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Abstract
Telomeres, DNA structures located at the end of eukaryotic chromosomes, shorten with 
each cellular cycle. The shortening rate is affected by factors associated with stress, and, 
thus telomere length has been used as a biomarker of ageing, disease, and different life 
history trade-offs. Telomere research has received much attention in the last decades, 
however there is still a wide variety of factors that may affect telomere measurements 
and to date no study has thoroughly evaluated the possible long-term effect of a storage 
medium on telomere measurements. In this study we evaluated the long-term effects of 
ethanol on relative telomere length (RTL) measured by qPCR, using blood samples of 
magpies collected over twelve years and stored in absolute ethanol at room temperature. 
We firstly tested whether storage time had an effect on RTL and secondly we modelled the 
effect of time of storage (from 1 to 12 years) in differences in RTL from DNA extracted 
twice in consecutive years from the same blood sample. We also tested whether individual 
amplification efficiencies were influenced by storage time, and whether this could affect 
our results. Our study provides evidence of an effect of storage time on telomere length 
measurements. Importantly, this effect shows a pattern of decreasing loss of telomere se-
quence with storage time that stops after approximate 4 years of storage, which suggests 
that telomeres may degrade in blood samples stored in ethanol. Our method to quantify 
the effect of storage time could be used to evaluate other storage buffers and methods. 
Our results highlight the need to evaluate the long-term effects of storage on telomere 
measurements, particularly in long-term studies.
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Introduction

Telomeres are non-coding repetitive and conserved DNA sequences located at the ends of 
eukaryotic chromosomes that maintain their integrity (Blackburn 1991). Telomeres in vivo 
are compacted in a chromatin structure that interacts with modified histones, and their ends 
are associated with other proteins forming a complex denominated shelterin (De Lange 
2005). This complex forms a loop (T-loop; Griffith et al. 1999) that protects the single-
stranded 3’ overhang end of the chromosome from the DNA damage response machinery 
that, otherwise, would recognize it as broken DNA and trigger cell replicative senescence or 
its apoptosis (De Lange 2010).

During the replication process, the DNA polymerase cannot replicate the end of the lag-
ging DNA strand (“the end-replication problem”) and telomeres shorten with each cellular 
cycle (Blackburn 1991). When telomeres shorten to a critical length, the cell enters a state 
of replicative senescence or dies via apoptosis (Hemann et al. 2001; Zou et al. 2004). Telo-
meres then also protect the coding DNA sequence from loss during replication and help to 
maintain the proliferative capacity of cells (Blackburn 2000).

Moreover, telomeres constitute fragile sites that are more susceptible to oxidative dam-
age than other parts of the genome and are repaired less efficiently (Petersen et al. 1998; 
Rhee et al. 2011; Coluzzi et al. 2014), so that situations that may cause oxidative stress, such 
as infection or reproduction (Chatelain et al. 2020), may contribute to telomere loss. This 
loss can result in an accumulation of defects that may affect the function of the different 
tissues leading to organismal ageing and disease; (López-Otín et al. 2013; Blackburn et al. 
2015) but may also link lifespan and lifestyle (Monaghan and Haussmann 2006) and help to 
understand how individuals deal with stressful circumstances (Haussmann and Marchetto 
2010; Monaghan 2014). For these reasons, telomere biology has become an important topic 
in different areas of research, such as epidemiology or evolutionary ecology.

The study of telomeres in natural populations has received considerable attention in the 
last two decades (Monaghan et al. 2018). Telomeres may play an important role in mediat-
ing different life-history trade-offs (Young 2018), and telomere length have been shown to 
be correlated with, for example, survival (Wilbourn et al. 2018) or reproductive success 
(Eastwood et al. 2019) in a variety of taxa. Besides, the rate at which telomeres shorten is 
also related to growth (Monaghan and Ozanne 2018), the costs of reproduction (Sudyka 
et al. 2019), environmental conditions (Spurgin et al. 2018; Foley et al. 2020) or lifespan 
(Whittemore et al. 2019), and thus, both telomere length and its dynamics may give us 
insights into the life history strategies of individuals.

There are different methods available to estimate telomere length (Nakagawa et al. 2004; 
Nussey et al. 2014), although telomere measurement using real-time quantitative PCR 
(qPCR; Cawthon 2002, 2009) has probably become the most widespread method in all areas 
of telomere research (Pepper et al. 2018; Morinha et al. 2020a). qPCR is an inexpensive 
and fast method that only requires a small amount of DNA (Cawthon 2002) and estimates 
a relative telomere length (RTL) as the ratio between the amount of telomeric sequence (T) 
and the amount of sequence of a single-copy reference gene (S) amplified from the same 
sample. However, several factors can impact telomere measurement by qPCR (reviewed in 
Morinha et al. 2020a) and there is still heterogeneity regarding sample collection, storage 
and DNA extraction methods. This is especially important in the case of long-term studies, 
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where samples taken at some point can be analysed quite a long time after collection; in 
some instances, samples may have not been intended for measuring telomeres.

Different studies have evaluated the impact of different storage methods on telomere 
measurements. For example, Reichert et al. (2017) found differences in telomere length 
estimations depending on the storage method in short-term and long-term stored samples, 
but the effect of storage could be confounded by different extraction methods, which have 
already been shown to impact telomere measurements by qPCR (Cunningham et al. 2013; 
Tolios et al. 2015; Raschenberger et al. 2016; Eastwood et al. 2018).

Ethanol is widely used for the long-term storage of blood samples (Kilpatrick 2002; 
Camacho-Sanchez et al. 2013), since it is easy to obtain, found in most labs, inexpensive 
and maintains DNA quality for a long period at room temperature. It has also been shown 
to be a good blood preservation method for telomere measurement by qPCR compared to 
other storage buffers (Eastwood et al. 2018) and that it yields a high correlation between 
TL measurements by qPCR and terminal restriction fragment assay (correlation coefficients 
r ranged from 0.68 to 0.74). However, the suitability of ethanol as a long-term storage 
medium for samples used in telomere measurements has not previously been tested.

Here, we present a test of the effect of long-term preservation of blood samples in abso-
lute ethanol at room temperature on telomere length measurement by qPCR. We aim, (i) to 
test if the number of years that samples had been stored in ethanol affects telomere length 
measurements, using samples stored between 1 and 12 years. Secondly, (ii) we aim to model 
how the differences in the estimation of RTL from DNA templates extracted from the same 
blood sample in two consecutive years depend on the duration of storage (1 to 12 years).

Methods

Sample collection and study design

All the samples were collected from a population of Eurasian magpies (Pica pica) located in 
La Calahorra, Granada, South-eastern Spain (37°10′N, 3°03′W). This population has been 
monitored since 2005, and blood samples (about 100 µl) from adults and chicks have been 
collected during each breeding season (March - July) and kept in one millilitre of absolute 
ethanol (Analytical Reagent Grade) at room temperature for future analysis.

Blood samples were taken from 143 magpies, 118 corresponded to chicks that were sam-
pled soon before fledging, during each breeding season from 2005 to 2017 (age class = 0); 
and 25 samples corresponded to adult magpies (age class = 1), that were captured during 
breeding in the same period. Genomic DNA was extracted from the erythrocytes of the 
whole blood samples by the ammonium acetate precipitation method following exactly the 
same protocol for all samples (Richardson et al. 2002) between October and November of 
2016, 2017 or 2018 and stored at -20ºC. Relative telomere length (RTL) of these samples 
was estimated by real-time PCR method (see below).

To test whether long-term storage in ethanol could have an effect on the estimates of 
telomere length we used 91 blood samples that had been stored in absolute ethanol up to 
eleven years in 2016 (Fig. 1). We extracted DNA from the blood samples and measured 
their RTL in 2016, and, one year later (2017), we then performed a second DNA extraction 
in 2017 from the same samples and used this DNA to measure their RTL again. We ensured 
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that ethanol volume was at least ten times larger than sample volume in all cases (Barrett et 
al. 2012). We could then check whether there were differences in RTL of samples stored in 
ethanol between consecutive years and whether these differences were related to the time 
that samples had been stored in ethanol before the second DNA extraction (1 to 12 years). 
We used between 2 and 23 blood samples taken per year between 2005 and 2016 (mean 
(SD): 6.4 samples per year (3.7)). Unfortunately, we were unable to perform the second 
DNA extraction from the samples obtained in 2013 and 2012, so we did not have data of 
samples stored for 4 and 5 years.

Telomere length measurements by qPCR

All laboratory analyses were carried out at the NERC Biomolecular Analysis Facility of the 
University of Sheffield (United Kingdom).

DNA sample concentrations were measured using a NanoDrop 8000 Spectrophotometer 
(ThermoScientific™, Waltham, USA); samples were then diluted to 25 nanograms/micro-
litre. DNA quality was assessed by agarose gel electrophoresis in a subset of the oldest 
samples. We additionally performed a high sensitivity D1000 ScreenTape electrophoresis 
assay with an Agilent 4200 TapeStation system (Agilent Technologies, Santa Clara, USA) in 
genomic DNA from 4 samples that were extracted twice (in two consecutive years) to assure 
the integrity of the DNA (see Figs S2, Supplementary material).

Telomere length was assessed by real-time PCR (qPCR) in a monochrome multiplex 
reaction (Cawthon 2009) with some modifications. We used telc and telg primers for the telo-
mere sequence (Cawthon 2009) and Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) 
as the reference gene. For this gene, we designed a pair of specific primers for magpies from 

Fig. 1  Scheme illustrating the study design: green arrows represent the years when samples were taken; red 
triangles represent when samples were extracted and their RTL were measured; storage time is the number of 
years that samples were stored before their second extraction
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the GenBank Pica pica Sequence: EF052752. This primer set was clamped with two gua-
nine-cytosine tails on their 5’ to elevate their melting temperature (Tm), to allow us to sepa-
rate the amplification of the telomere sequence and the GAPDH sequence within the same 
reaction (see Cawthon 2009 for further explanations). The size of the product amplified with 
this primer set was 97 bp, similar to the fixed length telomere product. The sequence of the 
forward and reverse primers for GAPDH including the clamp are 5’- CGGCGGCGGGC-
GGCGCGGGCTGGGCGGAGCC-AAAGTGGCTCCAATCCCACT-3’ and 5’-GCCC-
GGCCCGCCGCGCCCGTCCCGCCG-CTGAACTCCCATCCACCCT-3’, respectively. 
Primer concentration was 900 nM for both pairs of primers and DNA concentration was 25 
nanograms per reaction. Reaction volume was 20 µl containing 10 µl of SYBR ™ Select 
Master Mix (Applied Biosystems™, Warrington, UK).

Each sample was run in duplicate, loaded manually in MicroAmp Fast Optical 96 Well 
Plates and sealed with MicroAmp Optical Adhesive Film (Applied Biosystems™, War-
rington, UK). Samples were randomly distributed on 29 different plates (along with samples 
belonging to a different study) to avoid bias regarding the year of sampling. All qPCR 
assays were performed in a QuantStudio 12 K Flex qPCR instrument (Applied Biosys-
tems™, Warrington, UK) and the thermal cycling profile was as follows: Hold Stage: 2 min 
at 50ºC, 2 min at 95ºC; Stage 1: 2 cycles of 15 s at 94ºC, 10 s at 49ºC; Stage 2: 40 cycles of 
15 s at 94ºC, 10 s of 62ºC, 15 s at 74ºC with signal acquisition (for the telomere amplifica-
tion), 10 s at 84ºC, 15 s at 86 ºC with signal acquisition (for the GAPDH amplification); 
Melt curve stage: 15 s at 95ºC, 1 min at 60ºC, 15s at 95ªC. The melting curve allowed us 
to confirm the presence of both amplicons and to evaluate the specificity of the primers 
(Morinha et al. 2020b).

Each plate included two no-template controls (NTC) and serial dilutions by duplicate 
(80, 20, 5, 1.25, 0.3125 nanograms/microlitre) of DNA from the same sample. The 20 nano-
grams/microliter sample of these serial dilutions constituted the calibrator sample, and was 
used to calculate inter-plate variation and normalized all T/S ratios. We used the software 
LinRegPCR (Ruijter et al. 2009) to subtract baseline fluorescence and to calculate indi-
vidual efficiencies and Cq values (cycle at which amplification crosses a fixed threshold) for 
each well and amplicon (for the telomere sequence and GAPDH amplifications). T/S ratios 
were calculated following the method described by (Pfaffl 2001):

	
T/S =

E
∆CqTL(calibrator−sample)
TL

E
∆CqGAPDH(calibrator−sample)
GAPDH

Where E is the average efficiency of all the reactions in a plate (for telomere sequence and 
GAPDH amplifications, respectively), and ∆Cq is the difference between the average Cq 
value of the calibrator sample and the Cq value of the sample being analysed (for each 
sequence, respectively).

Amplification efficiencies were on average 1.94 (0.04) for telomeres and 1.90 (0.03) for 
GAPDH. The average intra-plate standard deviations of Cq values were on average 0.079 
(0.017) for telomeres and 0.078 (0.018) for GAPDH. Intra-plate and inter-plate T/S ratio 
standard deviations were on average 0.036 (0.007) and 0.063 (0.033), respectively. R² for 
the log-linear phase of the amplification curve were on average 0.99 (0.0003) for telomeres 
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and 0.99 (0.003) for GAPDH. Samples whose standard deviation of T/S ratios between 
replicates was over 0.05 were excluded from further analysis.

T/S ratios varied between 0.21 and 2.14. All T/S ratios were normalized to account for 
inter-run variability by dividing the average T/S ratio of the duplicates of each sample by 
the average T/S ratio of the calibrator sample of the plate where the sample was run. This 
normalized value is our estimate of relative telomere length (RTL).

Statistical analyses

All statistical analyses were performed in R version 4.2.0 ( R Core Team 2020). All continu-
ous variables were z-standardized and categorical variables were mean-centered (Schielzeth 
2010).

Sample storage duration and RTL

To explore whether the time (years) that samples had been preserved in ethanol affected 
the estimation of RTL, we constructed a linear mixed model (LMM, package lme4 ver-
sion 1.1–29; Bates et al. 2015) in which RTL was the dependent variable and the number 
of years of storage (storage time) and the age class of individuals when sampled (chick: 
0, adult: 1) were also included as factors. Visual inspection of the raw data suggested that 
the relationship between the difference in RTL and storage time (number of years elapsed 
between blood sampling and the second DNA extraction) could be polynomial, so we tested 
whether including a quadratic and a cubic term of the storage time significantly improved 
the model fit. The linear model significantly differed from the quadratic model (χ2 = 50.1, 
p-value < 0.001) and the quadratic model significantly differed from the best fitting cubic 
model (χ2 = 33.7, p-value < 0.001; see Table S1, Supplementary material for a comparison 
of the three models), so we finally included storage time and its orthogonal polynomials of 
degree two and three as continuous fixed effects. We also included as random factors indi-
vidual identity to account for the samples that had been extracted twice and nest identity 
because there were siblings in our data set. The analysis initially included 234 DNA samples 
extracted from 143 blood samples (individuals) belonging to 117 nests, but 5 samples were 
excluded because they didn’t meet our inclusion criteria, so the final sample size used for the 
analysis was 229 samples extracted from 139 individuals belonging to 114 nests.

We additionally used 91 samples that had been extracted twice in two consecutive years 
and constructed a linear mixed model (LMM, package lme4 version 1.1–29; Bates et al. 
2015) in which RTL of the second extraction was the dependent variable and the RTL of 
the first extraction, the number of years that the sampled had been stored before the second 
extraction (storage time) and the two-way interaction between them were included as fixed 
effects; individual age class when sampling (chick: 0, adult: 1) was included as a factor. Age 
class when sampling was not significant (β = 0.01; 95% CI = -0.07, 0.08; t = 0.41; p = 0.69) 
and explained little variance, so it was not included in the final model. Nest identity was 
included as a random effect. Three samples initially included in this analysis did not meet 
our inclusion criteria, so were excluded alongside their paired sample.

We also tested whether RTL in the first extraction was greater than RTL in the second 
extraction using a one-tailed paired T-test.
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Modelling the effect of storage time on RTL estimation

We also used 88 blood samples (those extracted twice in two consecutive years) to model 
how RTL could vary depending on the duration of storage (1 to 12 years). To this aim, we 
constructed a linear model (LM) in which the difference in RTLs estimated using two DNA 
samples extracted in two consecutive years from the same blood sample was the dependent 
variable, and we included storage time and its orthogonal polynomials of degree two and 
three as continuous fixed effects, although the last one was dropped from the model because 
it was not significant (β = -0.0001; 95% CI = -0.07, 0.08; t = -0.38; p = 0.70) and explained 
little variance. The first estimate of RTL was also included as a continuous fixed effect. This 
model would allow us to estimate for each sample the relative amount of telomere sequence 
lost (differences in RTLs) depending on the time of storage and determine any temporal 
pattern.

The difference in RTLs and the first estimated RTL are not statistically independent, and 
this dependency can lead to a biased estimate of the relationship between these two vari-
ables caused by a statistical artefact called “regression to the mean” (Barnett et al. 2005). 
For this reason we additionally constructed a LM in which the differences in RTL were cor-
rected for this effect using the equation described in Verhulst et al. (2013) so that a corrected 
value for the differences (D) was the dependent variable and the first estimate of RTL was 
included as continuous fixed effect.

Individual amplification efficiencies

We tested whether storage time could have an effect on individual amplification efficien-
cies and their differences by constructing three linear mixed models (LMMs, package lme4 
version 1.1–29; Bates et al. 2015) with all the RTLs used in this study (N = 229) in which 
alternatively, individual efficiency of the telomere amplification, individual efficiency of 
the GAPDH amplification and the differences between both efficiencies were the depen-
dent variables, with storage time included as a fixed effect and plate identity included as a 
random factor. Additionally, we tested whether differences in individual efficiencies could 
affect the estimation of differences between RTLs of the same sample extracted twice in two 
consecutive years by constructing a linear model in which this difference was the dependent 
variable and storage time, the differences in efficiencies between telomere and GAPDH 
amplification from the first extraction, the differences in efficiencies between telomere and 
GAPDH amplification from the second extraction and two two-way interactions between 
storage time and the differences in efficiencies from both extractions were included as fixed 
effects.

Well position effects

We used a subset of 9 plates to ascertain whether our RTL estimates could be affected by 
well position effects, this is, variations in RTLs due to variations in temperature across the 
qPCR instrument heating block. We then constructed a linear model in which individual 
well T/S ratio was the dependent variable and the well closest distance to the x-axis edge of 
the plate (from 0 to 3) and the well closest distance to the y-axis edge of the plate (from 0 
to 5) were included as fixed effects. Standard samples and NTC were always placed in the 
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Table 1  Factors affecting RTL of magpies’ blood samples stored in ethanol (N = 229 DNA samples, 139 blood 
samples (individuals), 114 nests)
Fixed effects β Lower 

CI
Upper 
CI

df t p-value

Intercept 0.03 -0.12 0.25 109 0.41 0.68
Storage time -6.74 -9.70 -4.20 159 -4.80 < 0.001
Storage time2 7.15 5.54 9.05 176 8.38 < 0.001
Storage time3 -3.62 -4.81 -2.52 133 -6.22 < 0.001
Age class -0.24 -0.76 0.24 138 -0.93 0.35
Random effects σ σ²
Individual identity 0.66 0.44
Nest identity 0.67 0.45
Results of a LMM testing the effect of the duration of storage (years) in ethanol of blood samples, the 
polynomials of degree 2 and 3 of the duration of storage, age class at sampling (whether the individual was 
sampled as a chick or an adult) on the estimated RTL. 95% CI were calculated by parametric bootstrapping; 
p-values and df were calculated by the Kenward-Roger approximation (package lmerTest version 3.1-3 
(Kuznetsova et al. 2017)). Marginal R²: 0.30; Conditional R²: 0.93 (calculated following Nakagawa & 
Schielzeth (2017); package piecewiseSEM, version 2.1.2 (Lefcheck 2016)). Reference level for Age 
class = chick. Significant estimates are in bold

Fig. 2  RTLs of samples extracted twice in consecutive years depending on the storage time before the second 
extraction (N = 88). Solid lines represent regression lines and the dash line represents the regression line y = x
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same well positions and thus were excluded from this analysis which finally included 756 
T/S ratios.

Results

Sample storage duration and RTL

There was a significant cubic relationship between the number of years a sample had been 
stored and the RTL estimated from it (Table 1), and samples that had been preserved for 
more years tended to have shorter RTL (Figure S1, Supplementary material). On the other 
hand, there were no significant differences in RTL between samples from fledglings and 
adults in our data set (Table 1).

RTLs obtained from the second extraction of samples extracted twice in consecutive 
years differed from RTLs of first extraction depending of the storage time (Table 2; Fig. 2).

Fig. 3  Differences in RTLs from the same ethanol stored blood sample extracted in two consecutive years 
depending on the storage time (number of years) before the second extraction (N = 88). Solid line represents 
the regression line and shaded area represents the 95% confidence interval
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Indeed, RTLs obtained from the second extraction were significantly smaller than RTLs 
from the first extraction (one-tailed T-test: t = -3.62, df = 87, p < 0.001), and this difference 
was driven by RTLs of the second extraction being smaller for the samples that had been 
stored for 1 to 3 years (one-tailed T-test: t = -9.07, df = 25, p < 0.001), but not for the samples 
that had been stored for a longer period of time (one-tailed T-test: t = -2.82, df = 61, p = 0.99).

Modelling storage-time effects on RTL

The differences in RTL decreased for samples stored between one and four years until they 
drop to approximately zero (Table 3; Fig. 3). This suggests that there is degradation of telo-
meres causing shortening during the first four years of storage in ethanol and then the degra-
dation stops. Our results also suggest that this degradation is dependent on telomere length, 
as the first RTL is positively and significantly related to the differences in RTL (Table 3) and 
this relationship is not a result of a regression to the mean effect since the corrected value 
(D) was significantly explained by RTL1 (see Supplementary material Table S2).

Individual amplification efficiencies

Individual amplification efficiencies were negatively affected by storage time for both telo-
mere and GAPDH sequences, however the difference between both efficiencies was not 
(Table S3). Indeed, the differences in efficiencies between both sequences from the first and 
the second extractions in relation to storage time did not seem to affect the differences in 
RTLs of the same sample extracted twice in two consecutive years (Table S4).

Well position effects

Individual well T/S ratios were not related to the well closest distance neither to x-axis 
(β = 0.001, CI = -0.02, 0.03; t = 0.12; p = 0.90) nor to y-axis edge (β = 0.006, CI = -0.01, 0.02; 
t = 0.75; p = 0.45).

Discussion

Our study presents the first comprehensive evaluation of the long-term effect of a storage 
medium on the estimation of relative telomere length. Different studies have shown that 
different storage media or conditions may affect T/S estimates, however, most of them have 
been carried out in the short-term. Only one study analysed RTLs of bird samples taken 
longitudinally over 14 years and stored in different ways, finding evidence of degradation/
fragmentation in DNA extracted from blood samples stored in dried blood spot cards, result-
ing in shorter RTLs (Reichert et al. 2017) compared to samples stored as frozen whole blood 
or frozen extracted DNA, and also to samples that had been stored dried blood spot cards 
for two months. On the contrary, a different study found that samples stored as dried blood 
spot cards yielded higher RTLs compared to frozen whole blood, but in a shorter storage 
time (9 days; Zanet et al. (2013)). Other studies have evaluated storage media and/or storage 
conditions such as temperature on telomere measurements (Dagnall et al.; Tolios et al. 2015; 
Eastwood et al. 2018), finding differences in RTLs depending on the storage medium and 
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not on the temperature; again, the storage time was short (up to 7 months) in those cases. 
Some studies have used ethanol to preserve samples in the long term and one of them has 
reported no storage time effect of ethanol at room temperature in RTL of a subset of samples 
(Spurgin et al. 2018b), but the authors do not provide information about how long samples 
were stored before DNA extraction.

Our first cross-sectional analysis showed that there is a negative cubic effect of the time 
samples are stored in ethanol at room temperature on their relative telomere length estimates 
(Table 1). Although we cannot discard that telomere length in our study population has 
changed over the study period, maybe because some unknown environmental factor affect-
ing telomere length has changed over the years, causing an increase in telomere length, we 
think this is an unlikely explanation. First, our population has not shown any other linear 
trend in other reproductive variables during the study period. Second, the samples used in 
this study are a mix of individuals of many different ages, which makes very difficult to 
record a hypothetical positive trend in telomere length over the years; because many of them 
were not sampled in the year they were born, for a particular year samples used consist of 
some individuals born that year and many others of different ages. This data structure would 
not recover a temporal change in telomere length related to some environmental variable. In 
the same way, we think we can discard the possibility that we could have randomly selected 
individuals with longer telomere length in recent years, which would lead to the same pat-

Table 2  Model evaluating the effect of interaction between RTL of the first extraction and storage time on 
the RTL on the second extraction from the same blood sample extracted in two consecutive years (N = 88 
samples, 77 nests)
Fixed effects β Lower 

CI
Upper 
CI

df t p-value

Intercept 0.08 -0.003 0.18 75 1.83 0.07
Storage time 0.54 0.44 0.65 76 10.9 < 0.001
RTL1 1.15 1.05 1.25 82 21.2 < 0.001
Storage time*RTL1 0.19 0.10 0.29 84 4.38 < 0.001
Random effect σ σ²
Nest identity 0.25 0.06
Results of a LMM testing the effect of the ethanol storage time, the first RTL (RTL1) and a two way 
interaction between them on the second RTL from the same blood sample extracted in two consecutive 
years. 95% CI were calculated by parametric bootstrapping; p-values and df were calculated by the 
Kenward-Roger approximation (package lmerTest version 3.1-3 (Kuznetsova et al. 2017)). Marginal R²: 
0.85; Conditional R²: 0.92 (calculated following Nakagawa & Schielzeth (2017); package piecewiseSEM, 
version 2.1.2 (Lefcheck 2016)). Significant estimates are in bold

Table 3  Model evaluating the effect of ethanol storage duration on differences in RTLs from the same blood 
sample extracted in two consecutive years (N = 88 samples)
Fixed effects β Lower 

CI
Upper 
CI

df t p-value

Intercept 0.0 -0.09 0.09 3,84 0.0 1
Storage time -5.50 -6.47 -4.52 3,84 -11.19 < 0.001
Storage time ² 0.92 0.02 1.83 3,84 2.03 0.045
RTL1 0.44 0.33 0.55 3,84 8.06 < 0.001
Results of a LM modelling the effect of the ethanol storage time and the first RTL (RTL1) on the difference 
in RTLs from the same blood sample extracted in two consecutive years. Multiple R²: 0.82; adjusted R²: 
0.82. Significant estimates are in bold
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tern, because the methods used to capture and sample individuals (either adults or chicks) 
have not changed in recent years.

In any case, our second analysis showed that the second RTL of samples extracted twice 
in consecutive years is smaller than the first RTL only for those samples that had been stored 
between one and three years (Table 2; Fig. 2). Indeed, when we model how the storage 
time affects the differences in RTL between those paired samples (Table 3) we observe that 
telomeres suffer from degradation during the first 3 or 4 years of storage, and after this time 
further degradation appears to halt (Fig. 3).

The loss of telomere sequence between consecutive DNA extractions is not likely to be 
due to genomic DNA degradation, since in that case, samples stored for larger periods of 
time should experience higher levels of telomere sequence loss; however, our data show the 
opposite pattern: samples stored for fewer years before the first RTL estimation lost more 
telomere sequence between two consecutive DNA extractions and RTL estimations. Indeed, 
high sensitivity D1000 ScreenTape electrophoresis didn’t show degradation in samples that 
were stored one year before the second extraction (Supplementary material, Fig. S2). Also, 
although individual efficiencies may be affected by storage time, this effect is similar for 
both telomere and GAPDH sequences and relatively small (Table S3). Only a differential 
change in individual efficiencies between telomere and GAPDH amplifications over the 
time could have yielded the pattern of telomere loss found in our study, and this seems not 
to be the case (Table S4).

One possible explanation for this phenomenon could be related to telomere composition 
and structure itself: telomere repeats are rich in guanine, which is the base most susceptible 
to oxidation (Wang et al. 2010), and they constitute fragile sites that are susceptible to accu-
mulate oxidative damage (Petersen et al. 1998). This damage can be caused by exogenous 
sources and/or cell metabolism (De Bont and van Larebeke 2004). Moreover, telomere dam-
age is repaired less frequently than other parts of the genome (Coluzzi et al. 2014; Rhee et 
al. 2011) and the 3’ overhang lacks a complementary template to be repaired from (Ahmed 
and Lingner 2018). In vivo, telomeres are usually protected by the shelterin complex until 
damage can be repaired, and this complex also regulates their repair (De Lange 2005). 
However, when cells (erythrocytes in this case) are placed in ethanol, the shelterin proteins 
lose their tertiary structure and precipitate and t-loops are disarranged, leaving the telo-
mere sequence and its fragile sites exposed. It could be also possible that, due to the polar 
nature of its hydroxyl group, ethanol could dissolve reactive oxygen species or other oxidiz-
ing agents already present in the cell that would continue damaging the exposed telomere 
sequence until these agents are reduced. This could explain the temporal pattern of telomere 
degradation that we have found (Fig. 3). Moreover, the size of the t-loop correlates with 
telomere length (Griffith et al. 1999), which could also explain the length dependent degra-
dation (Table 3). This explanation also suggests that the amount of telomere shortening that 
a sample suffers could also depend on the redox balance of their cells in the time of sam-
pling, what would explain the percentage of variance not explained by our model (Table 3).

Storage-time effect

Our design allowed us to evaluate the long term effect of storage (up to 12 years) in only 
two years. This kind of design promises to be a useful tool to evaluate this kind of effects in 
a short period of time and could be applied to any other storage conditions and methods for 
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telomere measurement. We have also showed that storage in absolute ethanol at room tem-
perature has long-term effects on telomere measurement, contrary to what was suggested 
by a previous study (Eastwood et al. 2018). In the cited article, authors compared RTLs 
obtained from the same samples stored in absolute ethanol and other two storage media 
for 7 months at 4ºC; they also compared those RTLs with absolute measures of telomeres 
obtained by pulse gel electrophoresis terminal restriction fragment analysis and concluded 
that ethanol was the best preservative among the 3 tested. Our study differs on the time that 
samples were kept in ethanol and the temperature at which they were stored, what could be 
a key factor in the degradation process. In any case, storage effects should be tested when 
ethanol is used as preservative. Different studies and reviews emphasize the need of keep-
ing a consistent method for sampling and storage as the best strategy (Nussey et al. 2014; 
Reichert et al. 2017; Morinha et al. 2020a). However, we have shown here that even under 
constant conditions, loss of telomere sequence may occur and that other factors such as the 
initial telomere length of the sample when it was collected can have an effect in this loss.

The only way to experimentally determine a correction coefficient would be to obtain 
RTL measurements from freshly collected samples, and after a few years re-estimate RTL 
and then validate the correction, but even in this way, differences in procedures between 
years may have an effect in the correction. Pre-analytical and analytical conditions are con-
sidered as an important source of error in RTL measurements by qPCR and could have 
influenced our results (Morinha et al. 2020a); however, we have tried to reduce this possible 
effect in different ways: all samples were extracted using exactly the same protocol; we have 
used multiplex qPCR instead of singleplex PCR, which reduces pipetting mistakes; samples 
collected in different years were randomly distributed in the plates; we have normalized all 
T/S ratios to account for inter-run differences and thus between years; we have also tested 
whether a change in individual efficiencies of both sequences could have yielded the pat-
tern found and we have tested in a subset of samples whether well position effects could 
have influenced RTL measurements. Moreover, although our experimental design included 
some gaps, such as lack of data for samples stored for 4 and 5 years and low sample size 
in samples stored for 2 and 3 years, the explanatory power of the model suggests that the 
results are consistent (R², Table 3).

Consequences of telomere degradation

Different longitudinal studies have reported that a small percentage of individuals show 
telomere elongation in tissues in which telomeres are commonly not elongated (Gorbunova 
and Seluanov 2009). In most cases, this anomaly has been attributed to measurement error 
(e.g. Salomons et al. 2009; Chen et al. 2011; Steenstrup et al. 2013) and although elongation 
can be disentangled from measurement error (Simons et al. 2014), this method requires quite 
large sample sizes and multiple samples from the same individual, which can be difficult 
to achieve for determined species in wild populations. However, the possible degradation 
of telomeres during preservation has been rarely considered, though, a length dependent 
shortening of telomeres during sampling storage along with inconsistencies in the time past 
between sampling and DNA extraction could be responsible of an apparent elongation of 
telomeres: if some time pass between the sampling of blood and DNA extraction in a set of 
individuals, which are later re-sampled and their DNA extracted straight away, we expect 
telomere degradation in the first set of samples (first telomere length measurement), but not 
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in the second set of samples (non-degraded telomeres), in such a way that the second mea-
surement could produce larger telomeres estimates than the first measurement, in particular 
in individuals with larger telomeres, because long telomeres would shorten during storage 
more that short telomeres; this would result in a false elongation effect in the second sam-
pling only apparent in a subset of individuals with longer telomeres. Recently many stud-
ies are finding low individual consistency in telomere length across individuals´ life with 
some individuals showing telomere elongation (Fairlie et al. 2016; Spurgin et al. 2018a), 
suggesting a complex and dynamic relationship between telomere length, environmental 
effects and physiology; however, as we have shown here, the possible effect of storage must 
be carefully evaluated before drawing inferences about the biological meaning of telomere 
elongation.

On the other hand, the effect of telomere shortening during storage could also be con-
founded to some extent with cohort effects in longitudinal studies. In this type of studies 
samples from different years are commonly stored for different periods of time before being 
extracted and/or analysed, and the possible effect of long-term storage on telomere measure-
ments should be carefully evaluated. Ignoring long-term storage effects can lead to errone-
ous inferences about changes of telomere length in natural populations with time or about 
the possible relationship of year related variables, such as environmental variables, with 
telomere length and telomere dynamics.

Conclusions

Our study provides evidence that storage time affects telomere length measurements when 
blood samples are stored in ethanol at room temperature. Specifically, this effect shows a 
temporal pattern of loss of telomere sequence during the first 3 or 4 years of storage, after 
which the loss halts. We also present a method to quantify the effect of storage time. This 
approach could be used to evaluate other methods of storage and types of storage media. 
Our results stress the need to evaluate long-term effects of sample storage on telomere mea-
surements. This is an important consideration in long-term studies where samples were not 
originally intended for telomere measurements but stored and are used for telomere analysis 
at a later date.
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