Telomere length in early life predicts lifespan
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The attrition of telomeres, the ends of eukaryote chromosomes, is
thought to play an important role in cell deterioration with advancing age. The observed variation in telomere length among
individuals of the same age is therefore thought to be related to
variation in potential longevity. Studies of this relationship are
hampered by the time scale over which individuals need to be
followed, particularly in long-lived species where lifespan variation is greatest. So far, data are based either on simple comparisons of telomere length among different age classes or on
individuals whose telomere length is measured at most twice
and whose subsequent survival is monitored for only a short proportion of the typical lifespan. Both approaches are subject to bias.
Key studies, in which telomere length is tracked from early in life,
and actual lifespan recorded, have been lacking. We measured
telomere length in zebra ﬁnches (n = 99) from the nestling stage
and at various points thereafter, and recorded their natural lifespan (which varied from less than 1 to almost 9 y). We found
telomere length at 25 d to be a very strong predictor of realized
lifespan (P < 0.001); those individuals living longest had relatively
long telomeres at all points at which they were measured. Reproduction increased adult telomere loss, but this effect appeared
transient and did not inﬂuence survival. Our results provide the
strongest evidence available of the relationship between telomere
length and lifespan and emphasize the importance of understanding factors that determine early life telomere length.
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nderstanding the physiological processes underlying variation in lifespan is of central importance to evolutionary
ecology, biomedical research, and conservation science (1). One
cellular mechanism thought to be particularly important in this
regard is the attrition of telomeres (2). Telomeres are highly
conserved, noncoding, repetitive sequences of DNA that, together with a number of shelterin proteins, form caps at the ends
of eukaryotic chromosomes, enabling chromosome ends to be
distinguished from double-stranded breaks (3). In the absence of
restoration, telomeres shorten during each round of normal somatic cell division because RNA polymerase cannot completely
replicate the lagging strand (3, 4). The loss of DNA from the
telomeric cap protects the coding sequences from attrition and
also limits cell replicative potential; once telomeres reach a critically shortened length, cells stop dividing and enter a state of
replicative senescence (3, 5). Telomere loss can be prevented by
the enzyme telomerase, a ribonucleoprotein that adds telomeric
sequences to telomere ends (6). However, in long-lived mammals, after embryogenesis, telomerase is down-regulated in most
somatic tissues, which is thought to have evolved as a tumorsuppressing mechanism (7). The pattern in birds is less well
understood, but in some species, like the zebra ﬁnch Taeniopygia
guttata, the pattern is similar to that in long-lived mammals (8–
10). Progressive telomere shortening has been linked to both
normal aging and to various degenerative diseases in a wide
range of studies mainly in humans and mice (2), and telomere
lengthening has been shown to have a restorative effect (11).
Thus, intraspeciﬁc variation in age-speciﬁc telomere length is
expected to be a good indicator of biological age.
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Average telomere length in cell samples has been found to
decrease with donor age in a number of cell types in diverse taxa
(12, 13). Individuals with longer telomeres have been reported to
have a longer subsequent lifespan in some studies of vertebrate
species, with the predictive power of age per se being lower (12,
13). Other studies have not found such a relationship, and the
results in humans in particular have been mixed (14–16). However, because most of these studies have been cross-sectional
(i.e., repeat samples were not collected from the same individuals
throughout life) it is not possible to separate within-individual
effects from population-level processes such as cohort effects or
prior selection events producing sample biases. The few longitudinal studies that do exist suggest that telomere attrition is
greatest during early life when growth and development are still
occurring (17–20). Those studies that have examined the relationship between telomere dynamics and survival have measured telomere length at a single life-stage (early or late in life)
and/or monitored survival over a short period of the lifespan. In
the case of human studies, telomere measurement has often
been made when the individuals involved were already old or
very old (13). Accordingly, we do not know whether those individuals with relatively long telomeres early in life are those
whose total life expectancy is greatest nor have we yet been able
to assess whether biases are created when only relatively old
individuals are sampled. Furthermore, because variation in the
rate at which telomere loss occurs may be indicative of variation
in exposure to agents that cause more widespread damage to
macromolecules, longitudinal studies are also needed to assess
whether telomere length or loss rate is a better predictor of
longevity (12, 13). The key studies that need to be done to address these questions require telomere length to be monitored
from early life in groups of normally aging individuals whose
natural lifespans are then recorded.
Individuals of the same age generally vary greatly in telomere
length (13). Some of this variation is due to genetic factors (21),
but the environmental factors that inﬂuence telomere loss are
also likely to be very important (22–25). Evidence is accumulating
that some of these environmental effects are likely to be mediated
by exposure to oxidative stress, which might accelerate telomere
loss (26, 27) or increase cell turnover rates (28). Metabolically
expensive activities such as reproduction might increase telomere
loss if individuals are unable to up-regulate antioxidant defenses
and/or activate telomere restoration processes to the required
extent. Because individuals might adjust reproductive effort to
their physiological capability, thereby minimizing adverse effects,
experimental manipulations of effort are essential if we are to
understand the mechanisms causing telomere attrition. Such data
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Results
Telomere length declined with age (F5, 158.92 = 20.92, P < 0.001),
with loss being most marked during the ﬁrst year (Fig. 1). The
pattern did not differ signiﬁcantly between the sexes (F1, 81.22 =
1.571, P = 0.214). Data plotted at the individual level are shown
in Fig. S1. We found that engaging in reproduction accelerated
telomere shortening. Those birds that bred had a greater average
telomere attrition between 25 d and 1 y than those that were
prevented from reproducing during this period (F3, 73.852 = 3.55,
P = 0.018, Fig. 2A); the number of times they were allowed to
breed during that year had no effect. Consequently, the birds in
the reproductive treatments had signiﬁcantly shorter telomeres at
1 y than those in the nonreproductive treatment (F3, 72.29 = 2.739,
P = 0.050, Fig. 2B). However, this effect of reproduction on
telomere length did not persist; when telomere length was measured at the next sampling point (3 y, by which time the reproductive treatment had ceased), there was no measurable effect
of reproduction on telomere length (F3, 20.10 = 0.762, P = 0.528),
but the number of birds measured at this point was reduced.
There was a highly signiﬁcant relationship between early life
telomere length and longevity: individuals that had longer telomeres at 25 d had a signiﬁcantly longer lifespan (F1, 86.11 = 16.75,
P < 0.001, Fig. 3). There was substantial variation in the magnitude of telomere loss over the ﬁrst year of life (mean change in

B

Fig. 1. Relationship between mean telomere length (± SEM, measured by
T/S ratio using qPCR) and age at measurement in 99 zebra ﬁnches. The ﬁrst
sample (shown as year = 0) was collected at 25 d. The data are plotted at the
individual level in Fig. S1.
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are still very limited. In mice, females that were allowed to breed
then had shorter telomeres than females that were not (29); on
the other hand, in Adelie penguins (Pygoscelis adeliae), an experimentally increased reproductive workload was not found to
inﬂuence telomere length, but this could be because the manipulation was not sufﬁcient to increase oxidative stress levels in this
relatively long-lived species (30).
In this study, we examined telomere length in red blood cell
samples from early in life (at 25 d) and at various points thereafter in a group of zebra ﬁnches (n = 99) that were allowed to
live out their natural lifespan (ranging from 210 d to 8.7 y). We
also examined the effect of reproduction on adult telomere
length, by experimentally manipulating whether, and how often,
individuals were allowed to breed. These data enabled us to
uniquely examine the relationship between telomere dynamics
from early in life and total lifespan and reveal that telomere
length in early life is a highly signiﬁcant predictor of the age
of death.
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Fig. 2. (A) Mean change in telomere length (measured using qPCR) between 25 d and 1 y (± SEM) for zebra ﬁnches in each reproductive treatment
group. Birds were randomly assigned to reproductive treatment groups
(allowed to breed zero, one, three, or ﬁve times) at 100 d of age. P values are
based on least signiﬁcant difference (LSD) post hoc tests and are only shown
where signiﬁcant at P < 0.05. (B) Mean telomere length (T/S ratio from qPCR)
at 1 y (± SEM) for zebra ﬁnches in each reproductive treatment group.
P values are based on least signiﬁcant difference (LSD) post hoc tests and are
only shown where signiﬁcant at P < 0.05.

telomere repeat copy number/single control gene copy number,
T/S ratio = −0.179, SD = 0.374, CV 48%). For those birds
sampled at 1 y of age (n = 79), subsequent lifespan was not
related to the change in telomere length between 25 d and 1 y or
to reproductive treatment or sex (all P > 0.17). Telomere length
at 1 y was a signiﬁcant predictor of subsequent lifespan (F1, 74.51 =
5.16, P = 0.026), but the relationship was weaker than at 25 d
and ceased to be signiﬁcant when the telomere length of the
birds at 25 d was included in the model (telomere length at 25 d:
F1, 72.97 = 14.65, P = 0.003; telomere length at 1 y: F1, 69.64 =
0.614, P = 0.436; interaction between telomere length at 25 d
and 1 y: P = 0.869). There was no signiﬁcant relationship between telomere length at any of the other time points (i.e., 3, 4, 6,
and 7 y) and subsequent lifespan (all P > 0.17), although the
sample size at these points is reduced.
Fig. 4 clearly shows that individuals that go on to live to older
ages are those with initially longer telomere lengths, whereas
those with initially shorter telomeres are more likely to disappear
ﬁrst from the population. Birds in the longest lifespan category
had consistently longer telomere lengths at the points at which
they were measured than the birds in the other two lifespan
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Fig. 3. Relationship between natural log-transformed relative telomere
length (T/S ratio from qPCR) at 25 d and lifespan in zebra ﬁnches (n = 99).

categories (Fig. 4). Fig. 4 also illustrates the sampling bias that
occurs when only old individuals are measured, because these are
a subset of individuals that have relatively long telomeres from
early in life.
Discussion
Although reduced telomere length has been associated with
a number of degenerative diseases in humans, there has been
increasing interest in their role in the aging process in otherwise
normal individuals (31). The results of this study clearly show
that telomere length early in life is predictive of longevity. Previous studies of the relationship between telomere length and
lifespan have only tracked survival for a relatively short period
after sampling and have been based on individuals sampled either relatively early or late in life (13). In this study, we were able
to examine the relationship between telomere length measured
early in life (i.e., at 25 d, toward the end of the main growth
period), and at various time points thereafter, and subsequent
lifespan. Those individuals with longer telomeres at 25 d went on
to have longer lives. As is evident from Fig. 3, we had substantial
variation in lifespan among the birds in our sample, even though
this sample involved a captive population, with some birds dying
within their ﬁrst year of life and others living to almost 9 y of age.
As is evident from Fig. 3, telomere length, although predictive of
lifespan, does not explain all of the variation observed. In addition to other, unrelated factors, there is likely to be a stochastic
element to which body systems fail ﬁrst when telomere lengths
start to become relatively short, and so the actual cause of death
may differ among individuals. Predation, starvation, and obvious
signs of infection were not involved, so the birds appear to have
died from intrinsic causes. We do not know the cause of death in
these birds, and it is of course possible that those individuals that
died relatively early in life died from internal disorders less likely
to be related to telomere length. However, even if we exclude the
birds from the shortest lifespan category (i.e., the third of the
population with the shortest lifespans) from this analysis, telomere length at 25 d remains a very strong predictor of lifespan
(P < 0.001). The effect of early life telomere length on longevity
may be a consequence of inherited variation in telomere length
or variation in telomere loss during the early growth period itself,
and both are likely to be involved. There is a substantial
inherited component to telomere length (21), and environmental
conditions are also known to affect the rate of telomere loss (22,
23, 32). The pattern of early growth, and exposure to stress in
early life, have been associated with reduced telomere length in
early adulthood (25, 33). Because these early life effects are
Heidinger et al.

Fig. 4. Relationship between mean (± SEM) telomere length (T/S ratio from
qPCR) and age at measurement (ﬁrst sample, shown as year = 0, was collected at 25 d) in zebra ﬁnches in three lifespan categories. Lifespan categories were created by dividing the 99 zebra ﬁnches into three equal groups
on the basis of their age at death. Birds in the shortest lifespan group (n =
33) lived for an average of 1.6 y and are represented by the solid, green line;
birds in the middle lifespan group (n = 33) lived for an average of 3.6 y and
are represented by the dashed, red line; and birds in the longest lifespan
group (n = 33) lived for an average of 6.3 y and are represented by the
dotted, black line. Birds in the shortest and middle lifespan groups did not
differ in telomere length at the ﬁrst two sampling points (at 25 d, P = 0.99
and at 1 y, P = 0.85). Birds in the longest-lived group had consistently longer
telomeres than those in the other two groups where sample sizes permitted
comparisons (at 25 d, P < 0.001; at 1 y, P = 0.02; and at 3 y, P = 0.05). P values
are based on Fisher’s least signiﬁcant difference (LSD) tests and signiﬁcant
differences, *P < 0.05.

known to induce changes in oxidative stress pathways (34), which
are known to affect telomere loss (2), this seems the most likely
route whereby conditions before 25 d would inﬂuence telomere
length. Variation in the degree of exposure and response to such
early life effects may be a consequence of gene-by-environment
interactions or stochastic processes (35, 36). Detailed studies are
required to tease apart direct genetic, maternal, and direct environmental effects on early life telomere length.
This positive relationship between telomere length and lifespan became weaker at later sampling ages. The power to detect
the relationship between telomere length and lifespan in our
analyses was most certainly reduced at later ages because of
decreasing sample sizes and the loss of variation on both axes—
telomere length and lifespan. However, in the 79 birds whose
telomere length was measured at both 25 d and at 1 y of age, the
25-d telomere length remained the best predictor of lifespan, and
telomere length at 1 y did not have any additional explanatory
power. Following the method used by Entringer et al. for humans
(25), we can calculate a rough estimate of telomere loss in kilobases over the ﬁrst year of life, on the basis of the regression
equation relating T/S ratio to telomere length in base pairs given
by Criscuolo et al. (37). On average, telomere length at 25 d
varied between around 18 and 29 kb and telomere length decreased by 1,300 bp during the ﬁrst year and around 500 bp per
year across the remaining 6 y, which is consistent with other
studies of telomere loss rates in this species (38). Telomere loss
could be related to life expectancy independently of its effect on
telomere length, because loss rate might be indicative of more
general exposure to stressful physiological conditions, which
could accelerate telomere loss and also cause more extensive
oxidative damage to cells and tissues. In our study, however,
telomere loss, measured during the ﬁrst year of life, was not
predictive of subsequent survival, and loss rate did not explain
PNAS | January 31, 2012 | vol. 109 | no. 5 | 1745
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any additional variation in observed lifespan over that explained
by telomere length.
Our data clearly show that when telomere length is measured at
later life stages, selective loss of individuals with shorter telomere
lengths has already occurred. When individuals were divided into
thirds on the basis of their longevity, it is readily apparent that
those in the longest-lived third represent a skewed subset with
respect to their telomere length. Those individuals still alive at
later ages are those that initially had longer telomere lengths, and
these long-lived birds retained relatively long telomeres at each
point at which they were measured. These results highlight the
considerable bias that can be introduced by restricting sampling to
a single life-stage, particularly individuals that live to be quite old.
Our data show that it is likely to be more difﬁcult to ﬁnd a relationship with survival the later in life that telomere length is
measured and therefore offer a possible explanation for why
studies do not always ﬁnd a positive relationship between telomere length and subsequent survival (39–41).
This study is primarily concerned with organismal level outcomes of changes in telomere length and provides a deﬁnitive
“yes” to the question of whether telomere length is predictive of
lifespan in otherwise healthy individuals; our data clearly show
that it is length in early life that is most predictive. Whether
telomere length change itself plays a directly causative role in
determining the pace of decline and age of death is an active
area of research. Several mechanistic routes have been identiﬁed, mainly from in vitro studies, whereby shortened telomeres
can accelerate aging and reduce longevity, primarily involving
activation of cellular checkpoints of apoptosis, cell cycle arrest,
and impaired stem cell and tissue function (2). A clear association between telomere dysfunction and the presence of signiﬁcant numbers of senescent cells in older individuals has been
demonstrated in vivo (42). Our study shows that the changes
associated with reduced telomere length do have the predicted
relationship with organism life expectancy.
We also found that engaging in reproduction accelerated
telomere loss. In zebra ﬁnches, females have the extra burden of
producing eggs, but both sexes incubate them (43), and incubation is known to be a relatively costly component of parental
care (44, 45). Birds that were allowed to produce and incubate
eggs, irrespective of sex or of the number of clutches produced,
had greater telomere loss between 25 d and 1 y, and hence
shorter telomeres at 1 y, than birds that did not breed. This is
consistent with a previous study in mice in which females that
bred experienced greater telomere loss and consequently had
shorter telomeres than females that did not (29). Reproduction
can increase exposure to oxidative stress (34), which could accelerate telomere loss. It is possible that it is being in a reproductive state (with the concomitant substantial hormonal and
body composition changes that occur, refs. 46–48) that causes an
increase in telomere loss, rather than the level of reproductive
effort. In support of this possible effect of being in a reproductive
state, we found that greater breeding effort did not increase
telomere loss, which is similar to the result reported in Adelie
penguins (30). The effect of reproductive rate on telomere
length did not, however, appear to be long lasting and reproductive rate was not predictive of lifespan.
The results of this study clearly show that telomere length
early in life (at the end of the main growth period) is strongly
predictive of lifespan. That those individuals living relatively long
lives have demonstrably long telomeres from early in life highlights the biases introduced when telomere length is not measured
until late in adult life. It also reveals why it will be more difﬁcult to
demonstrate links to life expectancy in such studies, because those
individuals with the shortest telomeres will have already died.
Further, telomere length early in life rather than in adulthood
might be more important in predicting lifespan because it has
more of an effect on subsequent tissue function. The extent to
1746 | www.pnas.org/cgi/doi/10.1073/pnas.1113306109

which variation in early-life telomere length is a consequence of
genetic inheritance, maternal effects, and/or conditions during
growth are important areas for future research.
Materials and Methods
Study Subjects. Experimental birds were bred in 2001–2002 from randomly
paired, adult stock birds taken from an out-bred captive population at the
University of Glasgow. They were reared and subsequently maintained under standardized conditions as part of a study on the consequences of early
diet on later performance (49–51). A brief summary of the early diet manipulation is as follows: after hatching, whole families were randomly
assigned to receive either a standard-quality or lower-quality rearing diet
for 15 d from the hatching of the ﬁrst egg, after which they all received the
same standard-quality diet. Food was always provided ad libitum, and the
primary difference between the two diets was that the standard-quality diet
had higher levels of protein, carotenoids, vitamin E, and vitamin A (ref. 49
provides a detailed description of nutrient composition).
Experimental Manipulation of Reproductive Effort. When the birds were 100 d
old, they were randomly assigned a mate from the same early diet treatment
group and allocated to one of four reproductive categories: nonbreeding, or
breeding one, three, or ﬁve times per year. The reproductive regimes lasted
for 2.5 y. Breeding birds were always paired with the same mate if possible; if
a pair member died during the 2.5-y treatment period, the remaining bird
was assigned a new partner. During each breeding round, pairs in the
breeding treatments were placed in their own breeding cage and allowed to
build nests and lay eggs. Because the eggs were required for other purposes,
they were collected shortly after laying and replaced with dummy eggs;
accordingly, the birds did not rear any chicks. Once they had completed the
normal period of incubation, pairs were separated and returned to single-sex
holding cages; birds in the nonbreeding treatment group remained in singlesex holding cages (see ref. 50 for a detailed description). After the 2.5-y
period of reproduction, all birds were kept in single-sex holding cages (ﬁve
to eight birds per cage) until they died; birds were randomly allocated to
these holding cages irrespective of diet or reproductive treatments. Cages
were checked daily and the condition of all birds examined for any signs of
injury or infection. The date of death of each bird was recorded and the
body carefully examined for any signs of external injuries. Cause of death
was generally unknown, but was not due to obvious signs of infection or
injury. Interspeciﬁc aggression was minimal, and in the few cases where it
did occur, the affected birds were transferred to other groups and the aggression ceased. As would be expected, because individuals were randomly
allocated to the reproductive treatments, there were no differences among
the reproductive treatment groups in their average telomere length at the
measurement point before reproduction (25 d; F3, 85.17 = 0.367, P = 0.777).
Telomere Measurement. Blood samples had been collected for other purposes
from subsets of the birds by brachial venipuncture at various time points
throughout their lives (25 d, 1, 3, 4, 6, and 7 y). These blood samples therefore
gave us the opportunity to examine the relationship between telomere
length in the nestling stage, and at various adult ages, and individual lifespan. The blood was collected into heparinized capillary tubes, centrifuged,
separated, and the red cell samples snap frozen in liquid N2 before being
stored at −80 °C until telomere analysis. We analyzed the telomere lengths
in the red blood cells for all individuals (n = 99; 42 males and 57 females) that
were ﬁrst sampled at 25 d and had died of natural causes. Red cells are
nucleated in birds; blood cells represent a proliferative tissue, and a number
of studies in humans and mice have reported good correspondence in
telomere length among proliferative somatic tissue types (52–58). Levels of
telomerase are relatively low in red cells and in bone marrow in hatchling
zebra ﬁnches, and almost undetectable thereafter (8); thus, avian red cells
represent a good tissue in which to examine variation in telomere length.
The sample size for measurement of telomere lengths later in life was
gradually reduced because of natural mortality and because samples were
not available for all of the birds at each of the later time points because in
some cases, a particular sample for an individual had been lost or used for
other purposes (n = 79 at 1 y, n = 26 at 3 y, n = 18 at 4 y, n = 12 at 6 y, and
n = 9 at 7 y old).
We used the DNeasy Blood and Tissue kit (Qiagen) to extract genomic DNA
from the red blood cells following the manufacturer’s protocol. The quantity
and purity of the DNA was measured using a Nanodrop 1000 spectrophotometer (Thermo Scientiﬁc) and we used the quantitative PCR method, as
described in ref. 59 for measuring relative telomere length, as adapted for
use in zebra ﬁnches in ref. 37. This method, which gives a relative value for
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were log transformed to achieve a normal distribution and all other variables met the assumptions of the LME. We found no signiﬁcant differences
between the two early diet treatments and no interactions with reproductive treatment in either telomere lengths at any time point or in
survival (P > 0.34 in all cases); hence, the early diet treatment was dropped
from all models.
To examine whether telomere length changed with age and whether this
varied between the sexes, we included bird identity as a random factor to
control for repeated measurements from the same individuals, and age at
sampling, and sex as ﬁxed factors. To examine the potential inﬂuence of
reproduction on telomere length at 1 and 3 y, and the change in telomere
length between 25 d and 1 y, we included reproductive treatment, sex, and an
interaction between sex and reproductive treatment as ﬁxed factors. To
identify where the differences among the four reproductive treatment
groups occurred, we used Fisher’s least signiﬁcant difference (LSD) test.
In a separate analysis, we examined whether lifespan was inﬂuenced by
the following ﬁxed factors: telomere length (at 25 d and 1, 3, 4, 6, and 7 y), the
change in telomere length between 25 d and 1 y, reproductive treatment,
and sex. The period over which within-individual change in telomere length
was measured was restricted to the ﬁrst time period, as investigation of the
effect of later time periods would, by deﬁnition, have excluded all birds with
short lifespans, and also sample size was substantially reduced. (Fig. 3 shows
distribution of ages of death). We ran a separate model for each measurement point because sample sizes were much smaller at later time points.
Family had to be excluded from the models for telomere length at 3, 4, 6,
and 7 y to get the models to resolve; however, if anything, this is a less
conservative test and we report that there were no signiﬁcant effects of
telomere length at later ages on lifespan (Results).
To show the pattern of telomere change during their lives for individuals
with differing lifespans, and to illustrate more clearly the bias introduced
when sampling only individuals that live to be old, we divided the total
sample of 99 birds into three equal-sized groups on the basis of their longevities (i.e., the shortest-lived third of the population, the middle third, and
longest-lived third) and examined the differences in telomere length at the
different measurement points for these three lifespan categories. All statistical analyses were performed in PASW Statistics 18 for Windows.

Statistics. Linear mixed effect models (LMEs) were used for all analyses.
Variance components were estimated using a restricted maximum likelihood
(REML) function and all models had normal error structures. Family was included as a random effect to control for siblings in the analyses. We used a
backward elimination process to exclude variables with P > 0.05, starting
with interactions, to produce minimum adequate models. Telomere lengths
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telomere length, is widely used for interspeciﬁc comparisons; double blind
studies have recently shown that it correlates well (r = 0.85, n = 50, P < 0.001)
with measurements made on the same samples in different laboratories using
the telomere restriction fragment (TRF) method (60). We found a highly
signiﬁcant correlation (r = 0.87, n = 26, P < 0.001) between telomere measurements of the same zebra ﬁnch samples by the TRF and quantitative PCR
methods (37). Brieﬂy, the relative telomere length of each sample was
measured by determining the ratio (T/S) of telomere repeat copy number (T)
to single control gene copy number (S), relative to a reference sample.
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as the single
control gene. The following forward and reverse primers were used to amplify
the telomere: Tel1b (5′-CGGTTTGTTTGGGTTTGGGTTTGGGTTTGGGTTTGGGTT-3′),
Tel2b (5′-GGCTTGCCTTACCCTTACCCTTACCCTTACCCTTACCCT-3′) and zebra
ﬁnch-speciﬁc GAPDH sequences: GAPDH-F (5′-AACCAGCCAAGTACGATGACAT-3′), GAPDH-R (5′-CCATCAGCAGCAGCCTTCA-3′). The telomere and
GAPDH reactions were carried out on separate plates, and in both reactions
the number of PCR cycles (Ct) required for the products to accumulate enough
ﬂuorescent signal to cross a threshold was determined. Individuals with relatively short telomeres are characterized by high Ct values, whereas those with
relatively long telomere are characterized by low Ct values (59). For detailed
descriptions of the PCR conditions see ref. 37. To measure the efﬁciencies of
the reactions, we included a standard curve, produced by serially diluting the
same reference sample on every plate. The reference sample was of pooled red
blood cells from six zebra ﬁnches that were ∼100 d old at the time of collection.
In all cases, efﬁciencies were within an acceptable range (i.e., 100 ± 15%) and
samples fell within the bounds of the standard curve. This same reference
sample was used to set the Ct thresholds for each reaction and to calculate
both the within- and among-plate variation. All samples, including the standard curve, were run in triplicate, and average values were used to calculate
the relative T/S ratios for each sample relative to the reference sample
according to the following formula: 2ΔΔCt, where ΔΔCt = (Cttelomere – CtGAPDH)
reference − (Cttelomere – CtGAPDH) focal (introduction to qPCR: methods and
application guide by Stratagene, 2007). The average intraplate variation of the
Ct values was 1.46% for the telomere assays and 0.48% for the GAPDH assays,
respectively, and the average interplate variation for the ΔCt values was
12.04%. To give an approximate value of the T/S ratio in base pairs (bp), we
used the regression equation relating the two (37) (bp = 23.28 + 6.28 · T/S ratio).
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