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The history of elasmobranch ageing highlights the difficulty of age estimation in animals
lacking ossified structures. Ageing techniques are numerous, yet all are limited by
difficulties of validation and verification and inherent subjectivity. Sample scarcity further
hinders progress as limited samples cannot be risked on exploratory techniques.
This study explored the use of genetic analysis of telomeres as a method of age
determination in a deep-sea shark, Etmopterus granulosus, a representative of a
poorly studied taxon with regard to ageing due to sample scarcity. Telomeres were
amplified in 39 individuals with qPCR, compared across samples, and were found
to differ across size classes. More work is needed to determine whether telomeres
consistently correlate with size class across elasmobranchs. However, telomeres offer
easily obtainable data that can be combined with traditional methods to provide
additional points of comparison for elasmobranch biology. Our results underscore the
importance of expanding current ageing methods and highlight a necessary distinction
between chronological and biological ages when describing elasmobranch populations.

Keywords: ageing, biology, elasmobranch, genetics, life history, Squaliformes, longevity

INTRODUCTION

Age assessment in elasmobranchs has a nearly century-long history. Over this period of time, the
majority of ageing studies have relied on calcified hard structures, despite inter- and intraspecific
variability prohibitive to confident age estimates. Verification and validation of age are still under-
used, despite the development and availability of several methods. Limitations, particularly sample
size and the subjective nature of ageing itself, add to potential error. Age and growth estimates are
fundamental metrics by which species assessments and management policies are developed, but for
effective management the chronological age of the organism cannot be divorced from its biology.
Therefore, alternative methods are needed to accurately and reliably age elasmobranchs that allow
for consideration of individual variability.

Ridewood (1921) was the first to introduce the idea of ageing elasmobranchs using vertebral
calcification patterns. Within the same paper it was concluded that using vertebrae for taxonomic
clarification or for ageing was likely not useful, adding that calcified masses within vertebrae were
widely variable and related to the physiological role of the vertebral column (expanded on by Porter
et al., 2006). Despite this early observation, vertebrae are still the most common structure used for
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elasmobranch ageing, with later studies focusing on methods
of band enhancement (Table 1) such as histology (Ishiyama,
1951a,b) to improve their utility.

The increased use of vertebral bands as age estimates brought
about the need for validation and verification of the banding
patterns (Cailliet et al., 1986; Cailliet, 1990, 2015; Cailliet and
Goldman, 2004). Oxytetracycline injection coupled with tag-
recapture demonstrated validity of banding patterns for some
species, but only if specimens could be recaptured (Holden and
Vince, 1973), while methods such as bomb radiocarbon dating
(Kalish, 1993) have continued to gain popularity (Table 2). Even
with several available methods, validated ageing studies remain
rare (Harry, 2018), with several studies demonstrating vertebral
banding patterns to be independent of chronological age (e.g.,
Squatina californica, the Pacific Angel shark (Cailliet et al.,
1983; Natanson, 1984; Natanson and Cailliet, 1986, 1990), and
Cetorhinus maximus, the Basking Shark (Natanson et al., 2008).
These species highlight potential errors with current methods

TABLE 1 | Examples of methods for band enhancement with references.

Method Author, year

Alcohol immersion Richards et al., 1963

Alizarin red LaMarca, 1966; Gruber and Stout,
1983

Cedarwood oil Cailliet et al., 1983; Neer and Cailliet,
2001

Cobalt nitrate/Ammonium sulfide Hoenig and Brown, 1988

Copper, lead, and iron salts Gelsleichter et al., 1998

Crystal violet Johnson, 1979; Schwartz, 1983

Decalcification Correia and Figueiredo, 1997

Graphite micotopography Parsons, 1983, 1985

Grinding Branstetter and Stiles, 1987

Haemotoxylin Tanaka and Mizue, 1979

Histology Ishiyama, 1951a,b; Casey et al., 1985

Injected fluorochrome dyes Officer et al., 1997

Microcomputed tomography Geraghty et al., 2012

Scanning X-ray fluorescence microscopy Raoult et al., 2016

Silver nitrate Stevens, 1975; Schwartz, 1983

X-radiography Aasen, 1963

X-ray spectrometry Jones and Geen, 1977; Casselman,
1983

Xylene impregnation Daiber, 1960

TABLE 2 | Examples of methods used for validation and verification is ageing
studies.

Method Author, year

OTC Holden and Vince, 1973

MIA Simpfendorfer, 1993

CEA Ishiyama, 1978; Tanaka et al., 1978

Bomb radio carbon Kalish, 1993

Tag re-capture Holden and Vince, 1973

Radiometric dating Welden, 1984; Welden et al., 1987

Site fidelity/Philopatry Brooks et al., 2016

of ageing and the danger of assuming validation of one species
applies to any other.

Deep-sea species pose additional challenges to ageing due
to deficiencies in vertebral calcification, with near or complete
absences of banding rendering vertebrae useless for ageing.
Alternatively, dorsal fin spines are commonly used as an
ageing structure for deep-sea species since Kaganovskaya (1933)
established the method using the Spiny dogfish (Squalus
acanthias). Much like use of vertebrae, this method suffers from
confounding factors such as spine erosion—breakage or wearing
down—and discrepancies between internal and external band
counts (Irvine et al., 2006), further complicating age estimates
with current practices.

The two most popular ageing methods—vertebrae and dorsal
fin spines—are inherently subjective measurements affected by
interpretation of those ageing the organisms. Studies have
shown that reader experience, computer screen, imageing
program selection, and more contribute to reader interpretation
contributing to variability in estimates, even when ageing
the same structure (Officer et al., 1996; Natanson et al.,
2018). Advancements in the field are limited and primarily
computational, such as the use of multiple growth models to
find the best fit (Pardo et al., 2013; Smart et al., 2016). The
shortcomings of ageing are well-known, with a clear need for new
ageing methods that are objective, replicable, and informative in
new ways for elasmobranchs.

Telomeres, DNA sequences at the ends of chromosomes,
are known to shorten with age in diverse groups of eukaryotes
(e.g., Haussmann et al., 2003). Rocco et al. (2002) assessed
karyotypes and verified that the standard eukaryotic telomeric
repeat (TTAGGG) is present in four cartilaginous species;
Small-spotted catshark (Scyliorhinus canicula), Nursehound
(Scyliorhinus stellaris), Starry skate (Raja asterias), and
Bluespotted fantail ray (Taeniura lymma). Izzo et al. (2010),
examined telomere length as a proxy for age, but found no
correlation between telomere length and size. Yet prior estimates
of elasmobranch ageing make it clear that metrics are rarely
consistent across all species. Given that the maximum lifespan, or
longevity, of most sharks is unknown, elasmobranchs represent a
unique system to investigate telomere dynamics.

Telomeres are known to shorten with ageing, but other factors
can influence telomeric changes. Environment and habitat are
known to impact telomere length (Haussmann and Heidinger,
2015), and telomere length can affect an organism’s reproductive
potential (Heidingerm et al., 2016). However, overall trends
in telomere length in elasmobranchs must be determined
before examination of environmental or reproductive effects are
possible. If telomeres shorten with age in a predictable manner
i.e., a consistent rate, telomere length may provide an additional
measurement of longevity, or biological age, shifting the focus
away from chronological dependence to a more biologically
relevant metric.

In the present study, we examined relative telomere
lengths in a deep-sea squaloid shark Etmopterus granulosus
(Chondrichthyes:Squaliformes:Etmopteridae), the Southern
Lanternshark. E. granulosus is common and abundant in the
Southern Oceans, inhabiting waters from 220 to 1,500 m on
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continental shelves and slopes either on or near the bottom
(Compagno et al., 1989; Daley et al., 2002; Ebert et al., 2013).
E. granulosus feeds mainly on cephalopods, and bony fish,
as well as penaeid shrimps and myctophids (Ebert et al.,
1992; Hallett and Daley, 2010), has bioluminescent markings
(Straube et al., 2010; Mallefet et al., 2021), and is known to be
viviparous and engage in polyandry (Nehmens et al., 2020). Age
estimates in E. granulosus have been made from dorsal fin spines
and vertebrae. However, depending on the method used, the
maximum age differs by an order of magnitude (Irvine et al.,
2006). Intriguingly, some evidence suggests tooth characteristics
may vary in male sharks with age (Straube et al., 2008). Various
arguments could be made in support of either, however without
proper validation, vulnerability risk assessments of the species
would be based in speculation. Additionally, E. granulosus is a
species that is commonly caught in large numbers as bycatch in
commercial fisheries in the Southern Oceans, making it an ideal
species for this study.

The objectives of this study were to determine (1) if there
is any evidence of telomere shortening with size and (2) if the
degree of shortening correlates with the most common rough
estimate for age (body length).

METHODS

Etmopterus granulosus specimens were obtained as bycatch from
benthic and midwater trawls by the F/V “Will Watch,” a Cook
Islands flagged commercial fishing vessel that operates out of
Port Louis, Republic of Mauritius. The fishing grounds are in the
southwestern Indian Ocean along the Madagascar Ridge, Walter’s
Shoal, and Southwest Indian Ridge. The specimens obtained were
collected during two separate trips from March to May in 2012
and April to June in 2014.

Specimens were frozen upon capture and brought to Albion
Fisheries Center, Albion, Mauritius where they were thawed and
processed. Total length (TL), measured to the nearest millimeter
(mm), and overall body condition were recorded. Muscle tissue
samples (stored in 95% EtOH) were taken from 39 individuals,
from the post-dorsal when possible or, in the case of embryos,
the entire post-cloacal region. For gravid females, the left and
right uteri were extracted, the number, TL, position, and sex
(when possible) of each pup was recorded from each uterus. The
resulting number of individuals were five gravid females with
three pups from each litter, and 19 population individuals (males
n = 9, females n = 10) that were used for telomere analysis.

The nine males ranged from 360 to 630 mm, including
subadult and adult size classes. Non-gravid females ranged from
490 to 910 mm including subadult and adult size classes. Gravid
females ranged from 695 to 805 mm. The “pups” are comprised
of individuals collected in utero at different developmental stages.
The mean TL for each of the five litters are 30, 65, 102,
158, and 202 mm.

DNA was extracted using a Qiagen DNeasy Blood and Tissue
Kit (Qiagen, Valencia CA). We ran genomic DNA samples on
a gel to verify that samples had similar qualities and that none
were degraded more than others as a result of ethanol storage.

DNA purity was assessed via a NanoDrop2000 (all had 260:280
between 1.5 and 1.8 and 260:230 > 1.8). DNA quantification was
carried out via a Qubit Broad Range DNA Kit (Qubit, Thermo
Fisher Scientific, Waltham MA). All sample concentrations
were standardized to 0.5 ng/µL and were stored at −20◦C
until analysis. Primers standard for deuterostomes that are
designed to prevent amplification of primer dimer (problematic
with purely repeat-based priming) were used to measure
telomere length via qPCR: F 5′CGGTTTGTTTGGGTTTGGG
TTTGGGTTTGGGTTTGGGTT3′, R 5′GCGTTGCCTTACCC
TTACCCTTACCCTTACCCTTACCCT3′ (Farzaneh-Far et al.,
2008). Assays were run on a StepOnePlus Real-time PCR System
(ABI). Each 20 µL reaction consisted of 10 µL Power SYBR Green
PCR Master Mix (Thermo Fisher Scientific, Waltham MA), 2
µL forward primer (1 µM), 4 µL reverse primer (1 µM), 3 µL
purified water and 1 µL template DNA (0.5 ng/µL). Negative
controls substituted 1 µL of template DNA for an additional
1 µL of purified water. All samples were run in triplicate and
resulting Cycle Threshold (Ct) values were averaged. The qPCR
program was 10 min 95◦C, 40 cycles of 15 s 95◦C, 1 min
56◦C. qPCR efficiency was verified via a standard curve of
DNA concentration.

Ct values were plotted against TL in a linear regression to
test for initial relationships between the two factors. One female
outlier was calculated using Grubb’s test (p = < 0.01) (Grubbs,
1950) and was removed from subsequent analyses as the reason
for such a large difference was unknown and unattributable to the
sample or to laboratory errors. Pup’s Ct values were plotted in a
linear regression against their TL, with individual litters having a
unique shape identifier.

Sex categories, male (M), female (F), and unknown including
all pups (Unk), were compared to Ct using an ANOVA, with a
Student’s t post-hoc test. Type categories of All (individuals not in
the Gravid or Pup categories), Gravid, and Pup, were compared
to Ct values using an ANOVA, with a Student’s t post-hoc.

RESULTS

The linear regression including the female outlier showed
a positive significant relationship between Ct value and TL
(R2 = 0.18, p = 0.008). The linear regression was re-run
without the female outlier, and showed an increased relationship
(R2 = 0.27 p = 0.007) (Figure 1).

ANOVA results testing Type compared to Ct values was
significant (F = 8.27, df = 2, p = 0.001). A post-hoc Student’s
t shows that All (mean = 23.92) and Pups (mean = 22.63) are
significantly different (< p = 0.001) and Gravid (mean = 24.25)
and Pups are significantly different (p = 0.004) from one another.
However, All and Gravid are not significantly different from one
another (p = 0.53).

ANOVA results testing Sex and Ct values, were significant
(F = 8.18, p = 0.001) (Figure 2). The post-hoc Student’s t showed
that the means between Females (23.90) and Males (24.13) were
not significantly different from one another (p = 0.60), but are still
significantly different from the Pups (22.63) (m to unk p = 0.001;
f to unk p = 0.002).
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FIGURE 1 | Relationship between Ct and total length with outlier removed showing a significant relationship between the two factors (R2 = 0.27; p = 0.007). Male ,
Female , Gravid , Pups . Pink = female, blue = male, and green = unknown.

FIGURE 2 | Sex compared to Ct value (F = 8.18, df = 2, p = 0.001) shows a
significant relationship. A post-hoc Student’s t, showed that the means
between Females (23.90) and Males (24.13) were not significantly different
from one another (p = 0.60), but both are significantly different from the
unknown Pups (22.63) (M to Unk p = 0.001; F to Unk p = 0.002). Male ,
Female , Pups . Pink = female, blue = male, and green = unknown.

All pups were plotted in a linear regression comparing total
length of Ct value. A significant relationship (R2 = 0.43, p = 0.008)
was found within the pups, as was found with all individuals

FIGURE 3 | A significant relationship between pup Ct value and length
(R2 = 0.43, p = 0.008). Each shape defines a different litter. Pups from the
litter depicted in circles have a larger spread in Ct values than other litters. The
two pups circled in yellow share a sire, while the single individual circled in
purple has a different sire.

analyzed (Figure 3). The three pups from one of the litters has
a larger spread of Ct values compared to the other litters. This
litter happened to be the only litter analyzed that had pups that
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did not share a father and were cross-referenced from paternity
data (Nehmens et al., 2020). Paternity data showed that the two
pups that clustered together shared a sire, while the other pup
from the same litter had a different sire.

DISCUSSION

The relationship comparing TL to Ct value (p = 0.007) provides
evidence for the shortening of telomeres over the course of
an Etmopterus granulosus individual’s lifetime. Shortening of
telomeres is a phenomenon seen in organisms across many taxa
including zebrafish (a teleost) (Kishi et al., 2003), birds (Vleck
et al., 2003), mammals (Haussmann et al., 2003), and primates
(Herbig et al., 2006).

The significant difference between individuals, gravid
females and pups supports telomerase activity during gamete
formation. In many organisms, offspring (e.g., Mantell and
Greider, 1994; Wright et al., 1996; Betts and King, 1999; Xu
and Yang, 2000) or regenerated body parts (Varney et al.,
2017) activate telomerase to lengthen telomeres, making each
generation or regeneration genetically younger than the previous
(Schaetzlein et al., 2004). The significant relationship between
pup length and Ct value provides support that telomerase
activity may be mediated throughout development. As pups
reach time at parturition, telomerase may no longer be
active, and may continue to remain inactive leading to the
shortening of telomeres throughout the lifespan of an individual
(Tricola et al., 2018).

The ageing process, while often thought of as a visible
progression, is controlled by cellular activity. As cells
continuously divide, telomere length slowly shortens until
the cell senesces and undergoes apoptosis, or cell death
(Blackburn, 1991). If an organism is able to maintain
or even lengthen its telomeres, then cell death does not
occur, and the organism would perceivably not age. Izzo
et al. (2010) found there was no trend between telomere
length and individuals of different size classes, showing no
positive or negative correlation for the Port Jackson’s Shark
(Heterodontus portusjacksoni) that inhabits shallow waters.
In this study, the deep-sea shark (E. granulosus) showed
statistically significant differences between size classes and
telomere length, with a positive correlation between TL
and Ct value. Though the R2 explanatory variable explains
approximately one-third of the relationship, the significance
is size class telomere length changes show telomere length
shortens over time and the rate of shortening, a key aspect
of understanding longevity, needs to be quantified (Tricola
et al., 2018). Additionally, the contrast between these two
species from vastly different habitats is intriguing and warrants
investigation into telomere dynamics across elasmobranch
taxa and habitats beyond the ageing process (Bize et al.,
2009). Attention should be given to environmental conditions
(Angelier et al., 2013) and stressors, such as contaminants
(Mizutani et al., 2013), that are known to affect telomere length.
Exploring how environment affects elasmobranch telomere

length may provide a better understand the resiliency of this
group of fishes.

The potential signal of multiple paternity within the pups
examined does not provide strong proof of an observable
trend. Relative paternal and maternal contributions to offspring
telomere length is not yet well-established, with predominantly
avian studies producing contradictory results (Heidingerm et al.,
2016; Johnsen et al., 2017). Therefore, further investigation of
additional litters and corroboration with traditional methods
using other genetic markers (Nehmens et al., 2020) is needed,
but the implications of a potential fitness-related effect of multiple
paternity, and thus genetic variability, merits attention.

This study concluded that telomeres shorten in relation
to size (age) in this species. Although the sample size was
small, these findings lay the groundwork for future studies of
telomeres in relation to elasmobranch life history. Benefits from
genetic studies like this one include non-destructive sampling
that allows for continuous sampling throughout an organism’s
lifetime and a deeper understanding of how telomeres may
change over time, within and among individuals. With the
information from this study providing a proof of concept, effort
can be put into studies to validate the method and create
a baseline of the rate of telomere shortening, known to be
linked to species’ life span (Whittemore et al., 2019). Using
this technique on captive animals, particularly those of known
age allows for an establishment of a baseline that can then
be applied organisms in situ allowing for better preservation
of an already vulnerable group of animals due non-lethality
of the method. Additionally, a shift from chronological age
to a more biologically relevant perspective may be necessary
to deepen our understanding of the paradigm of “ageing,”
(Blackburn, 2000; Bize et al., 2009). Even if telomere shortening
does not correlate directly with chronological age, it may
provide other valuable information (Bateson, 2015) related
to reproductive fitness, embryonic development, contaminant
effects, and more.
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