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Evolutionary biology

Sex-dependent effects of nutrition on
telomere dynamics in zebra finches
(Taeniopygia guttata)

Jose C. Noguera, Neil B. Metcalfe, Winnie Boner and Pat Monaghan

Institute of Biodiversity, Animal Health & Comparative Medicine, University of Glasgow, Glasgow G12 8QQ, UK

At a cellular level, oxidative stress is known to increase telomere attrition,

and hence cellular senescence and risk of disease. It has been proposed

that dietary micronutrients play an important role in telomere protection

due to their antioxidant properties. We experimentally manipulated dietary

micronutrients during early life in zebra finches (Taeniopygia guttata). We

found no effects of micronutrient intake on telomere loss during chick

growth. However, females given a diet high in micronutrients during

sexual maturation showed reduced telomere loss; there was no such effect

in males. These results suggest that micronutrients may influence rates of

cellular senescence, but differences in micronutrient requirement and allo-

cation strategies, probably linked to the development of sexual coloration,

may underlie sex differences in response.
1. Introduction
Telomeres, specialized nucleotide repeat sequences at the ends of eukaryotic

chromosomes, play a pivotal role in maintaining genome stability [1]. There

is good empirical evidence linking changes in telomere length (TL) with

ageing and disease [2,3]. An important environmental factor thought to

increase telomere loss is oxidative stress [4], a physiological state characterized

by an imbalance between the production of pro-oxidant molecules and antiox-

idant defences [5]. These defences are a composite of endogenously produced

antioxidants and those of dietary origin. Dietary micronutrients such as vita-

mins (e.g. E) and minerals (e.g. Mg, Se) are needed in small amounts but

play essential roles in antioxidant protection and chromosome stability [5,6].

Hence, it has been recently suggested that the availability of dietary micronutri-

ents might be a prominent environmental factor influencing telomere dynamics

and thus potentially rates of ageing [7].

Telomeres shorten throughout life in long-lived organisms, but the rate of

loss seems to be higher during growth and development [8], when cell division

rates and exposure to oxidative stress are higher [5]. Dietary micronutrients

might, therefore, help alleviate the oxidative costs of growth [9,10]. However,

dietary micronutrients are also required for other physiological processes.

During the development of sexual maturity, dietary antioxidants can be

deployed in sexual coloration (reviewed in [6]). In sexually dimorphic species,

investment of micronutrients in sexual ornamentation is often higher in males

owing to their more pronounced sexual coloration [5,6].

In this study, we experimentally tested whether the availability of dietary

micronutrients during growth and sexual maturation influenced telomere

dynamics in male and female zebra finches (Taeniopygia guttata), a species

showing marked sexual dimorphism. Importantly, males develop a more

intense and antioxidant-demanding adult coloration than females [11–13].

We predicted that a rich micronutrient diet would alleviate the oxidative

costs of growth, leading to a reduced rate of telomere loss and hence longer
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TL. During sexual maturation, a greater intake of dietary

micronutrients might be predicted to have a greater effect

on male TL, as dietary micronutrients should be more limit-

ing in males than in females owing to the added demand of

plumage and bill coloration. However, the opposite scenario

might also be possible, if for instance, the sexes differentially

prioritize the use of dietary nutrients between competing

functions or traits such as sexual maturation and self-

maintenance. Males might allocate additional micronutrients

to secondary sexual coloration, while females allocate these to

somatic maintenance.
Biol.Lett.11:20140938
2. Material and methods
In September 2012, we bred 50 pairs of zebra finches to produce

the birds to be reared on variable micronutrient levels. Pairs were

randomly assigned to the ‘high’ (H) or ‘low’ (L) micronutrient

treatment 1 day after their chicks hatched. Just before starting

the treatments, half of each brood was reciprocally swapped

with a pair allocated to the other treatment whose chicks hatched

at the same time (cross-foster dyad) to separate effects of genetic

and rearing environment. Chick body mass did not differ

between groups either at hatching (F1,124 ¼ 0.573, p ¼ 0.451) or

after cross-fostering (day ¼ 1; F1,122 ¼ 0.141, p ¼ 0.708). From

hatching, chicks (n ¼ 126, 36 families) had a diet either low (L)

or high (H) in antioxidant micronutrients: all chicks received

the same basic seed diet low in micronutrients but ‘H’ chicks

were also given individually an oral aqueous dose of a specially

formulated avian micronutrient dietary supplement (Feed Food

Magic Antistress Mix, Feed-Food Ltd, UK) every 3 days from

day 1 to day 40 (hereafter ‘growth period’). The main com-

ponents of the supplement were vitamins A, C, E, B and K,

and essential minerals Se and MgSO4. At the same times nest-

lings in the ‘L’ group received only an oral dose of water (see

electronic supplementary material for further details).

At 40 days, half of the broods in each treatment were switched

to the opposite treatment until 90 days of age. This second treatment

period (40–90 days) corresponded with the period of sexual

maturation [11]. This then produced four experimental groups

(H–H, H–L, L–L, L–H). All birds were weighed (+0.01 g) and

blood-sampled at 20, 40 and 90 days of age. Blood samples were

centrifuged and the red blood cells (RBC) stored at 2808C. Body

mass growth did not differ among experimental groups during

the experiment (see electronic supplementary material).

The TL was quantified in RBC DNA by the qPCR method

[14]. TL was calculated in relation to a reference gene

(GAPDH) [14]. All samples were run in triplicate, and mean

values used to calculate the relative TL (T : S ratio). Reaction effi-

ciencies were always within an acceptable range (i.e. 100+10%).

The average intra- versus inter-plate coefficients of variation for

the telomere and GAPDH assays were 1.71 versus 8.10% and

0.40 versus 5.74%, respectively.

We investigated whether dietary treatments affected the

change in TL (after correcting for regression to the mean; [15])

during both (1) the growth period (between 20 and 40 days) and

(2) sexual maturation (between 40 and 90 days) by using linear

mixed effect models (LME) in SAS. In analysis (1), sex, treatment

(growth period: ‘H’ or ‘L’) and their interaction were included

as fixed factors, with body mass gain (20–40 days) and TL (day

20) as covariates. Analysis (2) included the factors sex, treatments

(during both the growth period and sexual maturation) and their

two- and three-way interactions, along with covariates body mass

gain (between 40 and 90 days) and TL (day 40).

We also investigated the effect of diet treatment on TL at 20

days and at the end of both growth (day 40) and sexual maturation

(day 90). The 20- and 40-day models of TL included sex, treatment
(H or L) and their interaction as fixed factors and body mass as a

covariate. The model of TL at the end of sexual maturation

included sex, treatments (growth period and maturation) and cor-

responding two- and three-way interactions, with body mass as a

covariate. All models included nest of origin and of rearing

and the identity of the cross-foster dyad as random factors and

were run with Satterthwaite’s d.f.; post hoc comparisons were

performed using Tukey’s post hoc test.
3. Results
(a) Telomere dynamics during growth
The change in TL from 20 to 40 days did not differ between exper-

imental groups or sexes (treatment: F1,14.4¼ 4.40, p¼ 0.054; sex:

F1,98.8¼ 1.08, p¼ 0.300; treatment � sex: F1,91.9¼ 2.71, p ¼
0.103) and was unaffected by TL at 20 days (F1,98.5 ¼ 0.00,

p ¼ 0.956), body mass gain between 20 and 40 days

(F1,108 ¼ 0.08, p ¼ 0.774) or the random factors (all p .

0.062). Average TL at 20 and at 40 days was also similar

among experimental groups and sexes (TL 20 days—

treatment: F1,18.7 ¼ 1.126, p ¼ 0.302; sex: F1,101 ¼ 0.51, p ¼
0.477; treatment � sex: F1,102.4 ¼ 0.93, p ¼ 0.337; TL 40

days—treatment: F1,13.2 ¼ 1.17, p ¼ 0.298; sex: F1,94.5 ¼ 2.11,

p ¼ 0.149; treatment � sex: F1,91.8 ¼ 2.86, p ¼ 0.094). TL at 20

days was not related to body mass (F1,112.6 ¼ 1.07, p ¼
0.302). However, TL at 40 days was negatively related to

body mass (table 1; figure 1). Random factors had no

significant effect on TL (table 1; for TL 20 days, all p . 0.05).

(b) Telomere dynamics during sexual maturation
Birds with shorter TL at 40 days showed accelerated telomere

loss during sexual maturation (40–90 days; table 1), which

was unaffected by the dietary treatment during the growth

period (F1,17.6 ¼ 0.40, p ¼ 0.536) or its interaction with sex

(F1,91.7 ¼ 1.20, p ¼ 0.275). However, there was a significant

interaction between the diet during sexual maturation and

sex (table 1): both sexes lost a similar amount from their tel-

omeres when on the low micronutrient diet (Tukey’s test:

p ¼ 0.555; figure 2a; mean change in TL differed from zero

in both sexes; one-sample t-test, p , 0.05). However, males

and females showed different amounts of loss when on the

high diet (Tukey’s test; p ¼ 0.002). Thus, whereas loss rates

in males were similar irrespective of their diet (Tukey’s test;

p . 0.05), females on the high diet showed no change in TL

during sexual maturation (change in TL in females; one-

sample t-test, p . 0.05), and as a consequence, had

significantly longer TL than any other group at the end of

the experiment (Tukey’s test; all p , 0.001; table 1; figure 2b).

No other measured factors influenced telomere loss over this

period (all p . 0.805; table 1). At the end of sexual maturation

(day 90), TL was negatively related to the birds’ body mass

(table 1), but unrelated to their dietary treatment received

during growth (F1,19.4¼ 0.06, p ¼ 0.816), and its interaction

with sex (F1,86.8¼ 2.57) or other two- and three-way inter-

actions (all p . 0.894). Interestingly, our data indicate that

genetic siblings showed a similar TL at 90 days but unrelated

chicks reared in the same nest did not (table 1).
4. Discussion
While dietary micronutrients had no influence on the telomere

loss of zebra finches during the main period of growth, they



Table 1. Summary of the final linear mixed effect (LME) models of the change in TL during sexual maturation (40 – 90 days; adjusted for the regression to the
mean), and TL at the end of both the growth period (day 40) and sexual maturation (day 90). In the minimal model on TL at 20 days and the change in TL
during growth period only the intercept was retained (see Results for details). In all models, nest of origin and foster were nested within the cross-foster dyad.

dependent variable source of variation parameter estimate F or Z d.f. p-value

change in TL (40 – 90 days) intercept 0.120

TL at day 40 20.1785 8.12 1,104 0.005

sex (female) 0.186 3.91 1,98.9 0.051

treatment (sexual maturation) (L) 0.027 4.92 1,4.92 0.030

sex � treatment (sexual maturation) 20.218 7.24 1,99.7 0.008

random factors

nest of origin 0.009 1.60 0.054

nest of rearing 0.003 0.63 0.263

cross-foster dyad 0a — 1

TL (day 40) intercept 1.845

body mass 20.054 4.68 1,105 0.032

random factors

nest of origin 0.020 1.38 0.084

nest of rearing 0.007 0.67 0.250

cross-foster dyad 0.035 1.61 0.054

TL (day 90) intercept 1.351

body mass 20.030 6.58 1,85 0.012

sex (female) 0.272 10.40 1,92.6 0.002

treatment (sexual maturation) (L) 0.032 7.17 1,61.3 0.009

sex � treatment (sexual maturation) 20.257 9.67 1,91.6 0.002

random factors

nest of origin 0.017 2.19 0.014

nest of rearing 0.010 1.39 0.082

cross-foster dyad 0a — 1
aParameter estimate bound at zero; hence no Z was estimated.
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Figure 1. TL in relation to body mass at the end of the growth period (day
40). The fitted line is the linear regression.
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influenced telomere dynamics during sexual maturation in a

sex-specific way: both sexes showed similar telomere loss

when the micronutrient supply was low, but, when the
supply was relatively high, telomere loss was negligible in

females but significant in males, resulting in females having

longer telomeres on average than males by 90 days of age.

Previous studies have demonstrated a positive link

between growth rate and levels of oxidative stress [5,9], an

important factor influencing TL [4]. We also found that

young zebra finches that had the heaviest body mass at the

end of the growth period (40 days) had the shortest telomeres

(which was still the case by the completion of sexual matu-

ration). However, contrary to our predictions, we found no

effect of dietary micronutrients on growth rates or telomere

dynamics during the growth period. There are at least three

possible explanations of this result. Firstly, oxidative stress

during growth could be relatively low, and thus not influenced

by dietary antioxidants, the reduced TL in faster-growing

chicks reflecting an increased cell division rate. Alternatively,

growing chicks might be able to upregulate endogenously pro-

duced antioxidants to compensate for the reduced dietary

intake. A third possibility is that those receiving higher

levels of micronutrients might have prioritized allocation

of these to other micronutrient-demanding physiological

functions (e.g. immune system [5,6]).

In zebra finches, sexual maturation is likely to be more

micronutrient-demanding for males than for females due to
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Figure 2. (a) Change in TL (adjusted for the regression to the mean;
mean+ s.e.) during sexual maturation (40 – 90 days) and (b) TL at 90
days of age (mean+ s.e.) of male (grey bars) and female zebra finches
(white bars) reared on a low or high micronutrient diet.
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their faster gonadal maturation and redder bill coloration and

adult plumage [11], traits that will have a higher micronutrient

demand [5,6,13]. An extra source of dietary micronutrients

might, therefore, be expected to have a more pronounced

‘rescue effect’ on the TL of males. This was not the case. Intri-

guingly, the TL of males did not differ between treatments,

whereas females on the high micronutrient diet showed no
telomere loss, and had longer telomeres. Although this result

might seem counterintuitive, it would indeed be predicted if,

for instance, dietary micronutrients were a limiting resource

for both sexes even in the high treatment group. Since it is

more important for relatively short-lived species like zebra

finches to reproduce than to survive, the males in our

experiment may have allocated any additional micronutrients

into enhancing sexual attractiveness and the speed of matu-

ration (and so increasing their chance of breeding), whereas

females (whose reproductive chances are less affected by

their appearance) invested the additional micronutrients in

somatic maintenance, preserving TL. The lack of a sex differ-

ence in telomere dynamics in the low micronutrient group

might indicate that both sexes favoured the allocation of micro-

nutrients to somatic maintenance over sexual investment [16].

In conclusion, our results clearly show that high levels of

dietary micronutrients have the potential to influence telo-

mere dynamics by reducing telomere loss. This was evident

during sexual maturation, but not during growth. During

sexual maturation, a protective effect was found in females

but not in males, presumably as a consequence of sex-specific

differences in resource requirements for secondary sexual

characteristics and thereby different allocation strategies.

Males appear to have prioritized the allocation of micronutri-

ents to sexual maturation, whereas females prioritized

self-maintenance. This result should encourage sex-specific

analyses of telomere dynamics in future studies. Further-

more, since an early loss of TL might reduce lifespan [8],

our results stress the importance of investigating whether

such variation in telomere loss might be translated into

changes in life-history trajectories, for instance via changes

to future reproductive investment.
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