts 
fed on coral. A positive correlation was found between rTL 
of tube feet and pyloric caeca, suggesting synchronization 

of telomere dynamics across somatic tissues in CoTS. Over-
all, our results suggest that rTL could be used to classify 
CoTS into broad age groups, though individual variation 
constrains the ability to resolve specific cohorts. The present 
study contributes to the understanding of telomere dynamics 
in marine invertebrates, while laying the groundwork for 
future research into rTL as biomarker for age and potentially 
stress for CoTS.
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Introduction

Crown-of-thorns seastars (CoTS; Acanthaster spp.) are 
highly efficient predators of reef-building scleractinian cor-
als (Pratchett et al. 2014). During periodic population irrup-
tions, local densities of CoTS can exceed 1000 individuals 
per hectare (Chesher 1969). These population irruptions 
have caused extensive decline in coral cover, contribut-
ing to reef degradation throughout the Indo-Pacific region 
(De’ath et al. 2012; Nakamura et al. 2014). Despite consid-
erable research effort since the 1960s, the causes of irrup-
tions remain uncertain due to the inability to resolve some 
critical research questions, hampering the development of 
corresponding management strategies (Pratchett et al. 2021).

One of the knowledge gaps that remains in CoTS research 
is the lack of a validated method to determine their age. For 
example, their size-at-age was found to be highly plastic 
dependent on food available and population density (Lucas 
1984; MacNeil et al. 2017), and thus the differentiation of 
cohorts based on size-structure has been contentious. On the 
other hand, the count of visible pigment bands on the spines 
of CoTS have been considered as reasonably promising 
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size-independent proxies of age (Stump and Lucas 1990). 
However, this method still needs to be further validated 
through medium- to long-term mark-recapture studies to 
elucidate temporal or spatial variation in band formation 
(Souter 1997; Stump and Lucas 1999). Overall, the inability 
to age individual CoTS has hindered the understanding of 
population dynamics and the processes that initiate irrup-
tions. It is, therefore, of interest to search for new approaches 
for age determination in CoTS.

Telomeres are tandem repeats of short DNA sequence 
(5′-TxAyGz-3′) and protein complexes found at the ends of 
eukaryotic chromosomes (Blackburn 1991). The non-cod-
ing telomeres act as end caps to prevent inter-chromosomal 
fusion (van Steensel et al. 1998) and to protect chromosomal 
DNA from degradation during cell division (Blackburn 
2005). At each cell division, telomeres are shortened while 
chromosomal DNA stays intact, preserving vital informa-
tion in the genome (Blackburn 1991). While telomere length 
can be extended and maintained by the ribonucleoprotein 
enzyme telomerase, activity of this enzyme varies accord-
ing to cell type, life stage, and species (Blackburn 2005). 
In somatic tissues, where telomerase activities are typically 
low, a cell undergoes senescence or apoptosis when its tel-
omeres shorten to a critical limit. Since the first description 
of telomeres in the 1930s, extensive research effort has been 
devoted to the understanding of its structure and function. 
To date, it is widely recognized that telomeres play a cen-
tral role in cellular ageing (Armanios and Blackburn 2012), 
while telomere attrition is considered a major hallmark of 
ageing in human (López-Otín et al. 2013).

As telomeric DNA sequence is widely conserved across 
eukaryotes (Gomes et al. 2010), studies in the past two dec-
ades have drawn on experience gained in human biomedi-
cal research and introduced telomere length as a biomarker 
into the ecological field (reviewed by Louzon et al. 2019). 
Notably, telomere length has been proposed as a proxy for 
chronological age in wild animals, based on the fact that 
age-associated telomere shortening has been found in vari-
ous taxa such as birds (Haussmann and Vleck 2002), rep-
tiles (Scott et al. 2006), fishes (Hartmann et al. 2009), as 
well as invertebrates from both protostome (e.g., molluscs; 
Godwin et al. 2011a) and deuterostome (e.g., echinoderms; 
Varney et al. 2017) groups. Molecular ageing techniques 
have been advocated as powerful tools for ecological stud-
ies, as they offer versatile alternatives to traditional methods 
(e.g., repeated sighting of tagged individuals, annual growth 
bands count on calcified structures, etc.) in obtaining age 
information from wild populations. Thus far, several stud-
ies have demonstrated the potential of using telomere-based 
technique to classify wild animals into broad age groups 
(Haussmann et al. 2003; Pauli et al. 2011).

The emergence of telomere length as a biomarker may 
present a unique opportunity to improve the understanding 

of CoTS biology and ecology. However, there is considerable 
work to be done before telomere length can be developed 
into a reliable ageing tool for marine invertebrates. Despite 
studies that have demonstrated coarse age indication in some 
marine invertebrates using telomere-based technique (e.g., 
sea urchin; Coupé et al. 2019), other research has shown that 
the negative correlation between age and telomere length 
cannot be generalized across all species. For example, no 
age-related changes in telomere length were found in red 
sea urchin (Strongylocentrotus franciscanus) (Francis et al. 
2006) or spiny lobsters (Sagmariasus verreauxi and Jasus 
edwardsii) (Godwin et al. 2011b). These incongruent find-
ings suggest that telomere dynamics may be species-specific, 
and thus careful investigations are needed to establish the 
relationship between telomere length and age in non-model 
or new study species.

To establish a robust ageing tool, the influence of age-
independent factors on telomere dynamics must be consid-
ered. For example, recent research has shown that extrinsic 
factors such as stress and diet can cause oxidative damage 
to telomeric DNA and thus accelerate telomere attrition rate 
(Chatelain et al. 2020). In the case of CoTS, it has been 
established that their growth is highly dependent on diet, 
where exponential growth has been recorded following 
the ontogenetic shift of diet from crustose coralline algae 
(CCA) to coral at 4–12 months post-settlement (Yamaguchi 
1974; Wilmes et al. 2020; Neil et al. 2022). However, it 
has recently been hypothesized that CoTS can prolong their 
herbivorous phase and delay growth for at least six years 
while waiting for favorable conditions (e.g., availability 
of coral) to arise (“hidden army hypothesis”; Deaker et al. 
2020). While this hypothesis has important implications in 
the understanding of CoTS population dynamics, little is 
known about the physiological consequences of the delay 
in diet transition, and the proposed trophic flexibility is yet 
to be tested in natural environment due to a lack of reliable 
ageing tool. Here we set up treatment groups fed on CCA 
only, thus mimicking the “hidden army”, to investigate the 
influence of diet on telomere dynamics in CoTS. In addition, 
as telomere dynamics can be tissue specific (de Abechuco 
et al. 2016), it is important to identify the suitable tissue type 
representing the overall telomere dynamics in CoTS.

The present study seeks to investigate the potential of 
telomere length as a biomarker to enhance the understand-
ing of CoTS population irruptions. We set out to adopt and 
optimize the quantitative PCR (qPCR) protocol developed 
for humans (Cawthon 2002) to measure telomere length in 
CoTS for the first time. To explore age-associated telomere 
dynamics in CoTS, telomere lengths of individuals from four 
age groups were measured and correlated with potential age-
indicator including diameter, spine length, and pigment band 
count. Effect of diet on telomere dynamics was determined 
by raising juvenile CoTS under two diet conditions, where 
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one batch shifted diet ontogenetically from CCA to coral, 
and the other was fed only with CCA since settlement. As a 
test of tissue effect, telomere lengths measured from pyloric 
caeca and tube feet were compared.

Methods

Sample collection

Adult Pacific crown-of-thorns seastars (CoTS; Acanthaster 
cf. solaris) were spawned in December 2020 and 2021 at 
the Australian Institute of Marine Science (AIMS) National 
Sea Simulator (SeaSim) following Uthicke et al. (2015). The 
larvae were settled and raised as described by Balu et al. 
(2021). The two cohorts were sampled at two distinct time 
points, constituting three age groups in total (4-, 7-, and 
16-month post-settlement; Table 1). To assess the effect of 
diet on telomere length, seastars were divided into two diet 
groups: coral and CCA. The coral diet group was fed only 
with corals once individuals had shifted diet from CCA to 
coral at 4 months post-settlement. This represents a “typical” 
situation where CoTS exhibit ontogenetic diet shift while 
transitioning from juvenile to adult (Wilmes et al. 2020). 
On the other hand, the CCA diet group was raised entirely 
on CCA, and was not exposed to corals for the 16 months 
experimental period, mimicking the “hidden army” hypoth-
esis situation where juveniles exhibit prolonged herbivorous 
phase (Deaker et al. 2020). As a result, there were five treat-
ment groups of juvenile CoTS in total (Table 1). During 
sampling, diameters of the seastars were recorded (ranged 
from 3.5 to 51.9 mm), followed by whole specimen preser-
vation in individual tubes with 95% ethanol. Samples were 
stored at − 4 °C until DNA extraction.

Adult CoTS specimens were collected from the cen-
tral section of the Great Barrier Reef by Pacific Marine 
Group, a CoTS culling operator. The first batch of samples 
(n = 14) was collected from Wheeler Reef ( − 18.79756, 
147.52681) on 20 Apr 2022, and the second batch of 
samples (n = 15) was collected from Hopkinson Reef ( 
− 18.54816, 147.19429) on 16 June 2022. The CoTS were 

transported alive to AIMS and kept at mesocosm until 
sampling within a week. Although the age of these field 
samples was unknown and the two batches of samples were 
presumably composed of different temporal cohorts, it has 
been established that CoTS larger than 200 mm are likely 
older than 2 years and are classified as adults (Pratchett et al. 
2014). While the growth of CoTS is highly plastic and their 
juvenile phase could potentially be prolonged under certain 
conditions (Deaker et al. 2020), it is unlikely for individuals 
below 2 years old to attain a diameter above 200 mm, due to 
inherent constraints in growth rates (Wilmes et al. 2020). As 
such, field collected specimens (diameter ranged from 210 
to 380 mm) were grouped together and hereafter referred to 
as the > 24 months adult group. Tube feet and pyloric caeca 
tissue was collected from each individual and preserved in 
in 95% ethanol at − 4 °C until DNA extraction. In addition, 
the longest aboral spine from four arms were collected for 
spine length measurement and pigment band count, follow-
ing Stump and Lucas (1990) and MacNeil et al. (2017).

DNA extraction

Genomic DNA was extracted from CoTS samples using 
DNeasy Blood and Tissue Kit (Qiagen) according to manu-
facturer protocol. DNA integrity of all samples was exam-
ined by electrophoresis on a 1% agarose gel, while the DNA 
purity (260/280 absorbance ratio) was assessed using Nano-
Photometer N60 (Implen). DNA concentration was meas-
ured by Qubit 3.0 Fluorometer (Thermo Fisher Scientific) 
using a Qubit dsDNA BR (Broad-Range) Assay Kit (Thermo 
Fisher Scientific), and subsequently standardized to 1 ng/μL 
before qPCR assays.

Quantitative PCR assay

Telomere length measurement was conducted using the 
qPCR method developed by Cawthon (2002). In brief, qPCR 
reactions were performed, respectively, to quantify telomeric 
(T) and reference (S; gene that is non-variable in copy num-
ber) DNA. Subsequently, the T/S ratio of each sample was 
calculated, representing the relative telomere length (rTL). 
Because telomere sequence is conserved among deuteros-
tomes (Gomes et al. 2010), the primers used for the amplifi-
cation of CoTS telomeric DNA were the same as those used 
for humans (forward 5′-CGG TTT GTT TGG GTT TGG GTT 
TGG GTT TGG GTT TGG GTT-3′; reverse 5′- GGC TTG CCT 
TAC CCT TAC CCT TAC CCT TAC CCT TAC CCT-3′) (Epel 
et al. 2004). Among the candidate reference genes that were 
examined, 18 s ribosomal RNA (rRNA) demonstrated the 
most consistent amplification profile as well as clean single-
peak melt curves, and thus was selected as reference gene in 
this study. The suitability of 18 s rRNA as reference gene is 
also supported by previous research in echinoderm (Ragusa 

Table 1  Juvenile crown-of-thorns seastar (CoTS; Acanthaster cf. 
solaris) specimens used in this study

CCA  crustose coralline algae

Age group Settlement date Sampling date Diet Sample size

4-month 10 Dec 2021 12 Apr 2022 CCA 15
7-month 14 Dec 2020 30 Jul 2021 CCA 13

Coral 15
16-month 14 Dec 2020 12 Apr 2022 CCA 15

Coral 14
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et al. 2013; Dettleff et al. 2020). Primers for 18 s rRNA gene 
are: forward 5′-ACT CAA CAC GGG AAA CCT CA-3′; reverse 
5′-AAC CAG ACA AAT CGC TCC AC-3′.

Quantitative PCR reactions for telomeres and 18 s rRNA 
were set up on separate 72-well Rotor-Disc (Qiagen) using 
QIAgility (Qiagen) liquid handling robot. Each reaction 
consisted of 10 μL of PowerUp SYBR Green Master Mix 
(Thermo Fisher Scientific), 1000 nM of telomere primers 
or 500 nM of 18 s rRNA primers (Integrated DNA Tech-
nologies), 5 μL of template DNA, and nuclease-free water 
in a total volume of 20 μL. For experimental samples, the 
template DNA concentration was 1 ng/μL. The amplifi-
cation efficiency of each run was evaluated by a standard 
curve derived from fivefold serial dilution of an arbitrarily 
assigned reference sample, yielding five concentrations rang-
ing from 0.016 to 10 ng/μL. In addition, each run contained 
a no template control (substituting nuclease-free water for 
template DNA) for contamination detection, and a calibrator 
sample at 1 ng/μL (an identical sample repeated on all runs) 
to account for inter-run variation. All reactions were per-
formed in technical triplicate using Rotor-Gene Q (Qiagen) 
with the following conditions: 50 °C for 2 min (UDG activa-
tion); 95 °C for 2 min (polymerase activation); 45 cycles of 
95 °C for 15 s and 60 °C (for telomeres) or 55 °C (for 18 s 
rRNA) for 1 min; followed by a melt curve analysis at the 
end of each run to check for primer dimerization and non-
specific amplification.

The quantification cycle (Cq) data were exported for anal-
ysis from the Rotor-Gene Q software (Qiagen) after base-
line correction. Mean amplification efficiencies (± standard 
deviation) were 1.03 ± 0.04 for telomere and 1.02 ± 0.05 for 
18 s rRNA. Samples were identified as technical outliers and 
excluded from further analysis if the standard deviation of 
Cq values between technical triplicate were > 0.2.

The relative telomere length (rTL) of each sample was 
calculated using the framework by Hellemans et al. (2007). 
In brief, the mean Cq values across technical triplicate were 
converted to normalized relative quantities (NRQ) according 
to Pfaffl (2001):

where E is gene-specific amplification efficiency, and ∆Cq 
represents the difference between the mean Cq value across 
all samples within a single run and the mean sample Cq 
value. Subsequently, inter-run calibration was conducted 
based on the NRQ of the calibrator sample of each run using 
formula 13’ and 15’ in Hellemans et al. (2007).

Statistical analyses

Differences in rTL between treatment groups were 
assessed with Kruskal–Wallis test (Kruskal and Wallis 

NRQ = [
(

Etelomere

)ΔCq telomere]

∕
[(

E18s rRNA

)ΔCq 18s rRNA
]

1952). This non-parametric test was chosen because the 
assumptions of normality and homogeneity of variance 
were not met. Post-hoc analysis was conducted using 
Dunn’s multiple comparisons test with p values adjusted 
by the Benjamini–Hochberg correction method (Benja-
mini and Hochberg 1995). Pearson’s correlation test was 
used to determine whether rTL was correlated between 
tube feet and pyloric caeca tissue in adult CoTS. To inves-
tigate factors affecting rTL in field collected CoTS, a gen-
eralized linear mixed model (GLMM) was constructed 
with the package glmmTMB (Brooks et al. 2017). The 
model was built with rTL as response variable; diameter, 
spine length and pigment band count as fixed factors; and 
reef as random effect to account for different collection 
locations. The initial model was constructed with all pos-
sible two-way interactions, followed by stepwise elimi-
nation of non-significant terms and selection of the best 
fitted model using Akaike information criteria (AIC). The 
variance inflation factors (VIF) for all predictors in the 
final model were below 5, indicating no violations of col-
linearity. For model validations, residual diagnostics were 
performed using the DHARMa package (Hartig 2017). 
The level of significance of all tests was set at p < 0.05. 
All statistical analyses were performed using R version 
4.1.1 (R Core Team 2022).

Results

To investigate telomere dynamics in CoTS, rTL were com-
pared among four age groups. The median rTL value was the 
highest in the 4-month juvenile group at 4.23, and the lowest 
in the 16-month CCA diet group at 2.04. Significant differ-
ences in rTL among groups were detected by Kruskal–Wal-
lis test (X2 = 30.495, df = 5, p < 0.001). Pairwise comparisons 
revealed that apart from the 16-month CCA diet group, the 
juveniles exhibited significantly longer rTL than the adults 
(presumed > 24 months), while the rTL among other juve-
nile groups were not significantly different from each other 
(Dunn’s multiple comparisons test; Benjamini–Hochberg 
adjusted p, significance level = 0.05) (Fig. 1). Overall, there 
was large within-age class variation, with some adults show-
ing similar rTL as the juveniles. For example, the rTL of the 
adult group ranged from 0.11 to 5.35, while the rTL of the 
4-month group ranged from 2.10 to 8.51. With regards to 
diet treatment, the 16-month CCA diet group showed signifi-
cantly lower median rTL (2.04) compared to the 16-month 
coral diet group (3.34) (p = 0.02); while no significant differ-
ences were found between the 7-month CCA and coral diet 
group. A significant positive correlation was found between 
the rTL measured from adult tube feet and pyloric caeca tis-
sue (Pearson’s r = 0.73, p < 0.05) (Fig. 2). Finally, there were 
no significant relationships between field collected adult 
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CoTS rTL and the diameter of the seastar, the length of the 
spines, or the count of pigment bands on spines (GLMM; 
Table 2, Fig. S1).  

Discussion

The present study is the first report of telomere measurement 
in the Pacific crown-of-thorns seastar (CoTS; Acanthaster cf. 
solaris). We demonstrated that the qPCR method allowed 
CoTS relative telomere length (rTL) to be measured in a 
high-throughput manner, providing a cost- and time-efficient 
approach for future research in CoTS telomere biology. As 
an exploratory study, our findings offer important insight 
into the potential factors influencing telomere dynamics 
in CoTS, while raising the possibility that telomere length 
could be a relevant biomarker to enhance the understand-
ing of the population ecology of CoTS. More specifically, 
knowledge of the age structure of CoTS will help resolve 
persistent controversy regarding the putative cause(s) of 
population irruptions (Pratchett et al. 2017). The ability to 
age CoTS is for example, critical for testing whether juvenile 
seastar can defer ontogenetic shifts to withstand periods of 
resource limitation (Deaker et al. 2020).

Age‑related telomere dynamics

Our results indicate that adult CoTS in general exhibit 
shorter rTL than juveniles, which is the first evidence of age-
related telomere attrition in CoTS. These findings are in line 
with the general pattern observed in vertebrates (reviewed 
by Remot et al. 2021), while adding to the few examples 
of age-related telomere attrition in marine invertebrates 
(e.g., seastar and sea urchin; Varney et al. 2017; Coupé 
et al. 2019). Our observation contributes to the understand-
ing of the relationship between age and telomere length in 
marine invertebrates, where inconsistent results have been 
reported from a limited number of existing studies. However, 
with juvenile and adult CoTS sourced from different grow-
ing environments (aquaria vs. field), these findings must be 
interpreted with caution, as the age-rTL relationship could 
be obscured by extrinsic factors (see below).

Our data illustrate that juvenile CoTS (< 16 months) fed 
on their natural diet (i.e., CCA followed by coral) can retain 
their telomere length, likely through energy demanding 
repair mechanisms. Previous research has established that 
telomere dynamics of a species is closely associated with 
the activity of telomerase, the enzyme that is involved in 

Fig. 1  Relative telomere length (rTL) in crown-of-thorns seastar 
(CoTS; Acanthaster cf. solaris) by age (months after settlement) and 
diet. Boxes represent interquartile range of the distribution; horizontal 
lines within the boxes represent median; vertical extending lines rep-
resent maximum and minimum values within 1.5 interquartile range; 
each dot represents a sample. Different letters indicate statistically 
significant differences between groups (Kruskal–Wallis test followed 
by Dunn’s multiple comparisons, Benjamini–Hochberg adjusted 
p < 0.05). CCA = crustose coralline algae

Fig. 2  Correlation between tube feet and pyloric caeca tissue relative 
telomere length (rTL) in adult crown-of-thorns seastar (CoTS; Acan-
thaster cf. solaris)

Table 2  Summary table of generalized linear mixed model (GLMM) 
examining factors affecting relative telomere length in crown-of-
thorns seastar (CoTS; Acanthaster cf. solaris)

Fixed effects Estimate Std. error z value p value

Diameter 0.007 0.005 1.351 0.177
Spine length  − 0.012 0.160  − 0.072 0.943
Pigment band count  − 0.075 0.075  − 1.007 0.314
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the repair and maintenance of telomeres (Blackburn 2005). 
For example, continuous telomerase expression has been 
reported in invertebrates with regeneration capacity (e.g., 
sea urchin; Francis et al. 2006) and/or indeterminate growth 
(e.g., lobster; Klapper et al. 1998), resulting in constant tel-
omere restoration and thus a lack of age-associated shorten-
ing pattern. Whilst telomerase activities were not measured 
directly in this study, the telomere dynamics observed here 
appear to suggest that the telomerase expression pattern in 
CoTS is more similar to those observed in vertebrates: being 
stable during early development, followed by downregula-
tion in later life stages (Gomes et al. 2010) or under stressful 
situations such as sub-optimal diet (see below). This is a 
compelling area for further research as telomerase activity is 
closely linked to the process of senescence, which is poorly 
understood in CoTS. In this context, future research should 
be undertaken to measure telomerase activity in CoTS using 
assay such as the telomeric repeat amplification protocol 
(TRAP; Kim et al. 1994).

Effects of diet on telomere dynamics

We found that among the 16-month-old juvenile CoTS, 
individuals that were fed on CCA diet (the situation sug-
gested by the “hidden army hypothesis”) exhibited signifi-
cantly shorter average rTL than their counterparts that were 
allowed diet transition to coral at 4-month post-settlement 
(the “typical” situation). Previous research has proposed that 
telomere dynamics are likely influenced by a combination of 
factors (Haussmann and Marchetto 2010). Our results sug-
gest that diet could be one of such factors that influences 
rTL in CoTS. It is well established in human research that 
nutritional status is positively associated with telomere 
length (Paul 2011), while a similar pattern has also been 
observed in animals such as bird and fish (Badás et al. 2015; 
McLennan et al. 2021). It is proposed that sub-optimal diet 
is linked to a deficiency of dietary antioxidant intake, lead-
ing to a weakening in defence against oxidative damage to 
telomere DNA (Paul 2011). In addition, malnourished ani-
mals might not have excess energy to produce telomerase, 
compromising the ability to repair and maintain telomere 
length. Energy shortage of CCA-fed juveniles is supported 
by the fact that their growth was stunted, indicating that they 
have no “scope for growth” in their energy budget. Hence, 
it could conceivably be hypothesized that the shorter rTL 
observed here might be associated with inadequate levels of 
nutrients or energy in the CCA diet for CoTS that were sup-
posed to have transitioned to coral. Further research might 
explore whether this damage can be reverted if CoTS switch 
to a coral diet later in life, and whether these energy-deficit 
individuals would undergo sexual maturation and be able 
to reproduce.

Our results, while preliminary, suggest that even though 
juvenile CoTS are seemingly able to survive on CCA diet 
for a prolonged period (Deaker et al. 2020), the delay in diet 
transition might have imposed oxidative stress and under-
mined their body conditions, which is manifested as acceler-
ated telomere attrition. However, it is important to note that 
generalizability of our results could be limited by the scale 
of the study, and further investigation is required to prove 
our hypothesis. For example, measuring the rTL of juvenile-
sized CoTS collected from the field would be an essential 
next step to validate our findings in situ.

Effects of tissue type on telomere dynamics

Significant positive correlation was found between rTL 
measured from tube feet and pyloric caeca tissue. While it 
is likely that the cell proliferative activity of pyloric caeca 
is higher than that of tube feet due to the continuous growth 
and replacement of digestive epithelium (Van der Plas et al. 
1983), previous research found that telomere dynamics 
across somatic tissues in an individual is in general syn-
chronized, regardless of proliferative status (Daniali et al. 
2013). The same observation has been made in various taxa 
including invertebrates such as oyster (Godwin et al. 2011a; 
Debes et al. 2016; Power et al. 2021). On the other hand, 
while regeneration history of our samples is unknown, it 
has been demonstrated that telomere lengths do not differ 
between regenerated and non-regenerated arm tissues in the 
seastar Asterias rubens (Hernroth et al. 2010). Overall, our 
results broadly corroborate earlier findings which suggest no 
tissue effect in general, supporting the use of tube feet rTL 
as a proxy for overall telomere dynamics in CoTS. These 
findings are of interest to future sample collection, as tube 
feet tissue is easily accessible and convenient to collect from 
adult CoTS without requiring dissection.

Other age‑independent factors

Contrary to expectations, this study did not find a significant 
relationship between the rTL of adult CoTS and the diameter 
of the seastar, the length of the spines, or the count of pig-
ment bands on spines. While these physical measurements 
and features have not been fully validated as age proxies in 
CoTS, there is general consensus that they could, to some 
degree, be used to distinguish broad age classes, especially 
within the same population (Pratchett et al. 2014). As such, 
our results might point to the possibility that rTL in CoTS 
are considerably influenced by additional factors than age. 
An example of such factors is environmental stress, which 
has been demonstrated to cause oxidative damage to telo-
meric DNA and thus accelerate telomere attrition rate (Von 
Zglinicki 2002; Monaghan 2014). It is well established that 
CoTS development and growth are strongly influenced by 
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environmental conditions such as food availability and tem-
perature (Lucas 1984; Kamya et al. 2014; MacNeil et al. 
2017). It is therefore reasonable to hypothesize that exposure 
histories to unfavorable conditions may be reflected in the 
rTL of CoTS, obscuring the age-related telomere attrition 
pattern. There are, nonetheless, other possible explanations 
that are worth further investigation, such as reproductive 
history, pathogen infection, and competition (reviewed by 
Chatelain et al. 2020).

As our adult seastar samples were collected from the wild 
where individuals’ growth histories were unclear and pre-
sumably complicated, it was intractable to disentangle the 
effects of various factors on rTL. Furthermore, the largest 
individual included in this study was 380 mm in diameter, 
while CoTS can grow to > 600 mm in the wild (Stump 1996). 
As such, future studies with samples across a wider size 
range, ideally from more controlled environment such as 
mesocosm experiments will be needed if a full picture of 
age-rTL association is to be developed.

Telomere length as biomarker for age determination 
in CoTS

Our results suggest that rTL could potentially be used as 
a tool to distinguish CoTS into broad age groups or life 
stages, though individual variation constrains the ability to 
resolve specific cohorts. This conclusion is in line with that 
of Dunshea et al. (2011), who found overall loose relation-
ships between age and rTL across a range of invertebrates. 
To improve the utility of telomere length as an ageing tool, 
further research accounting for the influence of extrinsic fac-
tors will need to be undertaken. While a broad-scale ageing 
tool is nonetheless valuable and relevant for CoTS research, 
considerably more work is needed to tighten the age-rTL 
relationship in CoTS before such tool can be developed.

When comparing rTL to conventional ageing methods 
such as size-at-age, it appears that both approaches might be 
susceptible to the influence of extrinsic factors, particularly 
food availability. Consequently, like size-at-age, the effec-
tiveness of using rTL as an ageing tool may be constrained 
if these extrinsic factors are not accounted for. However, it is 
worth noting that rTL presents a unique advantage in directly 
assessing the physiological conditions of CoTS. Therefore, 
there is abundant ground for future research to explore rTL 
as biomarker for stress or health status in CoTS (Haussmann 
and Marchetto 2010). For example, our results indicated that 
sub-optimal diet could be a potential stress factor accelerat-
ing rTL attrition in juvenile CoTS. If this pattern holds true 
in situ, rTL can be used as a tool to test the aquarium-based 
“hidden army hypothesis”, confirming whether CoTS exhibit 
prolonged delay in diet transition to coral in natural settings 
(Deaker et al. 2020). Furthermore, through measurement of 
rTL from CoTS populations experiencing varying stages of 

outbreak, we might be able to better understand the process 
of population collapse at the end of the outbreak cycle. For 
example, rTL might reflect stress related to starvation and 
over-crowding at the end of outbreaks, which is a yet-to-be-
tested mechanism leading to population collapse. Nonethe-
less, due to the variable nature of telomeres, extensive field 
sampling as well as carefully controlled experiments will be 
required before rTL can be used as a relevant biomarker for 
CoTS management.

Conclusions

Here we established the first evidence of age-related tel-
omere attrition in CoTS. However, telomere dynamics in 
CoTS are likely influenced by various age-unrelated factors 
such as diet and environmental stressors, limiting the use 
of telomere length as a precise chronological age indicator 
in this species. Overall, this study contributes to the under-
standing of telomere dynamics in marine invertebrates, 
while laying the groundwork for future research into rTL 
as a molecular biomarker for CoTS management. This is a 
compelling area for further investigation, given the potential 
of rTL to provide valuable biological information in a rela-
tively low-cost and high-throughput manner.
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