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1 | INTRODUCTION

| Ellis Mulder? | Simon Verhulst?> | Anne Peters?

Abstract

As attrition of telomeres, DNA caps that protect chromosome integrity, is acceler-
ated by various forms of stress, telomere length (TL) has been proposed as an indi-
cator of lifetime accumulated stress. In ecological studies, it has been used to
provide insights into ageing, life history trade-offs, the costs of reproduction and
disease. qPCR is a high-throughput and cost-effective tool to measure relative TL
(rTL) that can be applied to newly collected and archived ecological samples. How-
ever, qPCR is susceptible to error both from the method itself and pre-analytical
steps. Here, repeatability was assessed overall and separately across multiple levels
(intra-assay, inter-assay and inter-extraction) to elucidate the causes of measure-
ment error, as a step towards improving precision. We also tested how accuracy,
defined as the correlation between the “gold standard” for TL estimation (telomere
restriction fragment length analysis with in-gel hybridization), could be improved.
We find qPCR repeatability (intra- and inter-assay levels) to be at similar levels
across three common storage media (ethanol, Longmire’s and Queen’s). However,
inter-extraction repeatability was 50% lower for samples stored in Queen’s lysis buf-
fer, indicating storage medium can influence precision. Precision as well as accuracy
could be increased by estimating rTL from multiple gPCR reactions and from multi-
ple extractions. Repetition increased statistical power equivalent to a 25% (single
extraction analysed twice) and 17% (two extractions) increase in sample size. Over-
all, this study identifies novel sources of variability in high-throughput telomere
quantification and provides guidance on sampling strategy design and how to

increase rTL precision and accuracy.
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(Blackburn, 1991; McClintock, 1941). Telomeres shorten with each

cellular division due to the inability of DNA polymerases to com-

Telomeres are of broad interest because they are associated with
fundamental life history processes including ageing, longevity, repro-
duction and disease. Located at the end of eukaryotic chromosomes
(Gomes et al.,, 2011), telomeres are composed of G-rich tandem
DNA repeats (5'-TTAGGG-3'),, and associated proteins which func-

tion to maintain chromosomal integrity and prevent DNA damage

pletely replicate the terminal end of linear chromosomes (Levy, All-
sopp, Futcher, Greider, & Harley, 1992), thus telomeres act as a
buffer preventing the loss of coding DNA. In addition, telomeres are
involved in mitosis and meiosis (alignment and segregation of chro-
mosomes), DNA repair, gene expression and stress resistance
(Aubert & Lansdorp, 2008; von Zglinicki, Burkle, & Kirkwood, 2001).
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Telomeres shorten until they reach a critical length, the outcome is
either cell apoptosis or replicative senescence. Possibly because of
this direct link with cellular senescence, average blood cell telomere
length can act as indicator of remaining lifespan (e.g., Boonekamp,
Simons, Hemerik, & Verhulst, 2013; Heidinger et al., 2012) and accu-
mulated life stress (Monaghan & Haussmann, 2006). In ecological
research, telomeres are used to shed light on a range of processes
including chronological and biological ageing, life history trade-offs,
reproductive success, environmental stress and disease (Asghar et al.,
2015; Haussmann & Heidinger, 2015; Haussmann & Marchetto,
2010; Monaghan, 2010), and new applications undoubtedly will con-
tinue to arise. However, there are many concerns surrounding the
reliability of telomere quantification (Aviv, 2008; Horn, Robertson, &
Gemmell, 2010; Nakagawa, Gemmell, & Burke, 2004; Nussey et al.,
2014; Verhulst et al., 2015).

The methodological techniques currently available to measure TL
vary widely and have differing advantages and disadvantages (Nus-
sey et al., 2014). The two primary methods that have been adopted
in ecology are the Telomere Restriction Fragment length method
(TRF) and a real-time kinetic quantitative PCR (qPCR) method (Caw-
thon, 2002; Harley, Futcher, & Greider, 1990). TRF measures the
population of telomeres for each individual (genome wide telomere
length) using restriction enzymes and labelling with radioactive
oligonucleotide (Harley et al., 1990; Haussmann & Vleck, 2002). TRF
is considered the “gold standard” for measuring telomere length
(Nussey et al., 2014), and it can be applied across species. However,
there are some aspects of the method that can be unappealing to
ecologists. For example, TRF analysis requires more DNA, more
specific collection and storage requirements, more specialized equip-
ment and expertise, is lower throughput, and more time-consuming
than alternative methods such as qPCR (Martin-Ruiz et al.,, 2015;
Nussey et al., 2014).

In comparison with the other available methods, telomere quan-
tification by gPCR is potentially high through-put and cost-effec-
tive, depending on its reliability in practice. Consequently, it has
been widely adopted for telomere length estimation. The relative
gPCR method uses the ratio between telomere repeat copy num-
ber versus a single-copy number control gene (Cawthon, 2002). An
absolute gPCR method has also been developed and calculates
telomere length using synthesized oligonucleotides as a standard
(O’Callaghan, Dhillon, Thomas, & Fenech, 2008), but is not fre-
quently applied. Telomere gPCR is useful in ecological research
because the method requires less DNA than other methods and,
most importantly, it can be utilized to take advantage of standard
archived samples from longitudinal studies. However, telomere
gPCR has several drawbacks. It requires identification of a control
gene and separate optimization for each species. It only provides a
single number (TRF vyields a telomere length distribution for each
sample) that cannot be compared between laboratories or within
laboratories unless the same control samples are used. The gPCR
method like most other methods (e.g., standard TRF, but unlike in-
gel hybridization TRF) does not differentiate terminal from intersti-
tial telomeric sequences (Foote, Vleck, & Vleck, 2013), and to what
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extent this is a problem is species specific. Within-individuals
though, this is not an issue if measuring relative change in TL
because interstitial telomeres can be assumed to retain their length
with age. More broadly gPCR can be prone to measurement error
(Aviv et al., 2011), particularly if the method is not optimized to a
high standard (Nakagawa et al., 2004; Nussey et al., 2014; Olsen,
Bérubé, Robbins, & Palsbgll, 2012).

Random error can be a serious problem when using qPCR (Eisen-
berg, Kuzawa, & Hayes, 2015; Nussey et al., 2014; Olsen et al.,
2012), particularly if the effects of interest are small relative to varia-
tion in telomere length, as is often the case because individual varia-
tion in telomere length is usually large at birth (Boonekamp, Mulder,
Salomons, Dijkstra, & Verhulst, 2014; Factor-Litvak et al., 2016).
Therefore, identifying factors that influence precision (repeatability)
and accuracy (association with the true value) of the method are
important. Telomere gPCR is typically validated by correlating the
gPCR telomere estimates with those from a TRF method (Cawthon,
2002; Criscuolo et al., 2009), providing a proxy for the methods
accuracy. Telomere gPCR precision is often reported as coefficient
of variation or repeatability at the gPCR level, which includes intra-
assay (between duplicate quantification cycle (Cq) values) and inter-
assay (between gPCR runs) comparisons. Note, however, that it has
recently become clear that the coefficient of variation is not an
appropriate reliability measure for qPCR or TRF, and calculating
repeatability has been suggested as an alternative (Eisenberg, 2016;
Verhulst et al., 2015). TRF and gPCR reliability has mostly been esti-
mated through repeated measurements of isolated DNA samples
(Aviv et al., 2011; Martin-Ruiz et al., 2015), but reliability may also
depend on preanalytical steps such as sample collection (timing and
sample type) and storage (freezing, preservatives and duration; Kop-
pelstaetter et al., 2005; Zanet et al., 2013; Dlouha, Maluskova, Kra-
lova Lesna, Lanska, & Hubacek, 2014; Tolios, Teupser, & Holdt,
2015; Schmidt et al., 2016), and DNA extraction and storage (Board-
man, Skinner, & Litzelman, 2014; Cunningham et al., 2013; Denham,
Marques, & Charchar, 2014; Hofmann et al., 2014; Raschenberger
et al., 2016; Seeker et al., 2016; Tolios et al., 2015). How blood
sample storage media commonly used in ecological studies impact
measures of telomere length is currently unknown but given that
gPCR results are susceptible to DNA damage, differences are likely
to occur between drastically different storage methods (e.g.,
between lysis buffers that dissolve the DNA, or those that leave the
DNA contained within the cells such as ethanol or snap freezing;
Nussey et al., 2014). How these preanalytical methods such as stor-
age media or DNA extraction then influence telomere estimation
precision is largely unknown and identifying these effects may there-
fore be a crucial step towards future gains in precision and accuracy
of the gPCR method.

This study determines how preanalytical methods (storage med-
ium and DNA extraction) affect accuracy and precision of telomere
length measurements, and how these can be best optimized. To do
so we used a gPCR method to measure relative telomere length
(rTL) across sample storage media, DNA extractions, and repeated

measures in a nested design, allowing the calculation of intra-assay,
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inter-assay and inter-extraction repeatability across sample types
(Figure 1). These repeatabilities were then used to assess how
much precision is gained when using multiple measurements of rTL.
The benefit of this approach is that it can identify methodological
factors that reduce precision and determine where in the measure-
ment process rTL estimation precision can be improved. In addition,
we compared rTL to telomere length measured using a TRF
method that is considered a “gold standard” and excludes intersti-
tial telomere sequences from the estimates. Correlating rTL with
TRF is useful because it measures how well gPCR matches the
best method available and gives an estimate of accuracy, that is
the extent random error and interstitial telomeric repeats together
confound the association between rTL estimates and terminal
telomere length. We then tested the extent to which averaging
multiple measures from a single extraction or from two extractions
increases precision and hence statistical power. These data allowed
us to achieve our three main aims: (i) determine where random
error in gqPCR can be reduced and precision gained, (ii) determine
how gPCR accuracy can be improved and by what degree, and (iii)
determine how variation in common preanalytical steps influences
rTL estimates.

Storage
medium

Individual
ID

Longmire’s

Queen’s

Extraction ID

Extraction 1

Extraction 2

Extraction 1

Extraction 2

Extraction 1

Extraction 2

2 | MATERIALS AND METHODS

2.1 | Sample collection

Blood samples were collected from the purple-crowned fairy-wren
(Malurus coronatus), at Mornington Wildlife Sanctuary—managed by
Australian Wildlife Conservancy (Hidalgo Aranzamendi, Hall, Kingma,
Sunnucks, & Peters, 2016; Kingma, Hall, Segelbacher, & Peters,
2009). After puncturing the brachial vein using a 25 gauge needle,
approximately 70 ul of blood was taken into heparinized capillary
tubes and centrifuged at 13,793 g. Approximately 10 pl of com-
pacted red blood cells (excluding white blood cells) was then added
to a storage medium, for different comparisons. Storage media and
extraction methods vary and are presented below.

2.2 | Experiments

2.2.1 | DNA extraction comparison

To determine the extent to which DNA extraction methods intro-

duce variability in telomere gPCR measurements, we extracted DNA

qPCR plate

qPCR ID

FIGURE 1 Design of the study. Each individual blood sample (Individual ID, n = 27) was distributed across three storage (ethanol,
Longmire’s lysis buffer or Queen’s lysis buffer). For each of the three media, DNA was extracted twice (Extraction ID). Each DNA extract was
analysed twice according to our standardized qPCR protocol (qPCR ID), in duplicate per plate (qPCR plate). This design allowed repeatability to
be calculated at each level: intra-assay, inter-assay and inter-extraction. It further allows an examination of the effect of repeated extractions,
gPCR runs and number of wells on the precision of the rTL estimates [Colour figure can be viewed at wileyonlinelibrary.com]
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from n =12 individuals (n = 11 individuals after quality control;
stored in either Queen'’s lysis buffer, Longmire’s lysis buffer or abso-
lute ethanol) using three frequently used methods: QlAamp, Pure-
gene and ammonium acetate precipitation (Eastwood et al., 2015;
Longmire, Maltbie, & Baker, 1997; Seutin, White, & Boag, 1991). To
optimize the extraction digestion temperature, we extracted blood
from another n = 17 samples (n = 15 after quality control; stored as
above) at two commonly used digestion temperatures (37°C and
56°C) using the QlAamp method.

The QlAamp DNA kit (Qiagen) was used in conjunction with the
QlAcube HT instrument with the following modifications. From sam-
ples stored in Queen’s or Longmire’s lysis buffer we added 30 pl to
220 pl of ATL buffer and 30 pl of Proteinase K; from samples stored
in ethanol we added a speck of blood (air-dried to remove ethanol).
Digestion was overnight at 37°C, based on the results from our
comparison between incubation temperatures at both 37°C and
56°C (See Section 3, Fig. S1). The automated segment of this proto-
col included a second digestion step using a mixture containing AL
buffer and absolute ethanol at a 1:1 ratio. The DNA was purified
using AW1, AW2 and absolute ethanol, respectively, with a final AE
buffer elution of 150 pl.

The Puregene kit (Qiagen) protocol was used with the following
modifications. The blood sample (as above) was added into 300 pl of
the Cell Lysis Solution (Qiagen) and 30 pl of proteinase K for diges-
tion at 37°C overnight. After cooling, 200 ul of the Protein Precipita-
tion Solution was mixed into the cell lysate, and the proteins were
removed by centrifugation. 100% Isopropanol and 70% ethanol
washes (gently mixed and centrifuged at 13,793 g) precipitated the
DNA which was suspended in 100 pl of the DNA hydration solution.

The third DNA extraction method used was an ammonium acet-
ate precipitation protocol. Blood (as above) was added into 250 pl of
Cell lysis buffer (20 mM EDTA, 120 mM NaCl, 50 mM TRIS-HCL,
20% SDS) with 20 pul of Proteinase K and incubated overnight at
37°C. Once the blood had been fully digested, 300 pul of 4M ammo-
nium acetate was added, mixed thoroughly and then centrifuged.
Following ethanol precipitation (100% ethanol wash then a 70%
ethanol wash), the DNA was stored in a Low Tris-EDTA buffer
(10 mM Tris.HCL, 0.1 mM EDTA; pH 7.5-8.0).

Statistical analyses were completed using spss version 23 (IBM)
unless stated otherwise. To test whether DNA extraction digestion
temperature (37°C or 56°C) influenced rTL, we performed a linear
mixed-effects model (LMM; restricted maximum likelihood) with indi-
vidual identity as a random effect and extraction digestion tempera-
ture, blood storage media and an interaction between the two as
fixed effects. We then repeated the analysis using average telomere
Cqg or average control Cq as dependent variables to test whether
telomere length was affected by digestion temperature. To investi-
gate whether DNA extraction influenced rTL estimates, we per-
formed a LMM (restricted maximum likelihood) with individual
identity as a random effect and DNA extraction method, blood stor-
age media and an interaction between the two as fixed effects. In
addition, we present rank correlations between our method of choice
(QlAamp) and the other two DNA extraction methods (Fig. S3).
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To choose the most appropriate DNA extraction method, we
assumed that if error was introduced by pre-analytical methods it is
likely to underestimate rTL, and hence, we consider a method with
higher rTL estimates the better method. Of the three methods com-
pared, the QlAamp method produced the highest rTL estimates, and
therefore considered the best method (See Section 3; Fig. S2). This
method was subsequently used to extract DNA from the samples
included in our assessment of effects of storage media and repeata-
bility.

2.2.2 | Effect of blood storage medium on rTL
estimate and precision

We compared the effect of storage medium on rTL estimate and
repeatability for three different storage media (n = 27 individuals,
totalling n = 81 samples; see Figure 1 for experimental design):
100% absolute ethanol, Queen’s lysis buffer and Longmire’s lysis
buffer. Individual blood samples (for collection method see above)
were distributed across each of the three storage media at the time
of collection and stored for 7 months at 4°C before analysis. DNA
was extracted using the QlAamp method described above. Having a
wide spectrum of aged individuals ensures that our estimates are
not biased by age group. Here, individuals were aged between 0.3
and 9.5 years, which approximates the age spectrum of the popula-
tion.

Repeatabilities and their confidence intervals were calculated
using the reliability function in spss (Intraclass correlation coefficient;
one-way random model). Each repeatability sample size was stan-
dardized at n = 48, based on complete selection of rTL estimates
across extractions that passed quality control. All other levels (inter-
assay and intra-assay) had n = 48 selected randomly. To estimate
the effect of averaging multiple rTL estimates (inter-assay and inter-
extraction) on precision we calculated extrapolated repeatabilities
using equation 37 in Nakagawa and Schielzeth (2010). To estimate
combined repeatability across all levels, we performed a LMM with
rTL as dependent variable and gPCR run, DNA extraction and indi-
vidual as random intercept terms for each storage medium sepa-
rately. This model yields information on the extent to which these
factors explain variation in rTL estimates and allows the calculation
of rTL repeatability whilst controlling for gPCR run and DNA extrac-

tion.

2.2.3 | Comparison of qPCR to pulse field gel
electrophoresis TRF (PFGE-TRF)

For PFGE-TRF approximately, 35 pl of whole blood from n = 34
(n =32 individuals after quality control; aged
0.1-7.9 years) was collected into chilled 2% EDTA buffer and kept
at 4°C until snap frozen in Glycerol storage buffer (within 2 weeks)
(Bauch, Becker, & Verhulst, 2013; Salomons et al., 2009). In addition,
we also collected compacted red blood cells from these individuals

individuals

in ethanol. To assess the accuracy of the gPCR method in M. corona-
tus telomere length estimates from PFGE-TRF and gPCR were
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subsequently compared. We calculated a Pearson correlation coeffi-
cient between average PFGE-TRF telomere length estimates and
rTL, (i) estimated once from a single extraction, (ii) two rTL estimates
averaged from a single extraction and (iii) two rTL estimates aver-
aged from two extractions. Using these correlation coefficients, we
conducted power analyses to determine the benefit of measuring
rTL multiple times in terms of required sample size to achieve a simi-
lar statistical power. The power analyses were conducted in R (R
Core Team 2016) as implemented in the r package pwr (Champely,
2016) with a two-tailed test of significance level set to 0.05 and sta-

tistical power equal to 0.9.

2.3 | Telomere length estimation

2.3.1 | Telomere measurement by gPCR

The purity and concentration of DNA samples was assessed using a
NanoDrop (ND-1000). DNA integrity was assessed by running all
samples on a 1% Agarose gel (100V for 30 min). In this study, all
DNA samples were of high integrity (i.e., each sample yielded a sin-
gle band of high molecular weight). DNA was stored in its respective
buffer at 4°C until the quality control checks and qPCR were com-
pleted for a period ranging between 1 to 4 weeks. Within each com-
parison, the DNA was treated identically.

rTL was measured using a qPCR protocol based on Criscuolo
et al. (2009). Telomere primers were Tellb 5—CGG TTT GTT TGG
GTT TGG GTT TGG GTT TGG GTT TGG GTT—3' and Tel2b 5—
GGC TTG CCT TAC CCT TAC CCT TAC CCT TAC CCT TAC CCT—
3’ (Criscuolo et al., 2009). The normalizing control gene used was
glyceraldehyde-3-phoshate dehydrogenase (GAPDH), and the primer
sequences used were GT2-GAPDH-forward 5'—CCA TCA CAG CCA
CAC AGA AG—3' and GT2-GAPDH-reverse 5—TTT TCC CAC AGC
CTT AGC AG—3' (Atema, van Oers, & Verhulst, 2013). Based on the
Cqg range and melt curve analysis, the GT2-GAPDH primer set was
found to be more suitable for use in PCFW when compared to the
GAPDH primers used in Criscuolo et al. (2009). GAPDH suitability as
an appropriate single-copy control gene has been confirmed in multi-
ple species (e.g., Atema et al., 2013; Barrett et al., 2012; Criscuolo
et al., 2009; Sudyka et al., 2014) and was confirmed in M. coronatus
by the presence of a single meltcurve with a tight peak in the gPCR
and by demonstration of a single qPCR product after gel elec-
trophoresis (n = 39 individuals, 1.5% agarose gel, 100V for 30 min).

gPCR reactions were set up on 96-well plates using an EpMotion
5075 automated pipetting instrument (Eppendorf). The total volume
for each reaction was 25 pl and included: 12.5 pl of SYBR Green |
(Roche), 300 nM of both GAPDH primers or 400 nM of both telom-
ere primers (Integrated DNA Technologies). For experimental sam-
ples, 10 ng of DNA was added into each reaction. gPCR plates were
covered using LightCycler 480 sealing foils (Roche). We performed
the gPCR reaction using a LightCycler 480 (Roche) with the telomere
(95°C for 15 min, followed by 35 cycles of 15 s at 95°C, 30 s at
56°C, 30 s at 72°C) and GAPDH (95°C for 15 min, followed by 40
cycles of 15 s at 95°C, 30 s at 60°C, 30 s at 72°C) reactions run on

separate plates. The meltcurve analysis was performed at the end of
each reaction to check for primer dimerization and the amplification
of nontarget genes. Each plate contained a no template control (nu-
clease free water, Ambion) and a twofold serial dilution of the
“golden sample” corresponding to 40, 20, 10, 5 and 2.5 ng of DNA.
The “golden sample” was made up of DNA extracted using the
QIAamp method and from multiple M. coronatus individuals. To nor-
malize inter-assay variation, we used a value at 10 ng interpolated
from the serial dilution linear regression line (this proved to yield
slightly higher repeatabilities than the actual value at 10 ng, results
not shown). All samples and controls were run in duplicate.

The standard curves included on each plate were also used for
quality control purposes. All plates had standard curves within
acceptable range. Coefficient of determination was > 0.99 and effi-
100 + 15% (Telomere standard
mean = 1.90, standard deviation = 0.02; GAPDH standard curve:
mean = 1.99, standard deviation = 0.04). The program LINREGPCR (ver-

ciencies within of curve:

sion 2016) was used to calculate individual well gPCR efficiencies
and Cq values (Ruijter et al., 2009). Samples were excluded if dupli-
cate Cq values on the same plate were >0.5 apart (3.8% were
excluded explaining smaller sample sizes in results section; see
Table S1). No exclusion criterion was applied to individual well effi-
ciency because narrowing the efficiency range did not increase
repeatability (see Table S2). For samples that met our quality criteria,
rTL was calculated following equation 1 in Pfaffl (2001). In brief,
individual well efficiency (E) was raised to the power of the inter-
plate control minus the well Cq value (ACq). The resulting duplicate
telomere, and separately, duplicate GAPDH values were averaged

and divided by each other to create a single rTL value (Equation 1).

)Athe\omere

(TL = (Etelomere
)ACQGAPDH

(1)

(EGAPDH

2.3.2 | Telomere measurement by PFGE-TRF

In order to estimate accuracy and validate the gPCR method for use
in M. Coronatus, we re-analysed n = 34 samples using PFGE-TRF fol-
lowing published protocols that have been shown to work well for
various avian species (Bauch et al., 2013; Salomons et al., 2009). In
brief, to extract DNA from the snap frozen samples, the CHEF
Genomic DNA Plug kit (Bio-Rad, CA, USA) was used with an over-
night Proteinase K digestion at 50°C. A within plug restriction
enzyme digestion followed using Hind Il (60U), Hinf | (30U), and Msp
I (60U) in 10 x NEB2 enzyme-buffer and incubated overnight at
37°C. The DNA was placed into a 0.8% pulse field certified agarose
(Biorad) gel for pulse field gel electrophoresis (24 hr, 14°C at
48V cm’l, initial switch time 1 s, final switch time 25 s). After-
wards, the gel was dried and then hybridized overnight with the 2P
y-ATP probe (5'-CCCTAA-3'). The labelled DNA and the 32p |abelled
size ladders (MidRange | PFG Marker (NEB) and DNA molecular
weight marker XV (Roche)) were detected using a phosphor screen

(PerkinElmer). Finally, telomere length size distributions were
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quantified by densitometry in the program imaces (version 1.38x).
Repeatability of PFGE-TRF method was assessed previously in Salo-
mons et al. (2009), which reported a repeatability of 0.90 (Note:

repeatability of PFGE-TRF was not assessed in M. coronatus).

3 | RESULTS

3.1 | DNA extraction comparison

Digestion at 37°C typically resulted in a higher rTL than digestion at
56°C (Fig. S1a; 37°C: mean = 0.97, SD = 0.17; 56°C mean = 0.87,
SD = 0.15; LMM: F =8.84, df = 14, p = .01, n = 30 rTL estimates,
n = 15 individuals), whilst controlling for blood storage media (LMM:
F = 0.14, df = 12, p = .87). The interaction between digestion tem-
perature and blood storage media was not included in the above
LMM and was excluded because it was nonsignificant in the full
model. GAPDH Cq values tended to be affected more by digestion
temperature than telomere Cq values, suggesting the former to
cause the overall effect of digestion temperature on rTL, although
neither Cq effect reached statistical significance (see S| for details).
DNA extraction method influenced rTL estimates (Fig. S2; LMM:
F = 3.66, df = 20, p = .04, n = 33 rTL estimates, n = 11 individuals)
whilst controlling for blood storage media (LMM: F = 2.67, df = 20,
p = .13). The interaction between DNA extraction method and blood
storage media was nonsignificant and was excluded from the above
LMM. The QlAamp method produced 15% and 14% higher rTL esti-
mates on average than both the ammonium acetate and Puregene
methods, respectively (Fig. S2). Nonetheless, QlAamp rTL values
were correlated with ammonium acetate (r =.95) and Puregene
methods (r = .72, for details see Fig. S3).

3.2 | Effect of blood storage medium on rTL
estimate and precision

Overall rTL estimates were higher when the blood was stored in
ethanol, whilst Longmire’s and Queen’s lysis produced telomere esti-
mates in a similar range (Fig. S4; LMM: F = 52.86, df = 130.03,

p <.001). Inter-assay repeatability of rTL was similar between

1 A
0.9 4
0.8
FIGURE 2 Repeatability of duplicate Z 071
rTL estimates varies with amplicon, storage E 0.6
medium and across levels of repeatability. 8 054
. - . ©
The sample size for repeatability estimate 9 4
was standardized to n = 48. Error bars & 5
represent 95% confidence intervals. 02
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ethanol, Longmire's and Queen’s (Figure 2). However, there was
large variation in inter-extraction rTL repeatability, with Longmire’s
and ethanol having a much higher ICC than Queen’s (Figure 2). This
was mirrored in overall repeatability of rTL calculated when control-
ling for gPCR run and DNA extraction in a LMM (Table S3). Intra-
assay repeatability for GAPDH was similar across each of the blood
storage media (see Figure 2 for repeatability estimates and confi-
dence intervals). Intra-assay repeatability for telomere gPCR was
lower than for GAPDH but was also similar across all storage media
types.

Extrapolated repeatability increases at a diminishing rate with
each increase in the number of replicate measurements averaged
(Figure 3). For example, Queen'’s lysis buffer had a repeatability that
increased by 0.17 when averaging two extraction measurements and
required approximately seven rTL measures from separate extrac-
tions to reach a repeatability >0.85. In contrast, at the intra-extrac-
tion level, extrapolated repeatability increases were much lower due
to the already high repeatabilities. For example, ethanol, which was
highly repeatable at the intra-extraction level, increased extrapolated
repeatability by 0.05 when averaging two rTL measures.

3.3 | Comparison of qPCR to PFGE-TRF

Correlation between TL calculated from PFGE-TRF and rTL-qPCR of
the blood sample extracted from ethanol was high and significant
(Figure 4a; r = .68, n = 32, p <.01). Repeating the telomere qPCR
and averaging the rTL estimates improved the correlation with TL
from TRF (Figure 4b; r = .74, n = 32, p < .01). A similar improvement
in the correlation was achieved by re-extracting the same blood
sample and averaging the two rTL estimate from the different
extracts (Figure 4c; r = .73, n = 32, p < .01). Using these correlation
coefficients, we conducted power analyses to determine the benefit
of measuring rTL multiple times in terms of required sample size to
achieve a similar statistical power. The sample size required to find
the correlation between rTL and TRF was 17.35 for a single rTL esti-
mate, 13.9 for two rTL estimates and 14.8 for two rTL estimates
from two separate extractions. This corresponds to an increase in

statistical power equivalent to a 25% increase in sample size when

O Ethanol
O Longmire's

~Queen's

Patterns within each bar represent the
particular storage medium used (see key)
[Colour figure can be viewed at
wileyonlinelibrary.com]
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FIGURE 3 Extrapolated repeatability increases with the number of relative telomere length (rTL) measures taken, and the increase varies
between storage media and type of replication (assay or extraction). The first value is the calculated repeatabilities at the (a) inter-assay, and
(b) the inter-extraction levels, which were used to calculate extrapolated repeatability with increasing number of measurements. Combining
such repeatability assessments and extrapolations is a simple method to help optimize sampling and analysis design according to costs and

study constraints

using two measures from a single DNA extraction, and a 17%
increase in sample size when using two measures from two DNA

extractions.

4 | DISCUSSION

We studied the extent to which preanalytical methods (storage
media and DNA extraction) affect accuracy and precision of rTL
measurements obtained using qPCR, and the extent to which ran-
dom measurement error can be reduced by replicating specific steps
of the measurement protocol (Table 1). Our results showed that rTL
estimates were influenced differentially by storage media, DNA
extraction method and extraction digestion temperature, emphasiz-
ing the importance of methodological consistency. Averaging multi-
ple rTL measures increases statistical power differently at different
levels and for different storage media. Below we discuss these find-

ings and make recommendations.

4.1 | rTL estimates

Estimates of rTL varied according to storage media and DNA extrac-
tion methods that are commonly used in ecology and evolution. rTL
estimates are influenced by various preanalytical factors, such as
source tissue (Reichert, Criscuolo, Verinaud, Zahn, & Massemin,
2013; Schmidt et al., 2016), the time period before analysis, DNA
purity, integrity and storage (Denham et al., 2014; Dlouha et al.,
2014; Zanet et al.,, 2013). Our study adds to a body of literature
showing that DNA extraction also influences rTL estimates. How-
ever, our finding that QlAamp produced higher rTL estimates than
both Puregene and ammonium acetate methods, contrasts with most
previous evidence that column-based methods such as QlAamp tend

to produce lower rTL estimates (Cunningham et al., 2013; Hofmann
et al,, 2014; Raschenberger et al., 2016; Seeker et al., 2016; Tolios
et al.,, 2015), although not always (Denham et al., 2014). Such differ-
ences could be due to variation in protocol, for example the use of a
QlAcube HT instrument, or differences in degree of optimization or
species differences. Thus, our data support calls for methodological
consistency or suitable controls across studies (Horn et al., 2010;
Nussey et al., 2014). As telomeric DNA is particularly sensitive to
degradation which results in lower rTL estimates (Dlouha et al.,
2014), it appears valid that methods yielding longer estimates are
preferable (ethanol and QlAamp in this study).

4.2 | Assessing intra- and inter-assay precision

Precision (repeatability) was quantified at the intra-assay, inter-assay
and inter-extraction levels. Telomere gPCR repeatability has thus far
been primarily assessed at the level of the gPCR method itself, that is
the intra-assay and inter-assay level. In our study, inter-assay
repeatabilities for telomere estimation were within a similar range to
what has previously been reported (0.77-0.93) (e.g., Asghar et al,,
2015; Barrett et al., 2012; Parolini et al., 2015). At the intra- and
inter-assay levels, there were no significant repeatability differences
between storage media. As the largest effects at this level are pre-
sumably due to limited gPCR optimization and lack of DNA integrity,
this lack of differences between storage media is in agreement with
our quality control. However, to our knowledge, this is the first study
to investigate inter-extraction repeatability. We found that repeata-
bility was high, but significantly lower for Queen'’s lysis buffer at the
inter-extraction level. Queen’s lysis buffer was repeatable at the
gPCR level and the lower precision only became evident at the inter-
extraction level. As Longmire’s lysis buffer had the highest precision,
similar to that of ethanol storage, lysis itself is not likely to be the
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primary cause. Queen’s and Longmire’s contain different lysing and
protein denaturing reagents (n-Lauroylsarcosine and SDS, respec-
tively Seutin et al., 1991; Longmire et al., 1997) and Longmire’s has
concentrations of both Tris and EDTA that are 10x greater than
Queen’s. Hence, one plausible but speculative explanation is that the
DNA extraction method interacts differentially with storage media.
To determine to what extent averaging multiple estimates can
increase precision, we calculated extrapolated repeatability at the
inter-assay and inter-extraction levels. These calculations showed,
not surprisingly, that averaging rTL estimates from multiple measures
increases precision and these benefits were larger for the least
repeatable (Queen’s-stored) samples (inter-extraction level). A practi-
cal purpose for this approach is to determine how many extractions
are needed to achieve high repeatability. For Queen’s samples, two
rTL measures from DNA extractions increased repeatability substan-
tially, by 0.17, whilst seven extractions are needed to achieve a
repeatability greater than 0.85. Because error reduces effect sizes by
increasing the variance, and therefore statistical power, increasing
precision increases statistical power (Kanyongo, Brook, Kyei-Blank-
son, & Gocmen, 2007). For example, the increase in repeatability
from 0.76 to 0.86 when analysing a second extraction (ethanol at
the inter-extraction level; Figure 3) would increase statistical power
equivalent to a decrease in required sample size by 13% (Table 8
Kanyongo et al. (2007); one-way ANova, three groups, alpha = 0.05,
power = 0.90). Hence, studies can increase statistical power by mea-
suring rTL multiple times, particularly when sample size is con-
strained (increasing sample size usually has more effect on statistical

power than increasing measurement precision).

4.3 | Assessing accuracy: comparing qPCR to TRF

To assess accuracy of rTL estimation by qPCR, we compared rTL to
average PFGE-TRF and found that the two were highly correlated,
within a comparable range to other studies using birds (Criscuolo
et al., 2009) or humans which have little interstitial telomeric repeats
(Cawthon, 2002). The error (lack of correlation) in this instance may
reflect measurement error in both techniques and fundamental dif-
ference in how TL is assessed, possibly related to the presence of
interstitial telomeric repeats, which are included in gPCR rTL mea-
surements, whereas PFGE-TRF as applied here measures exclusively
terminal telomeres, that is at chromosome end (Foote et al., 2013).
Measuring telomere length multiple times and taking a mean
value may increase accuracy. Indeed, the correlation between qPCR
and PFGE-TRF improved by approximately 15% (Figure 2). The
improvement in accuracy when averaging two rTL measures from a
single extraction or averaging two rTL measures from two DNA
extractions was similar in our sample. Hence, our data do not show
any indication that increasing the number of extractions is any more
beneficial than multiple rTL measures from a single extraction. To
quantify the benefit of duplicating rTL estimates, we conducted a
power analysis using the correlation coefficients between qPCR and
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TABLE 1 Summary of steps 1-3 used to identify the optimal procedure for measuring relative telomere length (rTL) using gPCR. Although
the specific recommendations are likely to be relevant to the species used in this study (Malurus coronatus), this table represents a guide of
decision rules for researchers wishing to optimize rTL-gPCR and highlights the importance of assessing repeatability at all levels

Comparisons/approach Decision rule Recommendation for our system
Step 1 DNA extraction method (QlAamp, Puregene, Longest rTL estimates QlAamp
ammonium acetate precipitation)
DNA extraction digestion temperature (56°C or 37°C) Longest rTL estimates 37°C
Step 2  Effect of blood storage medium on rTL Longest rTL estimates Ethanol or Longmire’s
estimate and repeatability (Ethanol, High repeatability at the intra-assay,
Longmire’s lysis buffer and Queen’s lysis buffer) inter-assay and inter-extraction levels
Improving repeatability using multiple measures Depends on limiting factor: Multiple inter-extraction rTLs when
+ Relative cost of extraction/qPCR vs. using Queen’s or low statistical
relative improvement with power
re-extracting/re-qPCR
* Sample number or re-sampling restrictions
» Low statistical power
Step 3 Comparison of rTL to PFGE-TRF High correlation with “gold standard” gPCR adequate

Improving accuracy using multiple measures

PFGE-TRF. Estimating rTL twice from a single extraction reduced
the number of individuals required to be sampled by 25% to achieve
the same statistical power as a single estimate. Studies that are
limited by sample size or investigating small effects may thus quite
simply be able to increase rTL accuracy by measuring rTL a second

time.

44 | Conclusions and recommendations

Our findings indicate that preanalytical steps can alter rTL estimates,
accuracy and precision. Although the specific recommendations are
only relevant to the species used in this study (M. coronatus),
Table 1 lists the steps and decision rules that may impact results if
not considered during optimization. Telomere gPCR was highly
repeatable, with limited variation in intra- and inter-assay repeatabil-
ity. However, assessing repeatability separately at the inter-extrac-
tion level revealed variation in repeatability for different storage
media. Including inter-extraction comparisons is therefore critically
important for the overall method precision and to estimate all poten-
tial sources of error. Our study showed that ethanol, a most com-
monly used storage medium in ecology, yields very good results
when paired with an optimized assay and extraction protocol (Tables
S1 and S2, Figs S1 and S2): ethanol-extracted DNA yielded the lar-
gest rTL estimates; ethanol has high precision that can be improved
10% by averaging a second extraction (Figure 3); ethanol-derived
rTL estimates are accurate (high correlation with PFGE-TRF esti-
mates) and accuracy can likewise be improved 7-9% by averaging
two estimates, from one or two extractions (Figure 4).

Measuring rTL multiple times increases both the precision and
accuracy of telomere gPCR. Sample sizes of free-living animals are
not usually very large, suggesting substantial gains can be obtained
from replicating measurements. Deciding whether to replicate mea-
sures depends on study constraints: although increasing sample size

Depends on limiting factor (see above)

Average multiple rTL measures when
statistical power low

is usually more effective in gaining statistical power, this might be
costly, unethical or simply not possible. Given the significantly
greater effect of repeating the extraction on precision gains, and the
similar effect on gains in accuracy, we would recommend repeating

extractions in such cases.
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