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Summary

1. Telomeres play a fundamental role in the protection of chromosomal DNA and in the regulation of cellular
senescence. Recent work in human epidemiology and evolutionary ecology suggests adult telomere length (TL)
may reflect past physiological stress and predict subsequent morbidity and mortality, independent of
chronological age.

2. Several different methods have been developed to measure TL, each offering its own technical challenges. The
aim of this review is to provide an overview of the advantages and drawbacks of each method for researchers,
with a particular focus on issues that are likely to face ecologists and evolutionary biologists collecting samples in
the field or in organisms that may never have been studied in this context before.

3. We discuss the key issues to consider and wherever possible try to provide current consensus view regarding
best practice with regard to sample collection and storage, DNA extraction and storage, and the five main
methods currently available to measure TL.

4. Decisions regarding which tissues to sample, how to store them, how to extract DNA, and which TL measure-
ment method to use cannot be prescribed, and are dependent on the biological question addressed and the con-
straints imposed by the study system. What is essential for future studies of telomere dynamics in evolution and
ecology is that researchers publish full details of their methods and the quality control thresholds they employ.

Key-words: DNA extraction, dot blot, fluorescent in situ hybridization, life history, quantitative
real-time PCR, senescence, single telomere length analysis, telomerase, telomere restriction fragment
analysis

Introduction

Telomeres occur at the ends of the linear chromosomes of most
eukaryotes. They consist of tandem repeats of a short DNA
sequence (TTAGGG in all vertebrates), with a single stranded
overhang that doubles back on itself to form a structure known
as the t-loop. Together with various associated proteins, telo-
meres cap the chromosome ends (Blackburn 1991; Armanios
& Blackburn 2012). The consistency in their structure across
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the eukaryotes suggests that telomeres are evolutionarily
ancient and may be highly conserved in function (Gomes, Shay
& Wright 2010a). At a cellular level, telomeres solve two
important problems for eukaryotes. First, the DNA repair
machinery in cells must distinguish true chromosome ends
from double-stranded breaks, so that intact chromosomes do
not get joined together by mistake. Secondly, DNA polymer-
ase is unable to completely replicate the terminal end of one
strand of each linear chromosome, which could lead to pro-
gressive loss of important coding sequences at the chromosome
ends (the ‘end replication problem’: Blackburn 1991; Aubert &
Lansdorp 2008; Armanios & Blackburn 2012). In addition to
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the protection of coding DNA from loss that occurs as a conse-
quence of the incomplete DNA replication, telomeres are also
thought to have a central role in the regulation of chromosome
segregation during both mitosis and meiosis (Aubert &
Lansdorp 2008). In the absence of restoration and repair
processes, telomere length declines with each cell division; the
amount of DNA lost per round of cell division can be
increased by conditions within the cell, most notably oxidative
stress (von Zglinicki 2002). The main telomere restoration pro-
cess involves the enzyme telomerase, which is variably active in
different cell types, at different life stages and in different spe-
cies (Gomes et al. 2011). When telomere length shortens to a
critical point, telomeres become dysfunctional, and this trig-
gers cellular replicative senescence, often followed by cell death
(Armanios & Blackburn 2012).Telomeres therefore have a
pivotal role in both the maintenance of a cell’s genomic
integrity and its replicative potential. Although telomere
function at a cellular level is increasingly well understood in vi-
tro, multi-cellular organisms comprise complex mosaics of cell
types with different replicative histories, replenishment pat-
terns and environments. Understanding the in vivo significance
of the distribution of telomere lengths across those cell types
for organismal health, longevity and reproductive fitness
remains a major challenge within biology, epidemiology and

(1) Tissue sampling & storage
Non-invasive or invasive/destructive sampling?
Which tissues to sample?

If blood: whole blood, white or red cells only, or
more specific blood cell fractions?

Store sample in buffer or as collected?
What temperature to store at?

How long will DNA integrity be preserved?

&

(2) DNA extraction & storage
How quickly to extract samples after collection?
Which extraction method?
Which method to measure DNA quality and
quantity following extraction?
How many aliquots of DNA extract to prepare?
Store DNA at standardised concentration?

g

(3) Telomere length measurement
Which method should | use?
(see Table 1 for advantages and disadvantages)

L4 Y

medicine (Aviv, Valdes & Spector 2006; Aubert & Lansdorp
2008).

Most in vivo research on telomere length (TL) and the pat-
terns of change across the lifetimes of individuals (telomere
dynamics) has, until relatively recently, been carried out in the
context of human disease and has involved work on cultured
cells in humans and model organisms (Aviv, Valdes & Spec-
tor 2006; Aubert & Lansdorp 2008). Increasingly however,
researchers working outside of cell biology, human health and
epidemiology have become interested in telomere biology and
dynamics. In particular, researchers in evolutionary, physio-
logical and ecological fields are beginning to address questions
including the diversity of telomere dynamics in different taxa,
how telomere loss relates to life-history traits and trade-offs
and to environmental circumstances (Nakagawa, Gemmell
& Burke 2004; Monaghan & Haussmann 2006; Haussmann
& Marchetto 2010; Horn, Robertson & Gemmell 2010; Mona-
ghan 2010b). The currently available techniques for telomere
measurement have been developed for use in molecular biol-
ogy laboratories and generally require high levels of technical
understanding and competence to produce reliable and robust
estimates of telomere length. Several recent articles have raised
important issues regarding the consistency and quality of
methods applied to measure telomere lengths in different taxa

(3a) TRF method
Which restriction enzymes to use?
Constant-field or pulse-field electrophoresis?
Denaturation or in-gel hybridisation?
Which software and approach to gel image
analysis?

(3b) qPCR method
Which non-variably copy number ‘control’ gene?
Are qPCR amplification efficiency and specificity
suitably optimised?
Is within- and among-plate repeatability high
enough?
Validate through correlation with TRF?

Fig. 1. Schematic showing key stages in deci-
sion-making process when considering a study
of telomere length and the important ques-
tions to consider at each stage. The figure also
highlights key methodological issues to con-
sider for the two most widely applied measure-
ment techniques, qPCR and telomere
restriction fragment (TRF).

© 2014 The Authors. Methods in Ecology and Evolution © 2014 British Ecological Society, Methods in Ecology and Evolution, 5, 299-310



(Nakagawa, Gemmell & Burke 2004; Horn, Robertson &
Gemmell 2010; Monaghan 2010a; Haussmann, Salomons &
Verhulst 2011; Smith, Turbill & Penn 2011). The aim of this
article, based on our current knowledge, is to provide a guide
for researchers embarking on telomere measurement iz vivo in
species other than laboratory rodents and humans, with a par-
ticular focus on issues that are likely to face ecologists and evo-
lutionary biologists collecting samples in the field or in
organisms that may never have been studied in this context
before. In Fig. 1, we provide a broad overview of the steps
involved in planning and executing a study of telomere length.
We discuss the key issues to consider and wherever possible try
to provide the current consensus view regarding best practice.
In doing this, we hope to help researchers avoid the most com-
mon pitfalls encountered in cross-disciplinary studies involving
telomere length and provide a platform to encourage and facil-
itate the highest quality and most methodologically clear and
consistent studies of telomere dynamics in a wide range of
organisms.

Sample collection, storage and DNA extraction

The first step in any study of telomere length lies in collecting
and storing samples for subsequent DNA extraction. While
TL measurement techniques vary in the amount of DNA they
require, the need for high-quality DNA is consistent across all
techniques. Likewise, there are many available methods for
extracting DNA; it is important to select one that will
maximize DNA quality and yield and to store the extractions
in such a way that they will not degrade. It is also important to
be consistent in the method used for DNA extraction and to
ensure that it is appropriate for the telomere measurement
method being used (Cunningham et al. 2013). Below we dis-
cuss the challenges and issues associated with sample collec-
tion, storage and DNA extraction in more detail.

TISSUETYPE

In any given study, the tissue that can be sampled for telomere
measurement will depend on many things, not least the size
and life stage of the organism, the study environment, and the
degree to which invasive or destructive sampling is ethically
justifiable and feasible. Telomere length and dynamics vary
among cell types and tissues due to differences in cellular prolif-
eration and replenishment rates and the degree of telomere res-
toration, most commonly through the action of the enzyme
telomerase (Gomes, Shay & Wright 2010b). For instance, tis-
sues with low replication rates and minimal telomerase expres-
sion (e.g. central nervous system, muscle) may show little
telomere change during adult life. Most in vivo studies of TL in
vertebrates use blood, for which small samples can be taken
routinely and repeatedly from the same individuals, usually
with little adverse effect. Importantly, blood cells generally
have a high turnover rate (Chang & Harley 1995), leading to
the expectation and widespread observation of TL loss in
blood cells with age and over time. However, blood cells
comprise a rich composite of cell types with very different
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functions, proliferation patterns and levels of telomerase
expression. In fish, amphibians, reptiles and birds erythrocytes
(red blood cells, RBCs) are nucleated and, as they typically
make up more than 99% of the cells in a given blood sample,
blood-based work in these species will capture TL variation in
RBCs. The main sites of production of erythrocytes vary
among vertebrate groups and between embryos and adults.
They are terminally differentiated and non-dividing, are
regularly replaced and do not express significant amounts of
telomerase. As such, RBCs are considered to provide a good
representation of TL in haematopoietic tissues (Schroeder
2010). DNA yield from blood in species with nucleated RBCs
is generally high, and a few drops of whole blood are sufficient
for repeated measurements of TL by most techniques des-
cribed below (Table 1, Horn, Robertson & Gemmell 2010).

The situation in mammals, which have enucleated RBCs
after birth, is very different as blood-based work will measure
TL only in leucocytes (white blood cells, WBCs). This means
significantly more mammalian blood is required to yield a simi-
lar quantity of DNA, as WBCs are much less common than
RBCs. Furthermore, leucocytes themselves comprise a very
diverse composite of cells with diverse origins, immune func-
tions, patterns of proliferation and telomerase expression
(Weng 2001; Aubert & Lansdorp 2008). This is illustrated
clearly by just considering the broadest categorization of
WBC:s into granulocytes and lymphocytes: the former are rela-
tively short-lived and do not proliferate or express much telo-
merase in circulation and are thought, like RBCs, to provide a
reasonable reflection of TL in haematopoietic tissues (Aubert
& Lansdorp 2008). However, lymphocytes are hugely hetero-
geneous group of cells, which can proliferate rapidly following
stimulation by antigens and other cells and are known to
express telomerase when they do (Weng 2001).

Several studies now suggest that while TLs may vary
depending on cell type, individual differences in TLs remain
consistent across life (Heidinger ez al. 2012; Benetos et al.
2013). In other words, an individual within a population with a
relatively long TL at first measurement is likely to have rela-
tively long TL at follow-up measurement some time later, and
recent evidence suggests these individual differences are con-
served among tissues and cell types in adults (Kimura ez al.
2010a; Daniali et al. 2013). However, it is important to note
that no study to date has compared TLs in RBCs and WBCs
in species with nucleated RBCs, and there are currently rather
limited longitudinal data on the dynamics of any tissue or cell
type. At this stage, we can only recommend that researchers
remain consistent in their sample tissue choice and keep in
mind whatever is known about the proliferative potential and
telomere expression in that tissue when interpreting results.

SAMPLE COLLECTION, PREPARATION AND STORAGE

The way in which samples are collected and stored can have
profound consequences for the quality and quantity of DNA
available for subsequent telomere length measurement. Degra-
dation of DNA is a serious issue in telomere studies because
the process often begins at chromosome ends and thus will
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Table 1. A comparison of available methods for measuring telomeres (adapted from Aubert, Hills & Lansdorp 2012 and Kimura et al. 2010b)

Method

STELA

Flow-FISH

Q-FISH

Dot blot

qPCR

Telomere restriction fragment

In-gel hybridization

Southern blot

Very low (<2 ng DNA)

Any number of  0-52 x 10° viable cells

Low (~20 ng DNA)

Low (>50 ng DNA)

High (0-5-10 ul DNA)

Quantity of cells/ DNA required ~ High (0-5-10 pl DNA)

viable cells
Very high

Very high

Very high
Low
Yes

Unknown
Low
No

Moderate

High
High

Yes

High
High

Yes

Effort to establish

Very high

Yes

High
Yes

Low
No

Handling time per sample

Provides telomere distributions?
Includes interstitial telomere

No

No

No

Yes

Yes

No

Yes

sequence?
Unit of measurement

Single chromosome TL

Averagecell TL  Average TL in

Telomeric repeats

Amplification of telomere

Mean TL across
all cells

Yes

Mean TL across all cells

specific cell types

No

relative to total DNA

No

relative to control gene

Yes

No

No
Lansdorp

Yes

Used in field studies of animals?
Key methodology reference

Baird er al. (2003)

Baerlocher et al. (2006)

Kimura & Aviv (2011)

Cawthon (2002)

Haussmann &

Kimura er al. (2010b)

et al. (1996)

Mauck (2008)

affect telomeres first, and also due to the high sensitivity of telo-
meres to oxidative damage (Wang ez al. 2010). There are many
different ways of sampling, preparing and storing tissues and
cells — far too many to cover here. In Table S1, we provide a list
of methods that have been used previously by the authors for
TL studies and whether or not they yielded DNA of sufficient
quality and quantity for use in the two most widely applied
methods (telomere restriction fragment, TRF and quantitative
PCR telomere assay, qPCR). Key decisions for the researcher
include how to prepare the sample before storage (e.g. is whole
blood used or are blood cell types separated?), the temperature
and/or buffer in which to store the sample, and whether it is
possible and/or desirable to extract DNA from the sample
immediately or shortly after sampling to avoid the risk of
DNA degradation in the sample itself. There are no hard and
fast rules here, and the list Table S1 demonstrates that a range
of methods that can yield enough high-quality DNA for TL
analyses, even after decades of storage. Ecologists may be
interested in using archived blood or tissue samples that were
not collected specifically for telomere measurement. Consis-
tency of storage and extraction methods is very important, and
where different methods have been used it is crucial to establish
that these differences do not influence resulting TL measure-
ments. As we discuss in the next section, establishing the qual-
ity and quantity of DNA produced from samples is an
essential first step in telomere research, as is reporting the qual-
ity and quantity thresholds used in any published work.

DNAEXTRACTION

Genomic DNA (gDNA) can be extracted from animal tissue
using a range of methods, including many commercial kits that
are designed for use with specific tissue types. Finding the best
method for telomere studies depends on the sample size, tissue
type, and chosen method for telomere length measurement
(see Table S1 for examples). When working with fibrous tis-
sues such as skin or muscle, an important step is the disruption
of the tissue prior to DNA extraction. Spin columns are a com-
mon feature of many DNA extraction kits, and these shear
DNA to a near uniform length of 20-25 kb, which will set an
upper limit to the length of measured telomeres when using
methods such as TRF, which could inflate the number of short
telomeres. However, spin columns remain a widely used DNA
extraction method in telomere research, as shearing is consid-
ered less of a concern in species with short telomeres (e.g.
humans) and when using the gPCR method. Ultimately, con-
sistently using the same extraction method is very important in
any telomere study. If, for some unavoidable reason, extrac-
tion methods change during the course of a study, the research-
ers involved should check that results correlate very closely
between methods. Once extracted, gDNA may be stored fro-
zen for long periods in appropriate buffers, typically at either
—20 or —80°C without degradation (see Table S1). However,
before doing so, it is crucial to establish that the gDNA yield is
of sufficient quality and that aliquots contain sufficient concen-
trations of gDNA for the telomere measurement techniques
that will be used. The most common methods to assess DNA
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quality and quantity are optical density spectrophotometry
(absorbance), fluorometry (fluorescence) and agarose gel elec-
trophoresis (Kimura et al. 2010b). We would strongly encour-
age researchers to include details of how they measured DNA
quality and quantity, and the cut-offs applied to exclude low
DNA quality samples from subsequent telomere measurement
work, in any published research.

Methods for estimating telomere length

There are several methods available for telomere length mea-
surement. These involve varying degrees of technical difficulty
and background information on the genome of the species
involved. The methods also vary in the amount of detail they
provide, in the time and equipment required to process each
sample, and in the financial costs involved. In Table 1, we offer
a brief, overarching summary of the main differences among
these methods, and below we explain each method in more
detail, providing key references for obtaining more informa-
tion.

TELOMERE RESTRICTION FRAGMENT ASSAY

The TRF assay was developed over 20 years ago to measure
mean telomere length from the distribution of telomere restric-
tion fragments produced by digesting DNA with restriction
enzymes that do not cut within the telomere sequence (Harley,
Futcher & Greider 1990). It continues to be considered as the
‘golden standard’ method for measuring TL and is widely used
to validate and optimize new methods or their application in
new species or settings (Criscuolo er al. 2009; Kimura & Aviv
2011; Aubert, Hills & Lansdorp 2012). The key stages in the
process of TRF are (i) restriction enzyme digest of gDNA, (ii)
agarose gel electrophoresis of the digested DNA, (iii) hybrid-
ization using either traditional denaturing blots or non-
denaturing, in-gel hybridization techniques and (iv) image
analysis of telomeric smears on the resulting gels to generate
telomere length estimates. TRF is a technically demanding
method and requires relatively high concentrations of DNA, a
high level of expertise and investment to set up in a new labora-
tory and is low throughput even in the hands of experts. How-
ever, it has many advantages, including providing a readily
quantifiable distribution of TLs in kb units, which can be com-
pared across populations and species and used to estimate both
mean, medians and variance in TLs within a sample of cells
(Table 1). There is a tremendous variability in telomere lengths
among taxa (Gomes, Shay & Wright 2010b). The likely upper
and lower ranges of a study species TLs is a particularly impor-
tant consideration when using the TRF method, as we discuss
in more detail below. We also discuss the relative merits of the
denaturing gel and in-gel hybridization methods below, and
recommend reading Kimura et al. (2010b) for full methodo-
logical details of the former, and Haussmann & Mauck (2008)
for the latter.

The first step in TRF is the restriction digest of extracted
gDNA. Most studies using TRF methods apply several of the
available suitable restriction enzymes (which include HinfI,
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Rsal, Haelll and Mspl) with the combined use of just Hinfl
and Rsal being particularly common (see Delany, Krupkin &
Miller 2000; Haussmann & Mauck 2008; Kimura et al. 2010b
for further information). It is essential to digest all samples
with the same combination and not to change the chosen
restriction enzymes during the analysis. Digested DNA is then
resolved using agarose gel electrophoresis. It is important to
standardize the DNA concentrations prior to loading of sam-
ples onto the gel; Kimura ef al. (2010b) have recommended
standardization to with the 300-500 ng pl~' range. Because
TRF analysis depends entirely on the position of the telomere
sequence within a gel, appropriate steps should be taken so
that it is possible to diagnose gel inconsistencies both within
and among gels. Within a gel, the molecular weight marker
should be evenly-spaced in 5-10 wells across the gel to insure
consistent DNA migration in all parts of the gel (Kimura et al.
2010b). In addition, loading the same sample multiple times
within and among gels allow for intra- and interassay variabil-
ity to be assessed and reported (Kimura er al. 2010b). Different
types of gel electrophoresis are recommended depending on
the range of telomeres found in the species studied. Where TL
is typically <20 kb constant-field gel electrophoresis (CFGE)
provides good resolution (Haussmann & Mauck 2008) and
has typically been used in studies of humans (Kimura et al.
2010b). Where TLs are typically >20 kb pulsed-field gel elec-
trophoresis (PFGE) can be used to provide better resolution of
large DNA fragments up to 10 Mb (Haussmann & Mauck
2008). Whichever method is used, it is very helpful to report
key electrophoretic parameters used in the methods of any
publication using TRF (e.g. voltage/cm, run duration, gel con-
centration for both methods and electronic field inversion
switch times got PFGE). Kimura ez al. (2010b) also provide
advice on the percentage of agarose gel best suited to analysing
telomeres of different lengths.

After gel electrophoresis, hybridization is then undertaken
using a telomere probe that is complementary to the telomere
sequence repeats (CCCTAAn or TTAGGGn), which is
labelled with either chemicals for chemiluminescent detection
(e.g. digoxigenin) or radiochemicals for radioactive detection
(e.g. 32P). Whether a denaturing on non-denaturing gel is used
will influence the probe binding, and it is very important that,
once chosen, the probe should not be changed within a study.
Radioactive probes enhance the sensitivity of detection, but
also require more safety precautions (Kimura ez al. 2010b).
Currently, denaturing blots are widely used in human TL stud-
ies. In a denaturing blot, the electrophoretically separated
DNA fragments are transferred to a hybridization membrane.
The double-stranded DNA is denatured in the process, so the
probe is able to bind to all of the telomere sequences in the
TRF. With this method, longer telomeres will bind more
probe, so it is necessary to correct for this during analysis
(Kimura et al. 2010b). The in-gel hybridization approach
involves drying the gel and then directly probing it rather than
transferring DNA fragments to a hybridization membrane
(Haussmann & Mauck 2008). The result is that telomere
sequences are not denatured, so that only the CCCTAAn
probe binds to the telomere single-strand overhang (Hauss-
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mann & Vleck 2002). The great advantage of the in-gel tech-
nique is that it will only bind terminal telomeres (i.e. it will not
bind any interstitial telomeric sequence present, see “Which
method to choose...” section below for further discussion), but
that comes at the price of less bound probe and the possibility
of reduced sensitivity. Regardless which is used, it is important
to wash the membrane or gel adequately to reduce non-specific
binding of the probe, which results in background during TRF
analysis (Kimura et al. 2010b).

Once the membrane or gel has been exposed on X-ray film
or phosphor screen, several approaches have been used to
quantify TLs from the resulting image. In general, TRF mea-
surement is accomplished by estimating telomere fragment size
by comparison with molecular weight markers on the gel and
relating this to the optical densities (OD) down the telomeric
smear in each lane (Kimura ef a/. 2010b; Haussmann,
Salomons & Verhulst 2011). Obtaining OD data from telomere
images is not a trivial task. There are numerous issues to con-
sider, including whether and when to exclude lanes from analy-
ses, which software to use to obtain OD values from a gel
image, how to select a background OD to subtract from lane
or gel ODs, and the analysis window to use to calculate the TL
distribution. Different laboratories have used different meth-
ods in all respects, and the crucial thing here is to clearly
explain the method in full in any publication and to be totally
consistent with the method throughout a study. There has been
some debate over the use of the program “Telometric’ to ana-
lyse gels in the recent literature (Horn, Robertson & Gemmell
2010), and a complete description of the issues with this soft-
ware have now been presented (Haussmann, Salomons &
Verhulst 2011). Our consensus is that, because of the potential
for bias in its calculation methods, in its current form Telomet-
ric should not be used to analyse TRF gels. Free-to-download
image analysis software, such as iIMAGES (National Institute for
Health, Bethesda, MA, USA), can be used to estimate OD var-
iation across gel images, but further analyses of this data needs
to be conducted by the researchers themselves. For a worked
example of such an analysis, we refer the reader to the online
appendix of Haussmann, Salomons & Verhulst (2011). The
most appropriate method for a given study or type of gel may
depend on the question and study system, and every researcher
should therefore develop, justify and completely explain their
approach to analysing TRF gels in any published article.

QPCRASSAY

The gPCR-based method for measuring TL was developed by
Richard Cawthon in part to overcome the problem that TL
measured using the TRF method can vary somewhat depend-
ing on the restriction enzymes used, and because of the limits
that the amount of DNA and time required for the TRF assay
can place on feasible sample sizes (Cawthon 2002, 2009).
Unlike TRF, which yields an estimate of the average or range
of TLs in kb present in the sample of cells, JPCR provides an
estimate of the amount of telomere sequence present in the
sample relative to the amount of a specified non-telomeric
reference sequence that is autosomal and non-variable in copy

number (Cawthon 2002). gPCR is the most time efficient and
high-throughput method currently available and requires less
DNA than TRF (Table 1), which is important when extracting
DNA from small amounts of tissue or whole blood, or when
using blood samples from species without nucleated RBCs.
However, expertise, diligence and high-quality DNA are still
required for qPCR optimization and to ensure target specific-
ity and assay precision. Much of the general advice on gene
expression and JPCR analysis, such as on primer selection and
optimization (e.g. Derveaux, Vandesompele & Hellemans
2010) and the minimum information for publication of quanti-
tative real-time PCR experiments (MIQE) guidelines (Bustin
et al. 2009), is equally relevant to the telomere qPCR assay
and should be consulted before attempting to develop these
assays. Important steps in the development and validation of a
gPCR telomere assay include: (i) identifying an appropriate
non-variable copy number gene sequence; (i) checking the
amplification efficiency and melt-curve specificity of both non-
variable copy number gene and telomere sequence during
qPCR; (iii) establishing high within- and among-plate repeat-
ability of the assay.

The qPCR assay follows the general principle of polymerase
chain reaction (PCR) where DNA acts as a template for its own
amplification. The exponential nature of the PCR means that
the number of thermal cycles (Cq) it takes for product amplifi-
cation (measured by an intercalating dye, such as SYBR green,
that fluoresces when bound to the newly generated double-
stranded DNA) to cross a set threshold in the exponential
growth phase (Nq) is proportional to the quantity of the origi-
nal template DNA. In the telomere assay, there are two targets
for amplification: the telomere sequence (T) and the non-
variable copy number gene sequence (N). Cawthon (2002)
originally referred to these as T and S (for single copy gene),
rather than N, but in fact the reference sequence need not be in
single copy or part of a gene (Smith, Turbill & Penn 2011). This
non-variable copy number gene is used to account for the fact
that, however carefully the researcher attempts to use the same
concentration of DNA in each reaction, the number of cells will
differ. As long as the N sequence is represented in an identical
way in each genome represented in the samples, it will fulfil this
function. The conservation of telomeric sequence means that
the T primers (tel 1 and tel 2), originally designed by Cawthon
(2002) and then modified for greater efficiency (tel 1b and tel
2b) by Epel et al. 2004 should work in all vertebrates. However,
identifying an appropriate N sequence and designing primers
to sequence will need to be undertaken de novo for any new
study species. Importantly, even if a potential N gene that is
found in all animals has been used before, the sequence and
copy number may vary, even among closely related species. One
method to select a non-variable copy number gene sequence is
to test 3-5 candidate sequences on a range of samples represent-
ing both sexes and all populations used in the final sample set
and checking for copy number variation or lack of amplification
specificity (as outlined in Smith, Turbill & Penn 2011).

If the T and N sequences will amplify under the same PCR
conditions, then reactions should be run on the same plate,
because within-plate normalization can increase between-plate
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repeatability (Barrett e al. 2012). Furthermore, a reference (or
‘golden’) sample is typically included on every plate, and T:N
ratios presented relative to that of the plate reference sample,
thus accounting for among-plate variation (Cawthon 2002).
These reference samples can be taken from a large volume
single sample or pooled from multiple samples to ensure there
is enough for all the planned assays and should be stored fro-
zen in multiple small volume ‘single-use’ aliquots to prevent
repeated freeze-thawing that might influence reaction effi-
ciency. It is recommended that both T and N amplification is
run in triplicate for each sample. The mean value across the
replicates can then be used (e.g. Barrett ez al. 2012), although
we would strongly advocate calculating and reporting the mea-
surement error among replicates. Recently, Cawthon (2009)
proposed a monochrome multiplex qPCR approach that
would in principal offer reduced measurement error and
increased throughput. To date, this method has not been
widely applied outside of human studies, although two recent
studies have used it in dairy cattle (Brown ef al. 2012)
and humpback whales (Olsen et al. 2012) without validation
against a non-qPCR method. One advantage is that the
method allows a relative TL to be calculated for each well.
Thus, rather than simply averaging over sample replicates
within a plate and thereby ignoring the measurement error
associated with among-replicate variation, this variation can
be included and accounted for in subsequent analyses, for
instance in a mixed-effects model (see Brown et al. 2012 for an
illustration).

For precise and reproducible data one must achieve specific
amplification and high amplification efficiencies for both the T
and N amplicons. Amplification specificity can be determined
by analysing the derivative melt-curve, which should show a
single peak for each of the T and N sequence amplicons. Multi-
ple peaks indicate non-specific amplification and primer-dimer
formation that may result from poor primer selection and/or
PCR optimization (Bustin et al. 2009). Amplification effi-
ciency is the relative increase in amplicon concentration per
cycle where doubling is 100% efficiency. Efficiency can be esti-
mated per amplicon using standard curves (Pfaffl 2001) or by
fitting regressions to the loglinear phase of individual reactions
(Ruijter et al. 2009). The efficiencies between T and N usually
differ, and small errors in efficiency estimation are com-
pounded exponentially into very large errors in calculations of
initial sequence quantity, so it is important not to use an analy-
sis method that assumes equal efficiencies for T and N (e.g. the
‘delta-delta method’, which was used in Cawthon’s 2002
article). We advocate a method that initially subtracts baseline
variation in fluorescence, as this can bias estimated efficiencies
and increase among-plate variation (Ruijter ez al. 2009), and
then also accounts for differences in efficiencies among samples
(e.g. Pfaffl 2001). The freeware programme LinRegPCR is able
to perform just such calculations using raw data from a variety
of qPCR platforms (Ruijter ez al. 2009), as can other commer-
cially available programs. Various methods have been used to
calculate relative TL from the Cq and efficiency data produced
by software packages (e.g. Barrett ef al. 2012; Olsen et al.
2012; Turbill ez al. 2012). These appear to produce closely cor-
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related results (Olsen ez al. 2012), but it is important to report
the exact method used in any publication.

One major drawback of the relative qPCR telomere assay is
that it gives a within-study relative value of telomeric sequence
per genome rather than an average telomere length in kb. As
such, it cannot be used to compare TL or telomere dynamics
among studies, populations or species. O’Callaghan et al. 2008
adapted the relative qPCR telomere assay by comparing sam-
ple amplification with that of synthesized telomere oligomers
of known length, to yield an estimated TL in kb per diploid
genome scale (the ‘absolute qPCR’ method; O’Callaghan et al.
2008). Whether this approach renders comparison among
studies meaningful is currently open to debate. The method
has been criticized for providing unrealistic estimates of
telomere lengths, suggesting this could be due to differences in
efficiencies between samples and the external oligomer refer-
ences (Horn, Robertson & Gemmell 2010). Barrett ef al.
(2012) modified the method to account for differences in
efficiencies between samples and oligomers. The results from
relative and absolute were almost perfectly correlated,
presumably because the absolute method does little more than
rescale the original relative TL data (e.g. r = 0-99, Barrett et al.
2012). Before considering the use of absolute qPCR data in
comparative studies, it remains crucial to validate absolute
qPCR-based TL estimates by comparing among study, indi-
viduals or species differences to those obtained using a more
direct TL measurement method, such as TRF or flow-
fluorescent in situ hybridization (FISH) to ensure that the
variation measured reflects variation in the amount of telomer-
ic sequence at the chromosome ends.

Q-FISHAND FLOW-FISH

There are now four different protocols documented to measure
telomere length (TL) that use FISH (Aubert, Hills & Lansdorp
2012). They are all adaptations of the original method, quanti-
tative FISH (Q-FISH), which was developed by Lansdorp
(Lansdorp et al. 1996). Q-FISH is a powerful but technically
challenging procedure. It requires cultured cells or fixed tissue
sections. Then, using a fluorescently labelled peptide nucleic
acid (PNA) probe (CCCTAA);, which specifically hybridizes
to denatured telomere DNA, the TL of each chromosome end
can be measured. Fluorescence intensity of bound probe is
directly proportional to TL; this quantitative relationship is
the basis of all FISH protocols to measure TL. In Q-FISH, a
fluorescent microscope and sensitive CCD camera creates digi-
tal images of metaphase spreads and specialized software is
used to analyse them. Telomere intensities are normalized to
samples or standards of known TL (Poon ez al. 1999). When
cells arrested in metaphase are used, Q-FISH provides quanti-
tative information on TL distributions within a sample and
can detect critically short telomeres. When fixed tissue samples
are used, Q-FISH provides information about average telo-
mere length. This information is of great importance in human
studies as the accumulation of critically short telomeres, rather
than short average TL, has been demonstrated to cause genetic
instability, limiting cell survival and tissue renewal (Hemann
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et al. 2001; Hao et al. 2005). This technique has provided the
opportunity to analyse telomeres of individual chromosomes
separately, including differentiation between p and q arms of
sister chromatids (giving 4 telomeric measurements per chro-
mosome). It also allows for simultaneous karyotyping and
identification of chromosomal abnormalities such as end-
to-end fusions (Lansdorp et al. 1996; Poon et al. 1999).

Q-FISH achieves high resolution, but it is labour intensive,
time-consuming and requires viable cell samples or fixed tissue
sections (Table 1). Flow-FISH was developed to overcome
some of these limitations and is now quite widely used in
studies of human LTL dynamics (Aubert & Lansdorp 2008,
Aubert, Hills & Lansdorp 2012). Here, interphase cells in
suspension are hybridized with a PNA telomere specific probe
and average TL is measured by fluorescence intensity using
flow-cytometry (Rufer et al. 1998). This technique allows for a
larger number of cells to be analysed in a much shorter time.
Using antibody staining, different cell types within one blood
sample can be sorted and compared. However, blood samples
have to be fresh, and the process is still requires considerable
expertise (Table 1). It is not surprising, given the complexity
and specialized nature of FISH protocols, that they are rarely
utilized by investigators seeking to measure TL in non-model
organisms. Access to basic laboratory facilities can be limited
when sampling wild populations, sometimes in remote places,
so it is most likely to be useful for laboratory studies using cap-
tive animals, or were viable cell cultures can be readily estab-
lished from sampled tissues. Being able to sample or culture
live cells are all fundamental prerequisites for FISH techniques
as too are the dedicated, and often expensive, laboratory
equipment. However, the ability to study telomere dynamics in
non-model organisms at this in depth level could expedite our
understanding of the interactions between biological state and
life histories tremendously.

SINGLETELOMERE LENGTHANALYSIS

Single telomere length analysis (STELA) is a high-resolution
single-molecule PCR-based approach to determine telomere
length (Baird et al. 2003). STELA is targeted to specific chro-
mosome ends for which telomere-adjacent sequence is avail-
able. Originally developed to analyse the human XpYp
telomere, STELA has now been extended to several additional
human chromosome ends and has been adapted for use in
Caenorhabditis elegans (Cheung et al. 2004; Britt-Compton
et al. 2006). STELA utilizes the unique structure of the 3’ G-
rich overhang at the telomeric terminus: a linker (telorette)
anneals to this sequence and is ligated onto the end of the
C-rich strand. Long-range PCR is then used to amplify
between a specific telomere-adjacent PCR primer and a second
primer (teltail) composed of the sequence of the 5" end of the
telorette linker. The PCRs are undertaken at the single-mole-
cule level with amplification from typically 6-10 amplifiable
molecules per reaction, each sample is analysed with up to six
separate reactions to provide a large enough sample size. The
amplified telomeric molecules are detected by Southern
hybridization with telomere-adjacent and telomere repeat con-

taining hybridization probes. This single-molecule approach
yields a banding pattern, each band representing the telomere
length of a single input telomere.

STELA requires only small amounts of input DNA, in
humans typically <2 ng of DNA is analysed per sample.
However the key advantage of this approach is that the
very shortest telomeres are readily detectable, indeed telomeres
composed of a single double-stranded telomere repeat can be
detected; telomeres in these length ranges are not currently
detectable with any other method. These short telomeres are
biologically important as they are observed in senescent cells,
cells undergoing crisis in cancer and following sporadic telo-
mere deletion (Baird er al. 2003; Baird 2008; Lin et al. 2010).
Thus provided the longest telomeres are within the PCR ampli-
fiable length range of up to 25 kb, the full spectrum of telomere
lengths can be detected using STELA. Many organisms con-
tain complex subtelomeric repeat sequence structures and
interstitial telomere repeats, which can confound the interpre-
tation of TRF-, Q-FISH- and Q-PCR-based approaches. By
reducing the complexity and analysing specific chromosome
ends, STELA could in principle obviate these issues. However,
the success of STELA is dependent upon the existence of
unique telomere-adjacent sequence and the lack of these
sequences is likely to be the key factor limiting STELA for use
in additional organisms. Telomere-adjacent sequences are not
easy to characterize and are often not represented in genome
sequencing projects, indeed many of these regions of the
human genome are still yet to be fully characterized (Riethman
2008). However, simple PCR-based strategies have been used
to characterize telomere-adjacent sequences in humans and
related species (Royle, Hill & Jeffreys 1992; Royle, Baird &
Jeffreys 1994; Baird & Royle 1997), and these approaches
could be used to characterize sufficient telomere-adjacent
sequences for STELA in organisms with poorly characterized
genomic sequence.

THEDOTBLOTTELOMERE ASSAY

Kimura & Aviv (2011) recently developed a method for mea-
suring TL based on dot blot analysis. This method has the
advantage that it requires only small amounts of DNA and is
relatively easy and inexpensive. It also avoids the need to find a
suitable non-variable copy number gene as in the q-PCR
method, which in some species is not straightforward. As yet,
the dot blot method has been little used in telomere measure-
ment, but offers considerable potential for use on non-model
organisms and where laboratory facilities are relatively limited
(see Kimura & Aviv 2011 for details of protocol). It requires
the use of a Bio-Dot microfiltration apparatus. In brief, their
method was as follows. A standard of known average telomere
length (established from TRF analysis) was selected. Samples
and different concentrations of the standard were loaded into
the wells in triplicate and subjected to a gentle vacuum. The
membrane was removed, DNA blot staining applied (SYBR
Dx stain), and the fluorescence signal measured. The amount
of DNA in each sample was calculated from the standards. A
labelled telomeric probe was then applied to the washed mem-
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brane and exposed on X-ray film. The amount of telomeric
repeats was then estimated by comparison with the standard
using image analysis software. Results for this method were
found to correlate well with that provided by the TRF method
(r = 0-97 in two separate studies of 28 and 42 samples), which
was slightly better than the correlation between TRF and rela-
tive gPCR measurement in those same samples (» = 0-85 in the
study of 28 samples). The authors did not report the correla-
tion between the dot blot TL estimates and the qPCR esti-
mates. This method has great potential for use in non-model
species; however, one current stumbling block to its wider
application is the difficulty and cost of obtaining the SYBR Dx
stain from its suppliers, Invitrogen, as it is only currently pro-
duced to specific order. In 2012, the authors of this article orga-
nized a bulk purchase of this reagent that kept costs down, and
combining orders among laboratories seems the best way to
obtain this stain cheaply. Readers interested in utilizing the
technique and finding out more about such orders can contact
the corresponding author.

WHICHMETHOD TO CHOOSE, AND IS ONEMETHOD
ENOUGH?

The decision as to which method to use in a given setting or
system cannot be prescribed, as each method has different
strengths and weaknesses (Table 1). As Aubert, Hills &
Lansdorp (2012) eloquently put it: ‘at present there is no single
technique that can accurately, easily and rapidly measure
telomere length. Selection of a method must therefore be made
based on the specific scientific questions that need to be
addressed’. Although many studies in non-model organisms
used the so-called gold standard TRF method (e.g. Shiels ez al.
1999; Pauliny et al. 2006; Hartmann ez al. 2009; Benetos et al.
2011; Gomes et al. 2011; Bauch, Becker & Verhulst 2013), an
increasing number of studies within evolutionary ecology are
turning to the gPCR methodology to allow more rapid survey
of TL variation in larger numbers of longitudinally collected
blood samples. Such studies are revealing interesting effects of
either naturally varying or experimentally altered environmen-
tal conditions on TLs and also links between TL and life-
history traits and life span that appear to be independent of
chronological age (e.g. Bize et al. 2009; Brown et al. 2012;
Heidinger et al. 2012; Angelier et al. 2013; Barrett et al. 2013).
A question that has been raised repeatedly in our discussions
relating to best practice methodology is: Do studies using
gPCR in a new species need to validate the method through
correlation with TRF? If one turns to the most recent compre-
hensive methodological review from the literature on human
telomeres, the answer is unequivocal:

although the qPCR methods are very attractive for their
short timeline and costs, variability within and between
samples remains relatively high. Each laboratory adopting
a PCR method should therefore conduct an initial calibra-
tion to a non-PCR-based telomere length measurement,
[and] optimize the technique until a high > coefficient is
reached (Aubert, Hills & Lansdorp 2012).
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To date, studies have compared TRF and qPCR methods in
humans and birds and found strong correlations between the
resulting estimates of average TL (e.g. Criscuolo et al. 2009;
Aviv et al. 2011; Angelier et al. 2013). However, a growing
number of published studies using qPCR in non-human
animals have not validated their gPCR methodology against
TRF. Our feeling is that the gPCR method can be validated
internally and used alone, as long as: (i) full methodological
details are presented, including complete descriptions of how
amplification specificities and efficiencies were determined and
used in quality control and calculations of TL, (ii) high within
and among-plate repeatability can be demonstrated, and (iii)
analyses and interpretations do not stretch beyond relative dif-
ferences in TL among the samples in the specific study or
experiment. That said, there are important reasons other than
simply producing cross-method correlations that researchers
might want to have more than one weapon in their methodo-
logical arsenal. While capable of generating large data sets rap-
idly, qPCR gives only a narrow window on telomere dynamics
compared with some of the other available methods. It esti-
mates average genomic telomere sequence content and does
not capture the variation in TL present within a sample,
which all other methods except the dot blot technique do pro-
vide in some form (Table 1). Growing evidence points to
important links between the range of TLs and cellular
function, in particular the presence of critically short TLs
(Hemann et al. 2001). Indeed, a recent study using a high-
throughput adaptation of the Q-FISH method provides the
first link between an increase in the number of very short telo-
meres and survival in laboratory mice (Vera et al. 2012). It
may ultimately prove very important to move beyond the
qPCR methodology if we want to address the importance of
variation in TL or the presence of very short telomeres.
Furthermore, although techniques other than qPCR and
TRF may require considerable additional investment of time
and money to set up and validate, it is important to appreci-
ate the additional insights such techniques could offer. For
instance, STELA could provide important insights into the
relevance of critically short telomeres for whole organism
function and fitness, while flow-FISH could provide a means
of dissecting similarities and differences in the telomere
dynamics among different kinds of blood cell.

A further consideration when choosing a telomere measure-
ment technique and interpreting its results is the presence of
interstitial telomeric repeats, which are found within the chro-
mosomes of some organisms including many birds and mam-
mals (Delany, Krupkin & Miller 2000; Ruiz-Herrera et al.
2009). Measurements using the qPCR, dot blot and denaturing
TRF methods will incorporate both terminal and interstitial
telomeric sequences (Table 1). Non-denaturing in-gel hybrid-
ization TRF methods measure only terminal sequences, as do
STELA and FISH techniques. Notably, a recent small-scale
study of several passerine species used sequential application
of non-denaturing and denaturing TRF gels to infer the rela-
tive amount of interstitial telomere sequence present (Foote,
Vleck & Vleck 2013). The results suggest variation in intersti-
tial telomere signal can be present at species, among- and
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within-individual levels, and may add noise to TL data possi-
bly making it harder to find patterns. However, how this find-
ing generalizes to other species or the mechanisms responsible
evident variation in interstitial telomeric sequence are currently
unclear (Foote, Vleck & Vleck 2013).

Pitfalls in the analysis of longitudinal telomere
data

Two recent studies in the epidemiological telomere literature
highlight serious statistical pitfalls that researchers in that
field have repeatedly fallen foul of over the last decade or so,
as longitudinal data on human telomere dynamics has
become increasingly available (Steenstrup er al. 2013;
Verhulst er al. 2013). We briefly discuss these in the hope
that this will help alert ecologists and evolutionary biologists
to the relevant issues and avoid similar mistakes being
repeated and promulgated. Several longitudinal studies of
humans have made the error of correlating the change in TL
between two measurements with TL at the initial time point
(Verhulst ez al. 2013). The presence of a strong correlation
has been interpreted as evidence that rates of telomere attri-
tion are dependent on initial TL (e.g. Aviv et al. 2009; Nord-
fjall et al. 2009; Farzaneh-Far et al. 2010). However, such a
correlation is expected as the result of a regression to the
mean, and a recent analysis conclusively showed that a large
proportion of the observed relationship between initial TL
and change in TL is a statistical artefact (Verhulst er al.
2013). Researchers should avoid directly correlating a change
in TL between two time points with measures at one of those
time points, and if they feel they must do this should apply
appropriate corrections to their analyses (see Verhulst ez al.
2013). Several longitudinal human studies have also found
that, despite the expectation that TL should decline with
time or age, a sizeable proportion of individuals can show
stable or increasing TL across a sampling period (e.g.
Martin-Ruiz et al. 2005; Nordfjall et al. 2009; Svensson
et al. 2011). A recent re-evaluation demonstrates that, in the
majority of such studies, the proportion of individuals show-
ing apparent telomere ‘elongation’ is well within that
expected purely as a result of measurement error (Steenstrup
et al. 2013). Another recent article offers a simple way of
correcting for measurement error if the objective is to test
for the presence of telomere elongation in a longitudinal
sample (Simons, Stulp & Nakagawa 2013).

These recent studies highlight the importance of (i) calculat-
ing and presenting clear details of the measurement error
associated with telomere length measurement in any publica-
tion, (ii) having longitudinal studies incorporating more than
two time points and (iii) the application of statistical models
that directly estimate and account for sampling error (e.g.
Kim et al. 2011; Brown et al. 2012) and estimate individual
variation in the rate of change in TL and its association with
initial TL without falling foul of regression to the mean (e.g.
random regression: Steenstrup et al. 2013; van de Pol 2012).
Finally, several recent studies of wild birds suggest that envi-
ronmental conditions experienced by individuals predict pat-

terns of telomere length change (e.g. Mizutani et al. 2013;
Young et al. 2013). Longitudinal ecological studies of telo-
mere dynamics need to consider and account for differences
in the environmental experiences of individuals but could
offer potentially important insights into the environmental
drivers of telomere length variation.

Conclusions

Measuring telomere length is technically challenging and
requires a high level of expertise whatever the method used.
Although the application of TRF and qPCR methods by evo-
lutionary biologists and ecologists has been criticized (Nakag-
awa, Gemmell & Burke 2004; Horn, Robertson & Gemmell
2010), the emergence of longitudinal studies over the last few
years has brought with it increasing evidence that TL is an
important predictor of life span in both laboratory and field
(Bize et al. 2009; Salomons et al. 2009; Heidinger et al. 2012;
Angelier et al. 2013; Barrett et al. 2013) and is associated with
previous stress, growth rates and reproduction (Geiger et al.
2012; Haussmann ef al. 2012; Bauch, Becker & Verhulst
2013). Any researchers wishing to embark on a new study of
telomere length may have various options when it comes to
selecting the tissue or tissues to sample, the way to collect and
store them, the protocol for DNA extraction and storage,
and the method used to measure telomere length and analyse
the resulting data. We hope to have provided a clear overview
of the options available to researchers (Fig. 1), and the poten-
tial advantages and drawbacks of different methods
(Table 1). Researchers within ecology and evolutionary biol-
ogy should carefully consider the issues and options before
embarking on a telomere study, and report details of their
methodology, quality control thresholds and measurement
error to the fullest extent possible when they publish. As long
as due consideration and care are given to methodological rig-
our, consistency and clarity of reporting, we feel the study of
telomere dynamics within evolutionary and ecological con-
texts has an exciting future.
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Table S1. List of species and tissue storage and DNA extraction meth-
ods and their suitability for subsequent telomere length analysis, based
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colleagues. AE and TE refer to commonly used buffer solutions: AE is
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