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Reproduction is inherently costly. Environmental stressors, such as infection
and limited food resources, can compromise investment at each breeding
attempt. For example, recent data on captive birds showed that increased
reproductive effort accelerates ageing. However, the effects of nutritional sta-
tus and infection on ageing remain unknown. Telomeres function as protec-
tive caps at the ends of eukaryotic chromosomes, and changes in telomere
length is a commonly used proxy for ageing. To partially address the mecha-
nisms of ageing following reproduction, we supplemented, medicated or
administered a combined treatment to wild blue tits (Cyanistes caeruleus)
breeding in central Spain during 2012. The nutritional supplement consisted
of two different antioxidants, whereas the medication was an antimalarial
treatment against blood parasites. We evaluated the effect of these manipula-
tions on reproductive success and parasite loads in the first breeding season,
and on changes in telomere length between two consecutive breeding sea-
sons. Supplemented birds showed no reduction in blood parasite infections in
2012, although they exhibited higher body mass and fledging success. The
antimalarial drugs reduced infections by several parasite species, but this had
no effect on fitness parameters. In the following season, telomeres from sup-
plemented birds had shortened less. Altogether, we found that supplementa-
tion with antioxidants provided fitness benefits in the short term and
reduced telomere loss a year following treatment. Our results provide indirect
empirical support for accelerated telomere loss as a cost of reproduction.
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was first linked to telomeres in the early 1990s (Harley

Introduction et al.,, 1990), and subsequent studies confirmed that, in

Telomeres are short tandem repeats of nucleotide
sequences at the ends of eukaryotic chromosomes that
maintain DNA integrity. They act as ‘mitotic clocks’,
shortening with each round of cell division due to the
end replication problem (Watson, 1972). When telo-
meres reach a critically short length, the cell enters a
degenerative process of senescence which is eventually
followed by apoptosis (Blackburn, 1991). In fact, ageing
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addition to the process of cell division, other factors
accelerate telomere shortening, for example oxidative
stress (von Zglinicki, 2002; Epel, 2004). Hence, there is
increasing evidence that telomere loss is a good proxy
for ageing in vivo (Haussmann et al, 2003; Blasco,
2005; Bize et al., 2009; Barrett et al., 2013).

During bird reproduction, higher levels of oxidative
stress can be reached through increased parental effort
(Alonso-Alvarez et al., 2004; Metcalfe & Alonso-Alv-
arez, 2010; Christe ef al, 2012). When reproductive
investment exceeds what is sustainable for parents, the
costs on longevity become apparent through accelerated
ageing (Santos & Nakagawa, 2012). Thus, studies
increasing brood size in a range of organisms have
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shown that costly reproductive events had a negative
impact on telomere dynamics on adult (Reichert et al.,
2014) and early lite (Nettle ef al., 2013; Boonekamp
et al., 2014; Herborn et al, 2014). The trade-off
between investment on current and future reproduc-
tion has puzzled evolutionary ecologists for decades
(Williams, 1966) and still is a current topic of intense
investigation (Roff & Fairbairn, 2007; Creighton et al.,
2009; Cox et al., 2010). Traditionally, brood-manipula-
tion experiments have reflected the relationship
between investment in reproduction and telomere loss;
however, it is currently unknown whether factors alle-
viating reproductive costs affect telomere shortening in
the wild.

Proper nutrition is fundamental to reproductive suc-
cess: when food is limited in an unfavourable environ-
ment, reproduction may be suspended in favour of
metabolic processes that ensure survival (Wade et al.,
1996). In fact, birds from lower quality territories
exhibited higher oxidative stress (van de Crommenac-
ker et al, 2011). Dietary antioxidants, such as vitamin
E and methionine, are important during reproduction
because they defend against oxidative stress toxicity
(Giraudeau et al, 2013). Methionine, an essential
amino acid, is also an efficient scavenger of free radicals
(Levine et al., 1999; Elias et al, 2005). The positive
effects of certain diets on telomere dynamics have been
reported in humans (Marin ef al., 2012) and mice (Vera
et al.,, 2013), but the effects of supplementation on telo-
mere erosion in the wild are unknown. Moreover,
these micronutrients improve immune system function-
ing, which is essential during breeding (Soler et al.,
2003; Brommer, 2004).

Impaired immune function during reproduction may
also increase parasitic infections (Moller et al., 2003).
Numerous studies have demonstrated that avian
malaria-like parasites are widespread (Pérez-Tris et al.,
2005; Merino et al., 2008; Szollosi et al., 2011), and
relapses from chronic infections are common during
the breeding season (Valkitinas, 2005). In addition to
this, infected individuals result in increased oxidative
stress (Isaksson et al., 2013). Malaria is associated with
susceptibility to oxidative stress, especially during ener-
getically demanding stages of reproduction such as pro-
visioning (van de Crommenacker ef al, 2012). In
humans, telomere length shortens with infection and
chronic diseases (Ilmonen et al., 2008), but the link
between parasitism and ageing in the wild remains
understudied. A recent study in a wild warbler popula-
tion investigated the relationship between chronic
malaria and telomere loss and found evidence of the
long-term costs of infection on ageing (Asghar et al.,
2015). Hence, telomere erosion is likely related to
infection status during reproduction in wild birds.

To explore the association between telomere loss,
nutritional status and parasitism, we designed a two-fold
experiment during two consecutive breeding seasons in
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blue tits (Cyanistes caeruleus). During the first season,
one group of birds was administered with a supplement
consisting of vitamin E and methionine, another group
was treated against blood parasites using antimalarial
agents, a third group of birds was treated with both the
supplement and medication, and a final group of birds
acted as control. With micronutrient supplementation,
we expect to generally enhance nutritional status,
immune function and protection against antioxidant
damage rather than assess the effects of individual
compounds (i.e. methionine and vitamin E). In the
combined supplement and medication group, parasites
are targeted directly with the medication and indirectly
through an enhanced immune response and nutritional
status with the supplement. Thus, we expect parasita-
emia reduction in both treatment groups, with a more
acute reduction in the combined treatment group. This
experimental design allowed us to investigate whether
medication, supplementation and the combination of
both (i) reflect improved fitness parameters in the short
term and (ii) are efficient in reducing parasite loads.
We then evaluated the effect of the treatments on
fitness parameters and telomere shortening 1 year after
administration of the treatment. If reduced parasitaemia
and an increased supply of antioxidants alleviate repro-
ductive costs, we expect to observe less change in
telomere length in all experimental groups compared to
the control group.

Materials and methods

Sample collection

The study was carried out during the 2012 and 2013
breeding seasons in a Pyrenean oak (Quercus pyrenaica)
forest in central Spain (Valsain, Segovia, 40°53'N,
4°01'W, 1200 m a.s.l.). Blue tits had access to a total of
300 wooden nest boxes, with an average occupancy of
25% of nest boxes per year (Fargallo & Merino, 1999).
The present population has been under study since
1994 (Fargallo & Merino, 1999). For each season, nest
boxes are monitored to determine the impact of infec-
tion on host reproduction. Given the high prevalence
of blood parasites, treatments could be blindly assigned
(del-Cerro et al., 2010).

In 2012, adults were captured at the nest box twice,
when nestling age was 3 and 13 days (hatching
date = day 0). Birds were ringed, weighed to the near-
est gram and aged according to plumage characteristics
(Svensson, 1992). Wing (+ 0.5 mm; method III follow-
ing Svensson, 1992) and tarsus (£ 0.1 mm) lengths
were also recorded. Nestling—provisioning rates were
measured on day 10 at a subset of nests, using uniquely
identifiable transponders attached to colour rings on
the adult’s tarsus. An antenna, connected to a data
logger (Trovan; EID Iberica, Madrid, Spain), recorded
entrances to/exits from the nest between the hours of
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6:30 a.m. and 12:00 p.m. On day 15, nestlings were
ringed; nestling mass and tarsus length were measured
and unhatched eggs counted. After the breeding season,
nests were inspected to determine which nestlings had
successfully fledged.

At each capture, we obtained a blood sample via the
brachial vein. One drop of blood was stored on an FTA
card (Whatman International Ltd., Kent, UK), and
another was smeared on a slide. Blood smears were
immediately air-dried and fixed in ethanol (96%) and
then later stained with Giemsa. After sampling the
blood, we administered treatments by subcutaneous
injections into the belly (each bird received a single
injection at each of the two sampling occasions, see
Fig. 1). Both individuals from the pair received the
same treatment. Sets of four nests that shared similar
hatching date (£ 1 day) and clutch size (£ 1 egg) were
assigned to one of the following treatments: antimalar-
ial drug, vitamin—methionine supplement, a combina-
tion of both or control. The dosage of antimalarials was
considered subcurative based on the dosage for malaria
treatment in humans. The treatment consisted of an
injection of 0.1 mg of primaquine phosphate (Sigma, St
Louis, MO, USA) and 0.125 mg of chloroquine phos-
phate (Sigma) solubilized in 20% solutol HS 15
(Sigma), which is an innocuous solvent used when
conventional vehicles are inadequate (Stokes et al.,
2013). The supplement, calculated for a mean body
mass of 10 g for adult blue tits, consisted of 0.9 mg o-
tocopherol, 0.09 mg of mixed tocopherols and 1 mg of
methionine in 20% solutol solution. The third treat-
ment consisted of both antimalarics and supplements
(i.e. primaquine, chloroquine, tocopherols and methio-
nine), solubilized in 20% solutol. The control treatment
was a 20% solutol solution. In all treatments, a total
volume of 0.05 mL was administered per injection.

Antioxidant dietary supplements administered orally
do not result in increased concentrations of o-tocoph-
erol in plasma compared with controls (Larcombe et al.,
2010). However, injectable lipid emulsions are com-
monly used as dietary supplements in veterinary prac-
tice (Driscoll, 2006), and studies with rabbits
demonstrate the application of these emulsions as

EXPERIMENT 2
Telomere experiment

extravascular injectable vehicles for prolonged release
of drugs (Wu et al., 2014). The doses of antioxidants
administered in the present study were based on the
one used in previous studies (Soler ef al., 2003; de Ay-
ala et al., 2006). Rats supplemented for 7 weeks with
methionine showed oxidative damage of the liver when
given excess methionine (Gomez et al., 2009). There-
fore, the dose/concentrations used are within the range
of what is observed naturally in birds. Besides, based
on evidence from Soler et al. (2003), these doses effec-
tively reduced Haemoproteus parasite infections in mag-
pies. Antimalarial treatments have previously been
administered by subcutaneous injection in the same
blue tit population, with significant effects on infection
(Merino et al, 2000; Martinez-de La Puente et al,
2010), thus validating the wuse of this application
method for all treatments in this study.

During the 2013 breeding season, no treatments were
administered. Adults were captured and their blood
sampled once (when nestlings were 3 days old, Fig. 1),
following the protocol described above.

Parasitological and molecular analyses

For all samples, DNA was extracted from blood using a
standard ammonium acetate protocol and stored at
—20 °C (Merino et al., 2008). This DNA solution was
then purified using silica filters to obtain a higher qual-
ity DNA (NZYGel pure, NZYtech Genes and Enzymes,
Lisbon, Portugal). DNA samples were quantified by
spectrophotometry and adjusted to the same concentra-
tion (10 ng puL™'). For the 2012 blood samples (157
individuals from 79 pairs — one male was not captured),
we detected and/or quantified the following parasites
using two complementary methods (quantitative PCR
[qPCR] and microscopic examination of blood smears):
Haemoproteus majoris haplotype cyan2, Plasmodium sp.
haplotype cyanl, and Leucocytozoon sp. haplotypes leuA,
leuAl and leuB (see Table S1 for GenBank accession
numbers). The variable Leucocytozoon A includes haplo-
types A and Al (see Supporting Information). In addi-
tion, a microscopic examination for the parasite
Lankesterella valsainensis (Merino et al., 2006) showed it

ADULT ADULT

Sample 1 Sample 2
Hatching 1% dose 2nd dose
Day=0 Day=3 Day =13 FLEDGING

L1 |
2012
............................ J
EXPERIMENT 1
Medication experiment

Hatching
Day=0

- J

H Fig. 1 Schematic figure illustrating the
ADULT experimental protocol during the two
breeding seasons (2012 and 2013).
Stages at which the adults were caught
and administered with the treatments
are shown (1st and 2nd dose). The star
indicates that a blood sample was
taken. The dashed line indicates which
blood sample was used for each analysis
(experiments 1 and 2).

Recapture
Day =3

2013
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was present at very low intensities (16% of samples
were infected), thus were quantified only by molecular
methods (though qPCR results indicated that 36% of
samples were infected). These quantifications were also
included in the experiment, although the antimalarial
treatment was not specifically targeting this parasite.
We wused relative qPCR with SYBR green (SYBR
Selected Master Mix; Applied Biosystems, Foster City,
CA, USA) to amplify a fragment of the cytochrome b or
18S rRNA genes using a pair of species-specific primers
for each parasite (Table S1). Blood smears were also
examined under high magnification (1000x) to quan-
tify the number of H. majoris juvenile/mature gameto-
cytes. All blood samples were examined using an
Olympus BX41 (Olympus Iberia S.A.U., Barcelona,
Spain) light microscope by EPB.

For telomere length analyses, we used samples col-
lected during the second adult capture in 2012 and the
only capture in 2013 (Fig. 1). Thus, the sampling uni-
verse for this experiment consisted of recaptured individ-
uals only (68 individuals; annual return rate of 43.3%).
After molecular screening for multiple parasite species
(see above), DNA sufficient for telomere analyses was
only available for 51 individuals. These samples repre-
sented a balanced proportion of recaptures from 2012 for
each treatment group (Neontrol = 14, Nsupplemented = 12,
Nmedicaled =10, Nsupplemenled + medicated — 15); the 2013
recaptures were not significantly skewed to the treat-
ments administered in 2012 (GLM with binomial error
distribution, %% = 213.83; P = 0.802). We used the glyc-
eraldehyde-3-phosphate dehydrogenase (GAPDH) gene
as the control single-copy gene. GAPDH primers were
specific to the zebra finch but also amplify other bird
species (Criscuolo et al., 2009). The use of these primers
in our samples was justified by checking nonvariability
of the control gene. The melting curves of the control
gene cycles confirmed the lack of primer-dimer nonspe-
cific amplification, and the efficiency was close to two
for all PCR plates (see the Supporting Information for
further details). GAPDH was used as an internal control
to normalize the amount of telomere sequence to the
amount of DNA in the reaction. Telomere primers
Tellb and Tel2b were used at a concentration of
100 nvM; GAPDH-F/GAPDH-R primers were used at
200 nm (Table S1). The final PCR volume was 20 pL
containing 10 pL of Light Cycler 480 SYBR Green I
Master (Roche, Diagnostics GmbH, Mannheim, Ger-
many) and 20 ng pL~' of DNA. Telomere and GAPDH
real-time amplifications were performed on different
plates, with each sample run in duplicate. RT-PCR-
based methods for estimating telomere length are sensi-
tive to the presence of intersticial telomeric sequences
and consequently are not adequate for estimating abso-
lute telomere length (Nussey ef al., 2014). However,
this is not a problem for our study because we are
examining changes in the telomere length from indi-
viduals over time, and not absolute telomere length.
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Telomere PCR conditions were 10 min at 95 °C fol-
lowed by 30 cycles of 1 min at 56 °C and 1 min at
95 °C. GAPDH PCR conditions were 10 min at 95 °C
followed by 40 cycles of 1 min at 60 °C and 1 min at
95 °C. All PCRs were performed in a Light Cycler 480
RT-PCR System (Roche). Each 96-well plate included
serial dilutions (40 ng, 10 ng, 2.5 ng, 0.66 ng of DNA
per well) of DNA from a reference pool (the internal
control) run in triplicate, which were used to generate
the standard curves, and a blank control with no DNA.
The slopes of the standard curves ranged from —3.649
to —3.460 with a R* value between 0.98 and 1.00; effi-
ciencies ranged from 1.885 to 1.976 (see the Supporting
Information for further details). The coefficients of vari-
ation of the Cq values for the GAPDH and telomere
amplifications were < 5% in all samples following
Criscuolo et al.  (2009). Sample-level repeatability
within and across plates was > 97.8% for GAPDH and
telomere RT-PCR. Quantification cycle values (C;) were
transformed into normalized relative quantities (NRQs)
using standard software (see Hellemans ef al,, 2007 for
formulas).

Statistical analyses

All analyses were performed in r v.2.14.0 (R Founda-
tion for Statistical Computing, Vienna, Austria). First,
we checked for pre-existing differences between experi-
mental groups in 2012. The full model was evaluated
with respect to the significance of each explanatory
variable. As treatments were sorted according to timing
of breeding and clutch size, medicated and control birds
did not differ with respect to laying or hatching date,
clutch size, or initial parasitaemia. Only medicated
males showed higher infection intensity with Leucocyto-
zoon B (F;3,65 = 3.1941, P =0.029) than controls. The
conditions prior to the experiment were accounted for
by adding initial parasitaemia as a covariate in the sub-
sequent analyses.

Next, we examined the effect of treatment on the
intensity of the infection with linear or generalized lin-
ear models (GLMs), depending on the most appropriate
error distribution. When there was evidence of overdi-
spersion (Zuur et al.,, 2009), likelihood ratio tests were
used to compare the negative binomial and the analo-
gous Poisson model, which confirmed that the negative
binomial was more appropriate than the Poisson model.
These analyses aimed to test the variation in parasita-
emia with respect to the treatment; thus, individuals
that remained uninfected during the course of the
experiment (samples 1 and 2 from season 2012) were
removed from the analyses. In any case, when the
analyses included these individuals, the same conclu-
sions were reached. All models included initial parasita-
emia, sex, experimental group and the interaction
between sex and experiment. By introducing initial
intensity as a covariate in the analyses, we controlled
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for the pretreatment differences (Merino et al., 2000).
The dependent variable (final parasite intensity) was
log-transformed when necessary, and residuals exam-
ined to check for compliance with each test’s assump-
tions. The differences between treatment groups were
evaluated using a t-test with Bonferroni correction or a
sign test for related samples. When the assumptions of
normality were violated and the variance between
groups was highly different, we used the sign test to
evaluate the difference in the median of parasitaemia
between sampling occasions (Gibbons & Chakraborti,
1992). We also accounted for pretreatment differences
by matching repeated observations of the same subject.
Full models were evaluated with respect to the signifi-
cance of each explanatory variable. The effect size of
the difference in parasitaemia for each treatment group
was computed as the Cliff’s delta for nonparametric
effect size estimates with the ‘orddom’ package in r
(Rogmann, 2013).

In 2012, we also investigated the effect of treatment
on host fitness. For the adults, changes in body mass
were examined through an ancova with initial body
mass, tarsus length and sex as explanatory variables.
Differences in female provisioning rates between treat-
ments were tested using a Kruskal-Wallis test. Males
were discarded from the analyses due to loss of tran-
sponders. For the analyses on reproductive success, we
used generalized linear models (GLMs) with binomial
error for the proportion of hatched young that reached
15 days of age (fledging success). The effect of the
adults” treatment on nestling body mass was checked
using a linear mixed effect model in order to account
for nonindependence of brood mates (nest as random
effect). Tarsus length and hatching date were included
as covariates. In all cases, full models were evaluated
with respect to the significance of each explanatory
variable. After multiple testing on the same data, we
used the false discovery rate (Benjamini & Yekutieli,
2001) to correct all P-values from the resulting models
(see Table S2 for uncorrected P-values).

Finally, we explored the effect of treatment on telo-
mere shortening. The variance is usually used as a mea-
sure of spread in ordinary least squares regression, but
it is particularly sensitive to outliers, especially with
low sample size. Two points in the combined supple-
mented and antimalarics group and one point in the
vitamin-only group appeared to have high leverage in
our data set, excluding these data points generated fur-
ther heteroskedastic problems. Therefore, we fitted an
ordinal logistic regression to the complete data set to
control for skew and high-leverage data points (see the
Supporting Information for further details on the statis-
tical analyses). The rate of telomeric change was calcu-
lated as the difference in telomere lengths between
2012 and 2013, corrected for regression to the mean
following the equation suggested by Verhulst et al.
(2013). We used the change in telomere length as

a dependent variable to control for pretreatment
differences in telomere length (median test differences
for the control vs. supplemented group, one-sample
sign test: s=2 P-value =0.01) and treatment as
explanatory variable. Sex or the interaction between
treatment and sex was not included due to reduced
sample size. Fledgling success or nestling body mass in
2013 was not tested because nestlings were included in
a different experimental design that year.

Results

Efficacy of treatments in 2012

Supplementation had a positive effect on adult body
mass. After correcting for initial body mass, sex and
tarsus length, the ancova revealed a significant effect of
the treatment on final body mass (Fs 3¢ = 3.98, P <
0.000, Neontrol = 33, Nsupplemented =41, Nmedicated = 35,
Ngupplemented + medicated = 37). The natural reduction in
body mass during the breeding season was mitigated
only after supplementation with antioxidants (pairwise
t-test with Bonferroni correction, control vs. supple-
mented group: P < 0.000 and control vs. combined
group: P = 0.02, Fig. 2). This decrease was significantly
different between the sexes (Fj 3¢ = 1.06, P = 0.003,
Niemate = 77, Nmale = 69), but not between treatment
and sex (Fs 3¢ = 0.16, P=0.74, N = 146). After cor-
recting for tarsus length, nestling body mass in 2012
was not affected by the treatment of the adults
(F3 31 = 0.61, P=0.74, N = 86 nests), nor were female
provisioning rates (Kruskal-Wallis test: y3 = 1.74,
P=0.74, N = 36)). However, fledgling success was
affected by the treatment (3 =23.67, P =0.0001,
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Fig. 2 Change in adult body condition index with respect to
treatment and sampling occasion. Bars denote standard error.
Codes: control = ¢, antimalarial drugs = p, supplement = v,
antimalarial and supplement = pv. Sample refers to initial sample
(1 = pretreatment) and final sample (2 = post-treatment).
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N = 72 nests), with the supplemented group having sig-
nificantly more fledgling success compared to the con-
trol group (pairwise f-test with Bonferroni correction,
control vs. supplemented, P = 0.043, Fig. 3).
Medication treatment was effective in reducing Haemo-
proteus parasitaemia when initial intensity was included
as a covariate (negative binomial GLM, y3 = 21.77, P =
00002, Ncontrol = 26, Nsupplcmcntcd = 33r chdicatcd = 29!
Ngupplemented + medicated = 29). Control birds naturally
experienced a reduction in the number of mature para-
sites; however, a significant decrease was observed in
birds administered with antimalarial drugs alone (sign
test, s = 8, P = 0.012, effect size ES = —0.66) and in com-
bination with antioxidants (sign test, s =9, P = 0.031,
effect size ES = —0.41). This treatment was also effective
against Leucocytozoon B (negative binomial GLM,
X% =19.35, P = 0.0006, Ncontrol =27, Nsupplcmcntcd =28,
Nmedicaled =25, Nsupplemenled + medicated 29) In this
case, parasitaemia by Leucocytozoon B was significantly
reduced in birds receiving antimalarial drugs alone (sign
test, s = 6, P = 0.0073, effect size ES = —0.52), whereas
control birds experienced an increase in infection
intensity. Finally, Lankesterella infections were also signif-
icantly affected by medication (ancova, F;s; = 8.42,
P =0.0003, Neontrol = 17, Nsupplemented = 17, Nmedicated =
19, Nsupplcmcntcd + medicated ~ 13) when  antimalarics
(pairwise t-test with Bonferroni correction, P = 0.0238)
and antimalarics with supplement (pairwise f-test
with Bonferroni correction, P = 0.0099) were adminis-
tered. Infections by Plasmodium (ancova, F;-,o = 1.81,
P =0.74, Neontrol = 20, Nsupplememed =24, Nmedicated =
14,  Nsupplemented + medicated = 21) and  Leucocytozoon A
(Poisson  GLM, x% =261, P=0.71, Nconwol = 34,

15
1.0000
1
0.6875
0.3750
0
c p pv v

Treatment

Frequency
o

o

Fig. 3 Fledging success. For representation purposes, we show the
frequency of nests with its particular fledging success proportion.
For each treatment group, the frequency of nests represents a
continuous proportions ranging from 1 (all nestlings fledged) to 0
(no nestlings fledged). Codes: control = ¢, antimalarial drugs = p,
supplement = v, antimalarial and supplement = pv.
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Nsupplemented = 36, Nmedicated =33, Nsupplemented +

medicated = 37) were unaffected by any treatment.

Change in telomere length between 2012 and 2013

All recaptured individuals from 2012 (n =54) had
reduced telomere lengths in 2013, except for three indi-
viduals. Overall, telomere lengths were reduced by
16.44% in the control, 16.33% in the supplemented
plus antimalarics, 11.56% in the antimalarics and
6.43% in the supplemented group. Administration of
these treatments in 2012 had an effect on telomere
shortening, based on the ordinal logistic regression
(likelihood ratio score vs. null model, 3 =12.62,
P =0.01, N=51). Supplemented birds showed signifi-
cantly less change in telomere length (Wald’s

= —3.14, P = 0.002) (Fig. 4).

The effect of treatment in 2012 was not reflected in
breeding parameters in 2013, such as clutch size
(x3=7.19; P=0.84), hatching date (32 =13.69;
P = 0.75) or laying date (x3 = 27.19; P = 0.5).

Discussion

Telomere shortening has recently been used as a bio-
marker for cellular ageing processes in birds (Bize et al.,
2009; Barrett et al., 2013). As hypothesized, antioxidant
supplementation had positive effects on telomere
dynamics, supporting the idea that nutritional status
plays an important role in cellular functioning during
reproduction. Recently, Reichert et al. (2014) showed
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Fig. 4 Telomere shortening rate with respect to treatment. The
change in telomere length is corrected for regression to the mean
using the equation suggested by Verhulst ef al. (2013). The
equation uses the corrected mean centring of the values from
2012 and 2013 measurements; thus, the rate is set to a central
zero. Codes: control = ¢, antimalarial drugs = p, supplement = v,
antimalarial and supplement = pv.
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that a single costly reproductive event shortened adult
zebra finches” telomeres, which were not restored
1 year later. Our results in blue tits provide the first
experimental evidence that antioxidants, such as vita-
min E and methionine, decelerate telomere shortening
in vivo. Supplementation alleviated the costs of repro-
duction, in such a way that telomere loss was signifi-
cantly reduced 1 year after administration. For
example, by providing extra reserves for methylation,
methionine could help maintain DNA integrity and
thus counteract telomere shortening (Ligi, 2011). The
role of methionine in maintaining genome integrity has
been suggested previously. In humans, low reserves of
mediators in the DNA methylation pathway correlate
with shorter telomeres (Benetti ef al., 2007; Fenech,
2012). Restriction of amino acids other than methio-
nine has also been shown to prevent telomere shorten-
ing in rat livers (Tanrikulu-Kucuk & Ademoglu, 2012).
In another study, a single intraperitoneal injection of a
synthetic antioxidant modulated DNA methylation in
rats (Vanyushin et al, 1998). Supplementation with
vitamin E could also explain the positive effects seen
on telomere dynamics in this study. Dietary intakes of
vitamin E were associated with longer telomeres in
humans (Xu ef al., 2009), and in vitro experiments in
human skin fibroblasts demonstrate that vitamin E
restores telomerase activity and protects against telo-
mere erosion (Makpol ef al., 2010). The reduction in
telomere loss may be the result of an increased antioxi-
dant capacity. Indeed, subcutaneous injection of the
antioxidant melatonin increased antioxidant activity in
rat liver (Manikonda & Jagota, 2012). To confirm this
hypothesis in blue tits, future experimental work that
also included measuring circulating levels of antioxi-
dants is needed. Surprisingly, the experimental group
that received the combined treatment (primaquine,
chloroquine, methionine and vitamin E) did not have a
significant change in telomere shortening compared
with the control birds. Primaquine is used to remove
human malaria at both the tissue and blood stages of
the parasite; chloroquine works mainly against the
blood stage of the parasite (Baird & Rieckmann, 2003).
The use of such drug associations for the treatment of
human (Desjardins ef al, 1988) and avian malaria
(Graczyk et al., 1994) has been described betfore; but to
date, there is no record of these compounds being used
together with vitamin and methionine supplementa-
tion. The lack of an impact on telomere loss may be
attributed to a negative interaction between the medi-
cation and antioxidants. Therefore, future experimental
work in this blue tit population will focus on supple-
mentation to better understand how telomere mainte-
nance mechanisms may benefit from an enhanced
nutritional status.

The benefits associated with supplementation also
appeared during the 2012 breeding season. Birds suf-
fered from decreased body mass during reproduction,

but the supplemented birds benefited from a lower
decline in body condition. Supplementation may have
boosted the birds” performance (i) by reducing oxida-
tive stress with the antioxidant properties of vitamin E
and methionine (Alonso-Alvarez et al., 2004) or (ii) by
providing extra nutritional requirements. Indeed, we
found that supplementation increased the probability
that all nestlings in the brood fledged. This is consistent
with previous findings using methionine supplementa-
tion in passerines (Soler et al., 2003; Brommer, 2004).
However, when we tested overall performance during
reproduction (i.e. food provisioning rates), we did not
find a significant effect of the treatment.

Methionine-fed magpie nestlings harboured less
blood parasites (Soler et al, 2003). Therefore, we
hypothesized that supplementation would increase the
immune response against parasites resulting in a
decline in parasite load. However, in blue tits, no signif-
icant effect on infection status was found after supple-
mentation. To our knowledge, this is the first
experiment that has combined vitamin E and methio-
nine with an antimalarial treatment; therefore, other
factors may explain the lack of an effect. For example,
vitamin E may have provided nutritional and antioxi-
dant properties to developing parasites (Miiller, 2004),
promoting growth. A similar pattern has been observed
in studies where well-fed parasitized hosts experienced
higher mortality than underfed hosts (Pulkkinen &
Ebert, 2004). In great tits (Parus major), female fleas
that fed on food-supplemented hosts laid significantly
more eggs (Tschirren ef al., 2007). In contrast, experi-
mentally infected captive canaries did not experience
higher parasitaemia after supplementation (Cornet
et al., 2014). Conflicting results regarding the effects of
supplementation on parasitism highlight the need for
further studies to better understand the ecology of
host—parasite interactions. In any case, it is clear that,
in blue tits, antioxidant supplementation improved fit-
ness despite not having a significant effect on parasite
load.

Faster telomere shortening rates have been related to
stress (von Zglinicki, 2002) or diseases in humans and
other mammals (Cawthon ef al, 2003). Contrary to
expectations, the antimalaric treatment administered to
adult blue tits had no effect on telomere shortening
rates. The lack of an apparent relationship between par-
asitism and telomere loss may be explained by several
factors. Firstly, blood parasites may have long-term
detrimental effects on ageing processes that only
become evident with time (Martinez-de La Puente
et al., 2010). Secondly, antimalaric drugs cause a range
of side effects in humans. For example, combinations of
primaquine and chloroquine over long periods of time
can cause pruritus and anaemia (Kondrashin et al,
2014). In birds, harmful side effects of such combina-
tion of drugs are unknown. In previous studies of this
bird population, primaquine treatment successfully

© 2015 EUROPEAN SOCIETY FOR EVOLUTIONARY BIOLOGY. J. EVOL. BIOL. 28 (2015) 896-905
JOURNAL OF EVOLUTIONARY BIOLOGY © 2015 EUROPEAN SOCIETY FOR EVOLUTIONARY BIOLOGY



reduced malarial parasite infections and improved fit-
ness (Merino et al., 2000; Martinez-de La Puente et al.,
2010). However, during the 2012 breeding season, both
primaquine and chloroquine were used, and a different
effect on blood parasite reduction was observed. Thus,
the use of these drugs possibly masked a positive effect
on telomere erosion in medicated blue tits.

Overall, we showed positive effects of antioxidant
supplementation during the reproductive attempt and
1 year after. The short-term effects were seen in body
mass and fledgling success, whereas the long-term
effect was evident by a slower rate of telomere shorten-
ing. These findings constitute experimental evidence for
linking nutritional status during a costly reproductive
event and ageing. One of the costs of increased repro-
ductive effort is an accelerated ageing rate as revealed
by telomere erosion (Reichert et al, 2014). In this
study, without manipulating reproductive effort, we
showed that improving nutritional status reduced telo-
mere erosion 1 year after the breeding attempt. In the
future, particular attention should be given to supple-
mentation experiments and telomere maintenance
mechanisms to understand how costs of reproduction
affect ageing.

Acknowledgments

This study was funded by projects CGL2012-40026-
C02-01, CGL2012-40026-C02-02 and CGL2012-30759
from the Ministerio de Economia y Competitividad
(MEC). The Junta de Castilla y Leon authorized the
ringing and handling of birds with permission from
Javier Donés (Director of ‘Montes de Valsain’). All
researchers manipulating birds held a specific ringing
permit for the study area. Currently, E.P.B. is supported
by a JAE grant from the Spanish National Research
Council (CSIC). We thank A. Diez and R. Megia for
their help during fieldwork and ‘El Ventorrillo” field
station for use of their facilities. Molecular analyses of
telomere lengths’ section were performed in the Eco-
physiology laboratory in the Estacion Biologica de
Donana (EBD). We are particularly grateful to J. Marti-
nez-de la Puente for help with the laboratory work.

References

Alonso-Alvarez, C., Bertrand, S., Devevey, G., Prost, J., Faivre,
B. & Sorci, G. 2004. Increased susceptibility to oxidative
stress as a proximate cost of reproduction. Ecol. Lett. 7: 363—
368.

Asghar, M., Hasselquist, D., Hansson, B., Zehtindjiev, P., West-
erdahl, H. & Bensch, S. 2015. Hidden costs of infection:
chronic malaria accelerates telomere degradation and senes-
cence in wild birds. Science 347: 436-438.

de Ayala, R., Martinelli, R. & Saino, N. 2006. Vitamin E sup-
plementation enhances growth and condition of nestling
barn swallows (Hirundo rustica). Behav. Ecol. Sociobiol. 60:
619-630.

Telomeres shorten less in supplemented birds 903

Baird, J.K. & Rieckmann, K.H. 2003. Can primaquine therapy
for vivax malaria be improved? Trends Parasitol. 19: 115-120.

Barrett, E.L.B., Burke, T.A., Hammers, M., Komdeur, J. & Rich-
ardson, D.S. 2013. Telomere length and dynamics predict
mortality in a wild longitudinal study. Mol. Ecol. 22: 249-259.

Benetti, R., Gonzalo, S., Jaco, L., Schotta, G., Klatt, P., Jenuw-
ein, T. et al. 2007. Suv4-20 h deficiency results in telomere
elongation and derepression of telomere recombination. J.
Cell Biol. 178: 925-936.

Benjamini, Y. & Yekutieli, D. 2001. The control of the false
discovery rate in multiple testing under dependency. Ann.
Stat. 29: 1165-1188.

Bize, P., Criscuolo, F., Metcalfe, N.B., Nasir, L. & Monaghan,
P. 2009. Telomere dynamics rather than age predict life
expectancy in the wild. Proc. R. Soc. B Biol. Sci. 276: 1679—
1683.

Blackburn, E.H. 1991. Structure and function of telomeres.
Nature 350: 569-573.

Blasco, M.A. 2005. Telomeres and human disease: ageing, can-
cer and beyond. Nat. Rev. Genet. 6: 611-622.

Boonekamp, J.J., Mulder, G.A., Salomons, H.M., Dijkstra, C. &
Verhulst, S. 2014. Nestling telomere shortening, but not
telomere length, reflects developmental stress and predicts
survival in wild birds. Proc. R. Soc. B Biol. Sci. 281: 20133287.

Brommer, J.E. 2004. Immunocompetence and its costs during
development: an experimental study in blue tit nestlings.
Proc. R. Soc. Lond. B Biol. Sci. 271: S110-S113.

Cawthon, R.M., Smith, K.R., O’Brien, E., Sivatchenko, A. &
Kerber, R.A. 2003. Association between telomere length in
blood and mortality in people aged 60 years or older. Larncet
361: 393-395.

del-Cerro, S., Merino, S., Martinez-De La Puente, J., Lobato,
E., Ruiz-de-Castaneda, R., Rivero-de Aguilar, J. ef al. 2010.
Carotenoid-based plumage colouration is associated with
blood parasite richness and stress protein levels in blue tits
(Cyanistes caeruleus). Oecologia 162: 825-835.

Christe, P., Glaizot, O., Strepparava, N., Devevey, G. & Fuma-
galli, L. 2012. Twofold cost of reproduction: an increase in
parental effort leads to higher malarial parasitaemia and to a
decrease in resistance to oxidative stress. Proc. R. Soc. B Biol.
Sci. 279: 1142-1149.

Cornet, S., Bichet, C., Larcombe, S., Faivre, B. & Sorci, G.
2014. Impact of host nutritional status on infection dynamics
and parasite virulence in a bird-malaria system. J. Anim. Ecol.
83: 256-265.

Cox, R.M., Parker, E.U., Cheney, D.M., Liebl, A.L., Martin,
L.B. & Calsbeek, R. 2010. Experimental evidence for physio-
logical costs underlying the trade-off between reproduction
and survival. Funct. Ecol. 24: 1262-1269.

Creighton, J.C., Heflin, N.D. & Belk, M.C. 2009. Cost of repro-
duction, resource quality, and terminal investment in a
burying beetle. Am. Nat. 174: 673-684.

Criscuolo, F., Bize, P., Nasir, L., Metcalfe, N.B., Foote, C.G.,
Griffiths, K. et al. 2009. Real-time quantitative PCR assay for
measurement of avian telomeres. J. Avian Biol. 40: 342-347.

van de Crommenacker, J., Komdeur, J., Burke, T. & Richard-
son, D.S. 2011. Spatio-temporal variation in territory quality
and oxidative status: a natural experiment in the Seychelles
warbler (Acrocephalus sechellensis). J. Anim. Ecol. 80: 668—680.

van de Crommenacker, J., Richardson, D.S., Koltz, A.M.,
Hutchings, K. & Komdeur, J. 2012. Parasitic infection and
oxidative status are associated and vary with breeding activ-

© 2015 EUROPEAN SOCIETY FOR EVOLUTIONARY BIOLOGY. J. EVOL. BIOL. 28 (2015) 896-905
JOURNAL OF EVOLUTIONARY BIOLOGY © 2015 EUROPEAN SOCIETY FOR EVOLUTIONARY BIOLOGY



904 FE.P.BADAS ET AL.

ity in the Seychelles warbler. Proc. R. Soc. B Biol. Sci. 279:
1466-1476.

Desjardins, R.E., Doberstyn, E.B. & Wernsdorfer, W.H. 1988.
The treatment and prophylaxis of malaria. In: Malaria: Princi-
ples and Practice of Malariology, Vol. 1 (W.H. Wernsdorfer & L.
McGregor, eds), pp. 827-864. Churchill Livingstone, Edin-
burgh.

Driscoll, D.F. 2006. Lipid injectable emulsions: pharmacopeial
and safety issues. Pharm. Res. 23: 1959-1969.

Elias, R.J., McClements, D.J. & Decker, E.A. 2005. Antioxidant
activity of cysteine, tryptophan, and methionine residues in
continuous phase f-lactoglobulin in oil-in-water emulsions.
J. Agric. Food Chem. 53: 10248-10253.

Epel, E.S. 2004. Accelerated telomere shortening in response
to life stress. Proc. Natl. Acad. Sci. USA 101: 312-315.

Fargallo, J.A. & Merino, S. 1999. Brood size manipulation
modifies the intensity of the infection by haematozoa in
female blue tits Parus caeruleus. Ardea 87: 261-268.

Fenech, M. 2012. Folate (vitamin B9) and vitamin B12 and
their function in the maintenance of nuclear and mitochon-
drial genome integrity. Mutat. Res. 733: 21-33.

Gibbons, J.D. & Chakraborti, S. 1992. Nonparametric Statistical
Inference. Marcel Dekker Inc., New York, NY.

Giraudeau, M., Sweazea, K., Butler, M.W. & McGraw, K.J.
2013. Effects of carotenoid and vitamin E supplementation
on oxidative stress and plumage coloration in house finches
(Haemorhous mexicanus). Comp. Biochem. Physiol. A Mol. Integr.
Physiol. 166: 406-413.

Gomez, J., Caro, P., Sanchez, 1., Naudi, A., Jove, M., Portero-
Otin, M. et al. 2009. Effect of methionine dietary supple-
mentation on mitochondrial oxygen radical generation and
oxidative DNA damage in rat liver and heart. J. Bioenerg. Bio-
membr. 41: 309-321.

Graczyk, T.K., Shaw, M.L., Dranfield, M.R. & Beall, F.B. 1994.
Hematologic characteristics of avian malaria cases in African
black-footed penguins (Spheniscus demersus) during the first
outdoor exposure season. J. Parasitol. 80: 302—308.

Harley, C.B., Futcher, A.B. & Greider, C.W. 1990. Telomeres
shorten during ageing of human fibroblasts. Nature 345:
458-460.

Haussmann, M.F., Winkler, D.W., O’'Reilly, K.M., Huntington,
C.E., Nisbet, I.C.T. & Vleck, C.M. 2003. Telomeres shorten
more slowly in long-lived birds and mammals than in
short-lived ones. Proc. R. Soc. Lond. B Biol. Sci. 270: 1387—
1392.

Hellemans, J., Mortier, G., De Paepe, A., Speleman, F. &
Vandesompele, J. 2007. qBase relative quantification frame-
work and software for management and automated analysis
of real-time quantitative PCR data. Genome Biol. 8: R19.

Herborn, K.A., Heidinger, B.J., Boner, W., Noguera, J.C.,
Adam, A., Daunt, F. et al. 2014. Stress exposure in early
post-natal life reduces telomere length: an experimental
demonstration in a long-lived seabird. Proc. R. Soc. B Biol. Sci.
281: 20133151.

Ilmonen, P., Kotrschal, A. & Penn, D.J. 2008. Telomere attri-
tion due to infection. PLoS ONE 3: e2143.

Isaksson, C., Sepil, 1., Baramidze, V. & Sheldon, B.C. 2013.
Explaining variance of avian malaria infection in the wild:
the importance of host density, habitat, individual life-his-
tory and oxidative stress. BMC Ecol. 13: 15.

Kondrashin, A., Baranova, A.M., Ashley, E.A., Recht, J,
White, N.J. & Sergiev, V.P. 2014. Mass primaquine treat-

ment to eliminate vivax malaria: lessons from the past.
Malar. J. 13: 51.

Larcombe, S., Mullen, W., Alexander, L. & Arnold, K. 2010.
Dietary antioxidants, lipid peroxidation and plumage colour-
ation in nestling blue tits Cyanistes caeruleus. Naturwissenschaf-
ten 97: 903-913.

Levine, R.L., Berlett, B.S., Moskovitz, J., Mosoni, L. & Stadtman,
E.R. 1999. Methionine residues may protect proteins from
critical oxidative damage. Mech. Ageing Dev. 107: 323-332.

Ligi, P. 2011. Diet, nutrition and telomere length. J. Nutr. Bio-
chem. 22: 895-901.

Makpol, S., Zainuddin, A., Rahim, N.A., Yusof, Y.AM. &
Ngah, W.Z.W. 2010. Alpha-tocopherol modulates hydrogen
peroxide-induced DNA damage and telomere shortening of
human skin fibroblasts derived from differently aged individ-
uals. Planta Med. 76: 869-875.

Manikonda, P. & Jagota, A. 2012. Melatonin administration
differentially affects age-induced alterations in daily rhythms
of lipid peroxidation and antioxidant enzymes in male rat
liver. Biogerontology 13: 511-524.

Marin, C., Delgado-Lista, J., Ramirez, R., Carracedo, J., Cabal-
lero, J., Perez-Martinez, P. et al. 2012. Mediterranean diet
reduces senescence-associated stress in endothelial cells. Age
34: 1309-1316.

Martinez-de La Puente, J., Merino, S., Tomas, G., Moreno, J.,
Morales, J., Lobato, E. ef al. 2010. The blood parasite Haemo-
proteus reduces survival in a wild bird: a medication experi-
ment. Biol. Lett. 6: 663—665.

Merino, S., Moreno, J., José Sanz, J. & Arriero, E. 2000. Are
avian blood parasites pathogenic in the wild? A medication
experiment in blue tits (Parus caeruleus). Proc. R. Soc. Lond. B
Biol. Sci. 267: 2507-2510.

Merino, S., Martinez, J., Martinez-de la Puente, J., Criado-
Fornelio, A., Tomds, G., Morales, J. et al. 2006. Molecular
characterization of the 18s rDNA gene of an avian Hepatozo-
on reveals that it is closely related to Lankesterella. J. Parasitol.
92: 1330-1335.

Merino, S., Moreno, J., Vasquez, R.A., Martinez, J., Sanchez-
Monsalvez, 1., Estades, C.F. et al. 2008. Haematozoa in forest
birds from southern Chile: latitudinal gradients in prevalence
and parasite lineage richness. Austral Ecol. 33: 329-340.

Metcalfe, N.B. & Alonso-Alvarez, C. 2010. Oxidative stress as a
life-history constraint: the role of reactive oxygen species in
shaping phenotypes from conception to death. Funct. Ecol.
24: 984-996.

Moller, A.P., Erritzee, J. & Saino, N. 2003. Seasonal changes in
immune response and parasite impact on hosts. Am. Nat.
161: 657-671.

Miiller, S. 2004. Redox and antioxidant systems of the malaria
parasite Plasmodium falciparum. Mol. Microbiol. 53: 1291—
1305.

Nettle, D., Monaghan, P., Boner, W., Gillespie, R. & Bateson,
M. 2013. Bottom of the heap: having heavier competitors
accelerates early-life telomere loss in the European starling,
Sturnus vulgaris. PLoS ONE 8: €83617.

Nussey, D.H., Baird, D., Barrett, E., Boner, W., Fairlie, J.,
Gemmell, N. et al. 2014. Measuring telomere length and
telomere dynamics in evolutionary biology and ecology.
Methods Ecol. Evol. 5: 299-310.

Pérez-Tris, J., Hasselquist, D., Hellgren, O., Krizanauskiene, A.,
Waldenstrom, J. & Bensch, S. 2005. What are malaria para-
sites? Trends Parasitol. 21: 209-211.

© 2015 EUROPEAN SOCIETY FOR EVOLUTIONARY BIOLOGY. J. EVOL. BIOL. 28 (2015) 896-905
JOURNAL OF EVOLUTIONARY BIOLOGY © 2015 EUROPEAN SOCIETY FOR EVOLUTIONARY BIOLOGY



Pulkkinen, K. & Ebert, D. 2004. Host starvation decreases para-
site load and mean host size in experimental populations.
Ecology 85: 823-833.

Reichert, S., Stier, A., Zahn, S., Arrive, M., Bize, P., Massemin,
S. et al. 2014. Increased brood size leads to persistent eroded
telomeres. Front. Ecol. Evol. 2: 9.

Roff, D.A. & Fairbairn, D.J. 2007. The evolution of trade-offs:
where are we? J. Evol. Biol. 20: 433-447.

Rogmann, J.J. 2013. Orddom: Ordinal Dominance Statistics. R
package version 3.1. University of Hamburg, Department of
Psychology and Germany. http://cran.r-project.org/web/
packages/orddom/index.html

Santos, E.S.A. & Nakagawa, S. 2012. The costs of parental care:
a meta-analysis of the trade-off between parental effort and
survival in birds. J. Evol. Biol. 25: 1911-1917.

Soler, J.J., Neve, L.D., Pérez—Contreras, T., Soler, M. & Sordi,
G. 2003. Trade-off between immunocompetence and growth
in magpies: an experimental study. Proc. R. Soc. Lond. B Biol.
Sci. 270: 241-248.

Stokes, A.H., Kemp, D.C., Faiola, B., Jordan, H.L., Merrill,
C.L., Hailey, J.R. et al. 2013. Effects of Solutol (Kolliphor)
and cremophor in polyethylene glycol 400 vehicle formula-
tions in Sprague—-Dawley rats and beagle dogs. Int. J. Toxicol.
32: 189-197.

Svensson, L. 1992. Identification Guide to European Passerines.
Natural History Museum, Stockholm.

Szollosi, E., Cichon, M., Eens, M., Hasselquist, D., Kempena-
ers, B., Merino, S. et al. 2011. Determinants of distribution
and prevalence of avian malaria in blue tit populations
across Europe: separating host and parasite effects. J. Evol.
Biol. 24: 2014-2024.

Tanrikulu-Kucuk, S. & Ademoglu, E. 2012. Dietary restriction
of amino acids other than methionine prevents oxidative
damage during aging: involvement of telomerase activity
and telomere length. Life Sci. 90: 924-928.

Tschirren, B., Bischoff, L.L., Saladin, V. & Richner, H. 2007.
Host condition and host immunity affect parasite fitness in a
bird—ectoparasite system. Funct. Ecol. 21: 372-378.

Valkitunas, G. 2005. Avian Malaria Parasites and Other Haemospo-
ridia. CRC Press, New York, NY, USA.

Vanyushin, B.F., Lopatina, N.G., Wise, C.K., Fullerton, F.R. &
Poirier, L.A. 1998. Butylated hydroxytoluene modulates
DNA methylation in rats. Eur. J. Biochem. 256: 518-527.

Telomeres shorten less in supplemented birds 905

Vera, E., Bernardes de Jesus, B., Foronda, M., Flores, JM. &
Blasco, M.A. 2013. Telomerase reverse transcriptase syner-
gizes with calorie restriction to increase health span and
extend mouse longevity. PLoS ONE 8: €53760.

Verhulst, S., Aviv, A., Benetos, A., Berenson, G. & Kark, J.
2013. Do leukocyte telomere length dynamics depend on
baseline telomere length? An analysis that corrects for
‘regression to the mean’. Eur. J. Epidemiol. 28: 859-866.

Wade, G.N., Schneider, J.E. & Li, H.Y. 1996. Control of fertility
by metabolic cues. Am. J. Physiol.-Endocrinol Metab 270: E1—
E19.

Watson, J. 1972. Origin of concatemeric T4 DNA. Nature 239:
197-201.

Williams, G.C. 1966. Natural selection, the costs of reproduc-
tion, and a refinement of Lack’s principle. Am. Nat. 100:
687-690.

Wu, Z., Alany, R.G., Tawfeek, N., Falconer, J., Zhang, W., Has-
san, I.M. et al. 2014. A study of microemulsions as pro-
longed-release injectables through in-situ phase transition. J.
Control. Release 174: 188—194.

Xu, Q., Parks, C.G., DeRoo, L.A., Cawthon, R.M., Sandler, D.P.
& Chen, H. 2009. Multivitamin use and telomere length in
women. Am. J. Clin. Nutr. 89: 1857-1863.

von Zglinicki, T. 2002. Oxidative stress shortens telomeres.
Trends Biochem. Sci. 27: 339-344.

Zuur, A.F., Ieno, E.N., Walker, N.J., Saveliev, A.A. & Smith,
G.M. 2009. Mixed Effects Models and Extensions in Ecology with
R. Springer Science Business Media, New York, NY, 574. pp

Supporting information

Additional Supporting Information may be found in the
online version of this article:

Table S1 Primer sequences used in the present study.
Table S2 Corrected and uncorrected P-values from
multiple testing.

Data S1 Supporting information.

Data deposited at Dryad: doi:10.5061/dryad.6m68b

Received 11 December 2014; revised 26 February 2015, accepted 9
March 2015

© 2015 EUROPEAN SOCIETY FOR EVOLUTIONARY BIOLOGY. J. EVOL. BIOL. 28 (2015) 896-905
JOURNAL OF EVOLUTIONARY BIOLOGY © 2015 EUROPEAN SOCIETY FOR EVOLUTIONARY BIOLOGY


http://cran.r-project.org/web/packages/orddom/index.html
http://cran.r-project.org/web/packages/orddom/index.html

