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Abstract

Telomeres cap the ends of linear chromosomes and shorten with age in many organisms. In

humans short telomeres have been linked to morbidity and mortality. With the accumulation

of longitudinal datasets the focus shifts from investigating telomere length (TL) to exploring

TL change within individuals over time. Some studies indicate that the speed of telomere

attrition is predictive of future disease. The objectives of the present study were to 1) charac-

terize the change in bovine relative leukocyte TL (RLTL) across the lifetime in Holstein Frie-

sian dairy cattle, 2) estimate genetic parameters of RLTL over time and 3) investigate the

association of differences in individual RLTL profiles with productive lifespan. RLTL mea-

surements were analysed using Legendre polynomials in a random regression model to

describe TL profiles and genetic variance over age. The analyses were based on 1,328

repeated RLTL measurements of 308 female Holstein Friesian dairy cattle. A quadratic

Legendre polynomial was fitted to the fixed effect of age in months and to the random effect

of the animal identity. Changes in RLTL, heritability and within-trait genetic correlation along

the age trajectory were calculated and illustrated. At a population level, the relationship

between RLTL and age was described by a positive quadratic function. Individuals varied

significantly regarding the direction and amount of RLTL change over life. The heritability of

RLTL ranged from 0.36 to 0.47 (SE = 0.05–0.08) and remained statistically unchanged over

time. The genetic correlation of RLTL at birth with measurements later in life decreased with

the time interval between samplings from near unity to 0.69, indicating that TL later in life

might be regulated by different genes than TL early in life. Even though animals differed in

their RLTL profiles significantly, those differences were not correlated with productive life-

span (p = 0.954).
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Introduction

Telomeres are located at the ends of linear chromosomes. They consist of non-coding nucleo-

tide tandem repeats (TTAGGG in vertebrates) and attached proteins of the shelterin complex

[1–3]. Since telomeres were first shown to shorten with the number of cell divisions in vitro

[4], they have been intensely studied in relation to ageing and lifespan in various species in

vivo [5–9]. Such studies have reported mixed results. While some observed a positive correla-

tion between telomere length and longevity [5,10–12], others found no relationship [13,14].

Many authors claimed that longitudinal studies were necessary to better understand telomere

dynamics within the individual, and to investigate the association of not only telomere length

but also change in telomere length with lifespan [10,15–17]. In longitudinal studies of Alpine

swifts and Seychelles warblers, faster telomere attrition, but not telomere length per se, was

associated with poorer survival [18,19]. In humans telomere length maintenance was associ-

ated with better survival than telomere length attrition in patients with cardiovascular disease

[20,21]. However, the relationship between telomere length attrition and survival has not been

investigated in a livestock species to date.

Genetic studies on telomere length are rare outside the human literature. In humans it has

been shown that telomere length is a quantitative trait that is controlled by many different loci

[22–26]. Heritability estimates are available for humans, sand lizards and kakapos and range

from 0.39 to 0.82 in those species [27–33]. Outside those studies heritability estimates are miss-

ing from the literature. It has been shown in the above mentioned species that telomere length

is a heritable trait, but it is unclear if heritability estimates change over life or are relatively con-

stant. A changing impact of environmental effects on telomere length might change heritabil-

ity estimates over time. For animal breeders it is interesting to know which proportion of a

trait at any time is caused by genetic effects and therefore possible to influence with breeding.

In the livestock sector there is a growing interest in using telomere length as a biomarker for

health, productive lifespan and animal welfare [34,35]. However, longitudinal studies that inves-

tigate change in telomere length within individuals are largely missing from the livestock litera-

ture. In the present study we are interested in the rate and direction of telomere length change

and the relationship of different telomere length change profiles with productive lifespan. We

use random regression models which were initially developed to describe lactation curves in

dairy cattle [36,37] for the analysis of telomere length profiles. They allow the fitting of an over-

all fixed curve across time which describes the population trend, and individual random animal

curves (profiles) as deviations from the former. Random regression models take into account

the correlation among repeated measurements within an individual, which is usually greater

than the correlation of measurements between animals [38]. Over the last two decades random

regression models have been applied to many studies in genetics and evolutionary ecology

addressing the change of a broad range of traits over time. Examples of studied traits in genetics

include milk yield [39], milk fat and protein content [40], somatic cell count [41], body condi-

tion score [42,43], body energy [44] and carcass traits [45]. In evolutionary ecology studied

traits included fitness [46], body size [47], body weight in relation to faecal egg counts [48] and

antler size [49]. To our knowledge, only a single study has used random regression models for

the analysis of longitudinal telomere data so far [18]. However, the study was based on a rather

small dataset (373 samples of 204 individuals; more than half of the individuals were sampled

once only) and could not find a statistically significant difference in telomere length profiles.

The objectives of the present study were to 1) characterize the change in bovine relative leu-

kocyte telomere length (RLTL) across the lifetime in Holstein Friesian dairy cattle, 2) estimate

genetic parameters of RLTL over time and 3) investigate the association of differences in indi-

vidual RLTL profiles with productive lifespan.

Changes in telomere length with age in dairy cattle
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Materials and methods

Ethics statement

Blood sampling of Holstein Friesian cattle was approved by the Animal Experiments Commit-

tee (UK Home Office Project License Number: PPL 60/4278).

Data

Animals used in this study were Holstein Friesian dairy cattle of the Langhill herd that were

kept at the Crichton Royal Research Farm in Dumfries (Scotland, UK). All animals in this

herd belong to one of two distinct genetic lines (selected for high milk fat and protein yield vs.

control). Furthermore, cows are randomly allocated to two different diets that contain either a

high or low proportion of forage. These genetic lines and diets were set up over 30 years ago to

accommodate genetic and nutritional scientific studies [50].

We measured RLTL in 1,328 longitudinal samples of 308 female animals born between

2008 and 2014. Animals were approximately equally split between genetic lines and diets. All

animals were blood sampled once at birth and then at least once more during their lifetime.

On average, 4.3 samples were taken per animal. At the end of the study 244 out of 308 animals

were dead and had recorded productive lifespan measurements. Productive lifespan was

defined as the time between the animal’s birth and culling in days. Productive lifespan differs

from longevity measurements in humans and natural populations, because dairy cattle rarely

die of natural causes. However, we argue that productive lifespan is still biologically meaning-

ful, because animals are not culled randomly but usually for fertility or health reasons.

DNA was extracted from whole blood samples using DNeasy spin columns (QIAGEN) and

each sample had to pass internal quality control steps which were 1) yield and purity measured

on a NanoDrop ND-1000 spectrophotometer (Thermo Scientific) had to fulfil the minimum

requirements of: yield> 20 ng/μl, 260/280 ratio > 1.7 and 260/230 ratio >1.8 and 2) integrity

gel scores had to be between 1–2 [51]. RLTL was measured by qPCR using tel 1b (5’-CGG
TTT GTT TGG GTT TGG GTT TGG GTT TGG GTT TGG GTT-3’) and tel 2b (5’-GGC
TTG CCT TAC CCT TAC CCT TAC CCT TAC CCT TAC CCT-3’) primers [52] for the

telomere amplification and beta-2-microglobulin (B2M) primers (Primerdesign, accession

code NM_001009284) for the reference gene amplification [51]. An identical sample–the so-

called calibrator or golden sample–was repeated on every plate to correct for measurement

error that is associated with the qPCR plate. The number of cycles at which the qPCR amplifi-

cation curve crosses a set fluorescence threshold (the Cq value) was determined for each sam-

ple for telomere and B2M reactions. Raw Cq measurements were baseline corrected using the

software LinReg PCR [53]. The same software was used to calculate the reaction specific qPCR

efficiencies ETEL and EB2M that were in turn used in following formula [54] to calculate RLTL:

RLTL ¼
E

CqTELðCalibratorÞ � CqTELðSampleÞ
TEL

ECqB2MðCalibratorÞ � CqB2MðSampleÞ
B2M

ð1Þ

The Cq values corresponding with the calibrator sample were CqTEL(Calibrator) and CqB2M(Calibrator)

for the telomere and the B2M reaction respectively. Cq values of the individual samples were

CqTEL(Sample) and CqB2M(Sample).

Individual samples were measured on 25 qPCR plates in total which had 8 rows for each

reaction. RLTL data were logarithmically transformed to achieve normal distribution (Sha-

piro-Wilk normality test: W = 0.9985, p = 0.299). Because of the increasing scarcity of data

points after the age of 60 months, this age was used as the cut-off for data visualisation. The
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pedigree included 11,003 animals spread over 27 generations. The animals with RLTL mea-

surements were descendants of 40 sires and 241 dams.

Data analysis

The following random regression model was used for the analysis of longitudinal RLTL data:

Ytijk ¼ BirthYearj þ GeneticGroupj þ qPCRplateij þ qPCRrowij þ
Xn

k¼0
Pjktbk þ

Xn

k¼0
Pjktujk

þ etijk ð2Þ

where Ytijk = the ith RLTL measurement for animal j using a Legendre polynomial of the order

k. BirthYearj represents the fixed effect of the year in which animal j was born; GeneticGroupj

stands for the fixed effect of the genetic group of animal j; qPCR plate and qPCR row of a par-

ticular sample i of animal j was included as fixed effects (qPCRplateij and qPCRrowij); fixed

effects regression coefficients are represented bybk, while ujk stands for the kth order random

regression coefficients for the additive genetic effects of animal j; Pjkt represents the kth order

of Legendre polynomial fitted to the measurement i of animal j at the age t in months; the ran-

dom residual variance is etijk. Sampling intervals and age at sampling (after the initial record)

differed among individuals.

Model (2) included fixed effects that remained statistically significant (p<0.05) after back-

wards eliminating all tested non-significant effects (such as birth season, birth weight, weight

at sampling, body condition score, and feed group) and the genetic group of the animal. The

fixed and random regressions, both modelled with polynomial functions, described the aver-

age RTL change across age, and individual animal deviations from the average, respectively.

The latter pertained to the animal’s additive genetic effect. The animal’s permanent environ-

ment was also examined as a random factor but had a negligible effect (see S1 File).

We tested if the residual variance of different age groups differed significantly implying a

heterogeneous variance structure. We first considered four different age groups (0–12 months,

13–24 months, 25–40 months and older than 40 months) and then two different age groups

(younger and older than 2 months) but did not find a significant difference in residual vari-

ance between any age groups (see S1 File). Therefore, a homogeneous residual variance struc-

ture was assumed for the subsequent analysis.

The Akaike information criterion (AIC) was used to assess 1) if the introduction of the ran-

dom animal genetic effect improved the model fit compared to a model that only included fixed

effects; this would suggest that animals differ in their intercept (average RLTL across all mea-

surements); 2) if Legendre polynomials fitted to the random animal genetic effect improved the

model fit further, thereby suggesting that animals also differ in their slope (RLTL dynamics). A

difference of two units in AIC corresponds to an approximate significance of p<0.05. Within

the range of two units the simpler model was preferred over the more complicated [55–57]. In

the end, quadratic polynomials were fitted to both the overall fixed curve and the individual

random animal deviation.

All statistical analyses were conducted with the ASReml software version 4.1 [58].

Calculation of the fixed and random curves. The fixed curve that illustrates RLTL

dynamics at a population level was calculated as the sum of the products of the Legendre poly-

nomial order residuals for a given age and the corresponding fixed regression coefficients.

This was repeated across all ages in the trajectory. Random regression models allow the calcu-

lation of an individual profile of RLTL change over age for each animal as a deviation from the

population mean (fixed curve). The model output provides estimates (solutions) for each ani-

mal and each order of polynomial fitted in the model. The random curves were calculated

Changes in telomere length with age in dairy cattle
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simply by summing solutions for each animal and test month across all products of the nth

order polynomial with the nth order polynomial residual. The standard error was calculated in

parallel by using the standard errors associated with the solutions for the same calculation.

Eigenvalues were calculated to estimate the amount of variance between animals that is due to

1) the intercept and 2) the shape of individual curves. Eigenfunctions were calculated to ana-

lyse the direction of each effect.

Variance components and genetic parameters. The additive genetic variance (VA) for

each month was calculated using following formula [38]:

VA ¼ pKp0 ð3Þ

Where p is a 1 x k vector (k is the order of the fitted Legendre polynomial) containing the

residuals for each polynomial order for the given month, K is a matrix containing the REML

estimates of (co)variance components and p’ is the transposed p vector. The heritability of

RLTL and its standard error were calculated at birth and for each consecutive month. Also, the

genetic correlations of RLTL at birth with each following month were calculated. Detailed

information about those calculations can be found in S1 File.

Analysis of the association of RLTL dynamics with productive lifespan. Out of 308 ani-

mals 244 were dead by the end of the study and produced exact productive lifespan measure-

ments. To investigate if different RLTL profiles were associated with a difference in productive

lifespan, individual RLTL random curves (profiles) were clustered using the R library kmlShape

Fig 1. Fixed curve of logarithmically transformed relative leukocyte telomere (RLTL) data. Blue line: quadratic Legendre polynomial function

of age; black solid line: phenotypic RLTL measurements for each month.

https://doi.org/10.1371/journal.pone.0192864.g001
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[59] in five groups. We decided for five clusters to explore a difference in animals that maintain

their RLTL in contrast to those who early in life either mildly or moderately shorten or elongate

their RLTL, respectively. The association between productive lifespan and RLTL cluster was

investigated with a Cox proportional hazard analysis. This analysis allows fitting maximal

known survival times as right-censored data to account for animals that are still alive. For living

animals age in days at the first day of the present year was used for the calculation of the maxi-

mal known survival time. A Wald test was used to determine the significance of the relationship

between RLTL profiles and productive lifespan.

Results

Raw RLTL measures ranged from 0.693 to 1.727 with a mean of 1.082. The coefficient of varia-

tion was 0.162. The model that included the animal identity as a random effect fitted the data

significantly better than a model including only the fixed effects (delta AIC = 204.97) suggest-

ing that animals differed significantly in their average RLTL across time. Fitting animal iden-

tity with pedigree information further improved the model fit (delta AIC = 55.46). Fitting an

individual curve for each animal (using a quadratic Legendre polynomial) additionally

increased the model fit (delta AIC = 3.24), meaning that monthly RLTL dynamics also differ

among individual animals. A quadratic Legendre polynomial fitted marginally better than a

linear function (delta AIC = 2.07) and had the advantage that the same order of Legendre

Fig 2. Examples for three individual animal RLTL curves (blue lines) with standard error (black, dotted lines), expressed as deviation from

the fixed curve. Animals were chosen randomly to illustrate the variability between individual curves.

https://doi.org/10.1371/journal.pone.0192864.g002
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polynomial was fitted to the fixed and the random effect which facilitates interpretation of the

results.

The fixed curve as described by the Legendre polynomial captured the expected initial

decline of RLTL in early life and a relative stability of RLTL later in life (Fig 1). The curve also

illustrates a slight increase of RLTL in later life.

Examples of individual animal RLTL curves are shown in Fig 2. These curves illustrate the

change in RLTL with age. The intercept, amount and direction of individual RLTL profiles

varied considerably and significantly among the animals in the study (Fig 2). The calculation

of eigenvalues revealed that the majority of the difference between individual animal profiles is

explained by differences in the intercept (94.7%) while 5.3% are due to different shapes of the

curves. Eigenfunctions are shown in S1 File.

Monthly heritability estimates for RLTL ranged from 0.356 to 0.470 (SE = 0.045–0.104)

and were slightly higher between 20 and 50 months of age than in the beginning of life or at

older ages. Considering the SE, heritability estimates remained relatively stable over life

(Fig 3).

The genetic correlation between RLTL measurements at birth and at different stages of the

animals’ lives are shown in Fig 4. As expected, correlations were very high between RLTL at

birth and neighbouring ages but decreased as the interval between the two measurements

increased. The minimum correlation was 0.693.

Fig 3. Heritability estimate of RLTL by month of age; standard errors in dotted lines (SE = 0.045–0.078).

https://doi.org/10.1371/journal.pone.0192864.g003
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Analysis of the association of RLTL dynamics with productive lifespan

Productive lifespan ranged from 17 to 2,823 days (mean = 1,477 days, sd = 76.97 days). To test

the association between RLTL profiles (intercept and shape) and productive lifespan, RLTL

profiles were clustered into groups depending on the similarity of their RLTL change pattern.

Five clusters were formed to capture no telomere change and mild and moderate changes in

both directions early in life (attrition vs. elongation). Animals differed more in their intercept

than in their direction and amount of change. Of all animals 32% shortened their RLTL

slightly in early life, while 29% did not show obvious RLTL change at all (red curve and green

curves respectively in Fig 5). Mild elongation early in life was observed in 22% (blue curve in

Fig 5). More obvious attrition and elongation early in life was observed in 12% and 5% of the

animals, respectively (cyan and pink curves in Fig 5).

The Cox proportional hazard analysis revealed that there was no significant relationship

between RLTL profile cluster and productive lifespan (p = 0.97) which is visualised in Fig 6.

Discussion

This is the first study exploring individual RLTL profiles of farm animals across time and the

largest longitudinal telomere study outside the human literature so far. Our results suggest that

individual cattle differ in their RLTL dynamics over life. Although most of the difference

between animals is explained by a different average RLTL (intercept) (94.7%), a small

Fig 4. Genetic correlation of RLTL measurements at birth with measurements in later life. standard errors in dotted lines (maximal

SE = 0.087).

https://doi.org/10.1371/journal.pone.0192864.g004
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proportion is due to different shapes of RLTL profiles (5.3%). This is an important observation

that justifies the further investigation of differences in telomere profiles in association with

traits of interest such as health, fertility and mortality. The only other study we are aware of

that used random regression models for the analysis of longitudinal telomere data did not

report a significant difference in telomere dynamics among Seychelles warblers [18], which

might have been due to the relatively small sample size of that study.

At a population level RLTL shortened in the beginning of life. The fixed curve calculated in

the present study suggests an average RLTL increase later in life. However, this is probably due

to the symmetry of a quadratic function and might not reflect biological changes. Therefore,

we argue that at a population level telomeres shorten in the beginning of life and remain rela-

tively stable thereafter. Some previous longitudinal studies in baboons and birds support these

results, though they did not use random regression models for their analyses [60,61][60,61]. A

study in humans found that the early life telomere attrition was followed by a plateau with no

telomere change and by a second decline in telomere length as adults grew older [62][62]. It is

possible that our study did not include animals that were old enough to show that second

decline.

In the present study we report the first heritability estimates for telomere length across all

species that were calculated using random regression models. Random regression model esti-

mates do not only inform about the proportion of the variance that is due to additive genetic

effects, they also demonstrate how this proportion might change over time. It is known that

telomere length is affected by many different genes [22–26]. Epigenetic changes to the genome

can alter the translation of genes with ageing [63,64]. If regulatory genes for RLTL were

Fig 5. Individual RLTL profiles (grey) and five cluster curves. Of all animals 31% shortened their RLTL slightly in early life (red

curve), 30% maintained their RLTL over life (green curve), 22% showed mild elongation in early life (blue curve), 12% more obvious

elongation (pink curve) and 4% more obvious telomere attrition (cyan curve).

https://doi.org/10.1371/journal.pone.0192864.g005
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activated or silenced in an unbalanced manner with ageing, heritability estimates for RLTL

might change considerably. However, in the present study we show that heritability estimates

for bovine RLTL are not only relatively high (0.36 to 0.47; SE = 0.05–0.10) they are also relatively

stable (Fig 3). This means that RLTL at all ages could be influenced by breeding programmes.

Heritability of telomere length estimated with relatively simpler models has been reported

before in humans (0.39–0.82) [27–31], sand lizards (0.52) [32] and kakapos (0.42–0.77)[33].

Within an animal, the genetic correlation between consecutive RLTL measurements decreased

as the time interval between measurements increased. This suggests that RLTL might be under

different genetic control at different life stages. As mentioned before, epigenetic changes during

ageing [63,64] might inhibit or promote genes that play a role in telomere maintenance. Also, telo-

meres have been reported to have regulatory functions themselves that act on genes in their close

proximity and even in further distance [65–67]. For example, long telomeres form bulky struc-

tures that can inhibit transcription of genes in their neighbourhood. When telomeres shorten

they unfold and enable the expression of those genes. This is known as telomere positioning effect

[65]. Also, shelterin can act as transcription factors and thus regulate gene expression [68].

Not much is known about telomere length and its association with productive lifespan in

cattle so far. In cross-sectional studies bovine telomere length declines with age and during the

lactation period [35,69,70]. A single study found that animals with shorter telomeres were

more likely to be culled within the next year [35]. In the present study we did not find a signifi-

cant relationship between telomere dynamics and productive lifespan in cattle. Dairy cattle

Fig 6. Survival probability of different RLTL profile cluster groups. Colours correspond to colours in Fig 5.

https://doi.org/10.1371/journal.pone.0192864.g006
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rarely live until their physiological end of life but are usually culled for fertility, productivity or

health reasons. In the introduction we argued that productive lifespan was still biologically

meaningful, because animals are not randomly selected for culling. However, the relationship

between productive lifespan and RLTL might be different than these relationships in humans

or natural animal populations. Also, a relationship between RLTL and productive lifespan in

dairy cattle might be there if RLTL change was examined in a different way. RLTL dynamics

might be too pulsatile to be exactly described by random regression models. Future studies are

required to investigate the best way to analyse longitudinal datasets that include more than

two RLTL measurements per animal. While current results did not show a significant correla-

tion between RLTL and productive life at phenotypic level, a further study examining genetic

correlation between the two traits is of high interest as it may provide a different result.

Supporting information

S1 File. Complementary information.

(DOCX)

Acknowledgments

We used a liquid handling robot and qPCR machine of the SynthSys facility at the University

of Edinburgh and thank Eliane Salvo-Chirnside and Lorraine Kerr for their support. Many

thanks also go to Tanya Englishby for countless discussions about random regression models.

We also thank the scientific reviewers for their helpful comments that improved the manu-

script further.

Author Contributions

Conceptualization: Luise A. Seeker, Joanna J. Ilska, Androniki Psifidi, Rachael V. Wilbourn,

Sarah L. Underwood, Jennifer Fairlie, Rebecca Holland, Hannah Froy, Bruce Whitelaw,

Mike Coffey, Daniel H. Nussey, Georgios Banos.

Data curation: Luise A. Seeker, Joanna J. Ilska, Rachael V. Wilbourn, Sarah L. Underwood,

Jennifer Fairlie, Rebecca Holland.

Formal analysis: Luise A. Seeker.

Funding acquisition: Bruce Whitelaw, Mike Coffey, Daniel H. Nussey, Georgios Banos.

Investigation: Luise A. Seeker.

Methodology: Luise A. Seeker, Rachael V. Wilbourn, Sarah L. Underwood, Jennifer Fairlie,

Rebecca Holland, Ainsley Bagnall.

Project administration: Georgios Banos.

Supervision: Bruce Whitelaw, Mike Coffey, Daniel H. Nussey, Georgios Banos.

Validation: Luise A. Seeker.

Visualization: Luise A. Seeker.

Writing – original draft: Luise A. Seeker.

Writing – review & editing: Luise A. Seeker, Joanna J. Ilska, Androniki Psifidi, Sarah L.

Underwood, Jennifer Fairlie, Hannah Froy, Bruce Whitelaw, Mike Coffey, Daniel H. Nus-

sey, Georgios Banos.

Changes in telomere length with age in dairy cattle

PLOS ONE | https://doi.org/10.1371/journal.pone.0192864 February 13, 2018 11 / 15

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0192864.s001
https://doi.org/10.1371/journal.pone.0192864


References
1. Blackburn Gall. A Tandemly Repeated Sequence at the Termini of Extrachromosomal Ribbosomal

RNA Genes in Tetrahymena. J Mol Biol. 1978; 33–53.

2. De Lange T. Shelterin: The protein complex that shapes and safeguards human telomeres. Genes Dev.

2005; 19: 2100–2110. https://doi.org/10.1101/gad.1346005 PMID: 16166375

3. Moyzis RK, Buckingham JM, Cram LS, Dani M, Deaven LL, Jones MD, et al. A highly conserved repeti-

tive DNA sequence, (TTAGGG)n, present at the telomeres of human chromosomes. Proc Natl Acad

Sci U S A. 1988; 85: 6622–6. https://doi.org/10.1073/pnas.85.18.6622 PMID: 3413114

4. Harley C, Futcher A, Greider C. Telomeres shorten during ageing of human fibroblasts. Nature. 1990;

458–60.

5. Bakaysa SL, Mucci L a., Slagboom PE, Boomsma DI, Mcclearn GE, Johansson B, et al. Telomere

length predicts survival independent of genetic influences. Aging Cell. 2007; 6: 769–774. https://doi.org/

10.1111/j.1474-9726.2007.00340.x PMID: 17925004

6. Haussmann MF, Marchetto NM. Telomeres: Linking stress and survival, ecology and evolution. Curr

Zool. 2010; 56: 714–727.

7. Haussmann MF, Winkler DW, Vleck CM. Longer telomeres associated with higher survival in birds. Biol

Lett. 2005; 1: 212–214. https://doi.org/10.1098/rsbl.2005.0301 PMID: 17148169

8. Herborn KA, Heidinger BJ, Boner W, Noguera JC, Adam A, Daunt F, et al. Stress exposure in early

post-natal life reduces telomere length: an experimental demonstration in a long-lived seabird. Proc Biol

Sci. 2014; 281: 20133151. https://doi.org/10.1098/rspb.2013.3151 PMID: 24648221

9. Monaghan P, Haussmann MF. Do telomere dynamics link lifestyle and lifespan? Trends Ecol Evol.

2006; 21: 47–53. https://doi.org/10.1016/j.tree.2005.11.007 PMID: 16701469

10. Boonekamp JJ, Simons MJP, Hemerik L, Verhulst S. Telomere length behaves as biomarker of somatic

redundancy rather than biological age. Aging Cell. 2013; 12: 330–332. https://doi.org/10.1111/acel.

12050 PMID: 23346961

11. Fairlie J, Holland R, Pilkington JG, Pemberton JM, Harrington L, Nussey DH. Lifelong leukocyte telo-

mere dynamics and survival in a free-living mammal. Aging Cell. 2015; 140–148. https://doi.org/10.

1111/acel.12417 PMID: 26521726

12. Heidinger BJ, Blount JD, Boner W, Griffiths K, Metcalfe NB, Monaghan P. Telomere length in early life

predicts lifespan. Proc Natl Acad Sci. National Acad Sciences; 2012; 109: 1–6. Available: http://dx.doi.

org/10.1073/pnas.1113306109

13. Hovatta I, de Mello VDF, Kananen L, Lindström J, Eriksson JG, Ilanne-Parikka P, et al. Leukocyte telo-

mere length in the Finnish Diabetes Prevention Study. PLoS One. 2012; 7: e34948. https://doi.org/10.

1371/journal.pone.0034948 PMID: 22493726

14. Raymond AR, Norton GR, Sareli P, Woodiwiss AJ, Brooksbank RL. Relationship between average leu-

cocyte telomere length and the presence or severity of idiopathic dilated cardiomyopathy in black Afri-

cans. Eur J Heart Fail. 2012; 5–9. https://doi.org/10.1093/eurjhf/hfs147 PMID: 23035035

15. Hornsby PJ. Short telomeres: cause or consequence of aging? Aging Cell. 2006; 577–578. https://doi.

org/10.1111/j.1474-9726.2006.00249.x PMID: 17081154

16. Lansdorp PM. Stress, social rank and leukocyte telomere length. Aging Cell. 2006; 5: 583–584. Avail-

able: http://www.ncbi.nlm.nih.gov/pubmed/17081156 https://doi.org/10.1111/j.1474-9726.2006.00247.

x PMID: 17081156

17. Mather KA, Jorm AF, Parslow RA, Christensen H. Is telomere length a biomarker of aging? A review.

journals Gerontol Ser A Biol Sci Med Sci. United States; 2011; 66: 202–213. Available: http://www.ncbi.

nlm.nih.gov/pubmed/21030466

18. Barrett ELB, Burke T a., Hammers M, Komdeur J, Richardson DS. Telomere length and dynamics pre-

dict mortality in a wild longitudinal study. Mol Ecol. 2013; 22: 249–259. https://doi.org/10.1111/mec.

12110 PMID: 23167566

19. Bize P, Criscuolo F, Metcalfe NB, Nasir L, Monaghan P. Telomere dynamics rather than age predict life

expectancy in the wild. Proc R Soc London B. 2009; 276: 1679–83. https://doi.org/10.1098/rspb.2008.

1817 PMID: 19324831

20. Farzaneh-Far R, Lin J, Epel E, Lapham K, Blackburn E, Whooley MA. Telomere length trajectory and its

determinants in persons with coronary artery disease: Longitudinal findings from the heart and soul

study. PLoS One. 2010; 5. https://doi.org/10.1371/journal.pone.0008612 PMID: 20072607

21. Goglin SE, Farzaneh-Far R, Epel ES, Lin J, Blackburn EH, Whooley MA. Change in leukocyte telomere

length predicts mortality in patients with stable coronary heart disease from the heart and soul study.

PLoS One. 2016; 11: 1–12. https://doi.org/10.1371/journal.pone.0160748 PMID: 27783614

Changes in telomere length with age in dairy cattle

PLOS ONE | https://doi.org/10.1371/journal.pone.0192864 February 13, 2018 12 / 15

https://doi.org/10.1101/gad.1346005
http://www.ncbi.nlm.nih.gov/pubmed/16166375
https://doi.org/10.1073/pnas.85.18.6622
http://www.ncbi.nlm.nih.gov/pubmed/3413114
https://doi.org/10.1111/j.1474-9726.2007.00340.x
https://doi.org/10.1111/j.1474-9726.2007.00340.x
http://www.ncbi.nlm.nih.gov/pubmed/17925004
https://doi.org/10.1098/rsbl.2005.0301
http://www.ncbi.nlm.nih.gov/pubmed/17148169
https://doi.org/10.1098/rspb.2013.3151
http://www.ncbi.nlm.nih.gov/pubmed/24648221
https://doi.org/10.1016/j.tree.2005.11.007
http://www.ncbi.nlm.nih.gov/pubmed/16701469
https://doi.org/10.1111/acel.12050
https://doi.org/10.1111/acel.12050
http://www.ncbi.nlm.nih.gov/pubmed/23346961
https://doi.org/10.1111/acel.12417
https://doi.org/10.1111/acel.12417
http://www.ncbi.nlm.nih.gov/pubmed/26521726
http://dx.doi.org/10.1073/pnas.1113306109
http://dx.doi.org/10.1073/pnas.1113306109
https://doi.org/10.1371/journal.pone.0034948
https://doi.org/10.1371/journal.pone.0034948
http://www.ncbi.nlm.nih.gov/pubmed/22493726
https://doi.org/10.1093/eurjhf/hfs147
http://www.ncbi.nlm.nih.gov/pubmed/23035035
https://doi.org/10.1111/j.1474-9726.2006.00249.x
https://doi.org/10.1111/j.1474-9726.2006.00249.x
http://www.ncbi.nlm.nih.gov/pubmed/17081154
http://www.ncbi.nlm.nih.gov/pubmed/17081156
https://doi.org/10.1111/j.1474-9726.2006.00247.x
https://doi.org/10.1111/j.1474-9726.2006.00247.x
http://www.ncbi.nlm.nih.gov/pubmed/17081156
http://www.ncbi.nlm.nih.gov/pubmed/21030466
http://www.ncbi.nlm.nih.gov/pubmed/21030466
https://doi.org/10.1111/mec.12110
https://doi.org/10.1111/mec.12110
http://www.ncbi.nlm.nih.gov/pubmed/23167566
https://doi.org/10.1098/rspb.2008.1817
https://doi.org/10.1098/rspb.2008.1817
http://www.ncbi.nlm.nih.gov/pubmed/19324831
https://doi.org/10.1371/journal.pone.0008612
http://www.ncbi.nlm.nih.gov/pubmed/20072607
https://doi.org/10.1371/journal.pone.0160748
http://www.ncbi.nlm.nih.gov/pubmed/27783614
https://doi.org/10.1371/journal.pone.0192864


22. Pooley KA, Bojesen SE, Weischer M, Nielsen SF, Thompson D, Amin Al Olama A, et al. A genome-

wide association scan (GWAS) for mean telomere length within the COGS project: Identified loci show

little association with hormone-related cancer risk. Hum Mol Genet. 2013; 22: 5056–5064. https://doi.

org/10.1093/hmg/ddt355 PMID: 23900074

23. Gatbonton T, Imbesi M, Nelson M, Akey JM, Ruderfer DM, Kruglyak L, et al. Telomere length as a quan-

titative trait: Genome-wide survey and genetic mapping of telomere length-control genes in yeast. PLoS

Genet. 2006; 2: 0304–0315. https://doi.org/10.1371/journal.pgen.0020035 PMID: 16552446

24. Levy D, Neuhausen SL, Hunt SC, Kimura M, Hwang S-J, Chen W, et al. Genome-wide association iden-

tifies OBFC1 as a locus involved in human leukocyte telomere biology. Proc Natl Acad Sci U S A. 2010;

107: 9293–8. https://doi.org/10.1073/pnas.0911494107 PMID: 20421499

25. Shen Q, Zhang Z, Yu L, Cao L, Zhou D, Kan M, et al. Common variants near TERC are associated with

leukocyte telomere length in the Chinese Han population. Eur J Hum Genet. Nature Publishing Group;

2011; 19: 721–3. https://doi.org/10.1038/ejhg.2011.4 PMID: 21304559

26. Mangino M, Brouilette S, Braund P, Tirmizi N, Vasa-Nicotera M, Thompson JR, et al. A regulatory SNP

of the BICD1 gene contributes to telomere length variation in humans. Hum Mol Genet. 2008; 17:

2518–2523. https://doi.org/10.1093/hmg/ddn152 PMID: 18487243

27. Vasa-Nicotera M, Brouilette S, Mangino M, Thompson JR, Braund P, Clemitson J-R, et al. Mapping of a

major locus that determines telomere length in humans. Am J Hum Genet. 2005; 76: 147–51. https://

doi.org/10.1086/426734 PMID: 15520935

28. Bischoff C, Graakjaer J, Petersen CH, Hjelmborg JB, Bohr V, Koelvraa S, et al. The Heritability of Telo-

mere Length Among the Elderly and Oldest-old. Twin Res Hum Genet. 2005; 8: 433–439. https://doi.

org/10.1375/183242705774310141 PMID: 16212832

29. Broer L, Codd V, Nyholt DR, Deelen J, Mangino M, Willemsen G, et al. Meta-analysis of telomere length

in 19 713 subjects reveals high heritability, stronger maternal inheritance and a paternal age effect. Eur

J Hum Genet. Nature Publishing Group; 2013; 21: 1163–1168. https://doi.org/10.1038/ejhg.2012.303

PMID: 23321625

30. Hjelmborg JB, Dalgard C, Moller S, Steenstrup T, Kimura M, Christensen K, et al. The heritability of leu-

cocyte telomere length dynamics. J Med Genet. 2015; 52: 297–302. https://doi.org/10.1136/jmedgenet-

2014-102736 PMID: 25770094

31. Njajou OT, Cawthon RM, Damcott CM, Wu S, Ott S, Garant MJ, et al. Telomere length is paternally

inherited and is associated with parental lifespan. Proc Natl Acad Sci U S A. 2007; 104: 12135–9.

https://doi.org/10.1073/pnas.0702703104 PMID: 17623782

32. Olsson M, Pauliny A, Wapstra E, Uller T, Schwartz T, Blomqvist D. Sex differences in sand lizard telo-

mere inheritance: Paternal epigenetic effects increases telomere heritability and offspring survival.

PLoS One. 2011; 6. https://doi.org/10.1371/journal.pone.0017473 PMID: 21526170

33. Horn T, Robertson BC, Will M, Eason DK, Elliott GP, Gemmell NJ. Inheritance of telomere length in a

bird. PLoS One. 2011; 6: 1–5. https://doi.org/10.1371/journal.pone.0017199 PMID: 21364951

34. Bateson M. Cumulative stress in research animals: Telomere attrition as a biomarker in a welfare con-

text? BioEssays. 2016; 38: 201–212. https://doi.org/10.1002/bies.201500127 PMID: 26645576

35. Brown DE, Dechow CD, Liu WS, Harvatine K j., Ott TL. Hot topic: Association of telomere length with

age, herd, and culling in lactating Holsteins. J Dairy Sci. 2012; 95.

36. Jamrozik J, Schaeffer LR. Estimates of Genetic Parameters for a Test Day Model with Random Regres-

sions for Yield Traits of First Lactation Holsteins. J Dairy Sci. Elsevier; 1997; 80: 762–770. https://doi.

org/10.3168/jds.S0022-0302(97)75996-4 PMID: 9149971

37. Kirkpatrick M, Hill WG, Thompson R. Estimating the covariance structure of traits during growth and

aging, illustrated with lactations in dairy cattle. Genet Res. Edinburgh College of Art; 1994; 64: 57–69.

PMID: 7958832

38. Werf J Van Der. Random regression in animal breeding. Notes. 2001;

39. Mrode R, Coffey M. Understanding Cow Evaluations in Univariate and Multivariate Animal and Random

Regression Models. J Dairy Sci. Elsevier; 2008; 91: 794–801. https://doi.org/10.3168/jds.2007-0506

PMID: 18218767

40. Abdullahpour R, Shahrbabak MM, Nejati-javaremi A. Genetic analysis of milk yield, fat and protein con-

tent in Holstein dairy cows in Iran: Legendre polynomials random regression model applied. Arch Tier-

zucht. 2013; 56: 497–508. https://doi.org/10.7482/0003-9438-56-048

41. Mrode RA, Swanson GJT. Estimation of genetic parameters for somatic cell score in the first three lacta-

tions using random regression. Livest Prod Sci. 2003; 79: 239–247.

42. Banos G, Brotherstone S, Coffey MP. Evaluation of Body Condition Score Measured Throughout Lacta-

tion as an Indicator of Fertility in Dairy Cattle. J Dairy Sci. Elsevier; 2004; 87: 2669–2676. https://doi.org/

10.3168/jds.S0022-0302(04)73393-7 PMID: 15328292

Changes in telomere length with age in dairy cattle

PLOS ONE | https://doi.org/10.1371/journal.pone.0192864 February 13, 2018 13 / 15

https://doi.org/10.1093/hmg/ddt355
https://doi.org/10.1093/hmg/ddt355
http://www.ncbi.nlm.nih.gov/pubmed/23900074
https://doi.org/10.1371/journal.pgen.0020035
http://www.ncbi.nlm.nih.gov/pubmed/16552446
https://doi.org/10.1073/pnas.0911494107
http://www.ncbi.nlm.nih.gov/pubmed/20421499
https://doi.org/10.1038/ejhg.2011.4
http://www.ncbi.nlm.nih.gov/pubmed/21304559
https://doi.org/10.1093/hmg/ddn152
http://www.ncbi.nlm.nih.gov/pubmed/18487243
https://doi.org/10.1086/426734
https://doi.org/10.1086/426734
http://www.ncbi.nlm.nih.gov/pubmed/15520935
https://doi.org/10.1375/183242705774310141
https://doi.org/10.1375/183242705774310141
http://www.ncbi.nlm.nih.gov/pubmed/16212832
https://doi.org/10.1038/ejhg.2012.303
http://www.ncbi.nlm.nih.gov/pubmed/23321625
https://doi.org/10.1136/jmedgenet-2014-102736
https://doi.org/10.1136/jmedgenet-2014-102736
http://www.ncbi.nlm.nih.gov/pubmed/25770094
https://doi.org/10.1073/pnas.0702703104
http://www.ncbi.nlm.nih.gov/pubmed/17623782
https://doi.org/10.1371/journal.pone.0017473
http://www.ncbi.nlm.nih.gov/pubmed/21526170
https://doi.org/10.1371/journal.pone.0017199
http://www.ncbi.nlm.nih.gov/pubmed/21364951
https://doi.org/10.1002/bies.201500127
http://www.ncbi.nlm.nih.gov/pubmed/26645576
https://doi.org/10.3168/jds.S0022-0302(97)75996-4
https://doi.org/10.3168/jds.S0022-0302(97)75996-4
http://www.ncbi.nlm.nih.gov/pubmed/9149971
http://www.ncbi.nlm.nih.gov/pubmed/7958832
https://doi.org/10.3168/jds.2007-0506
http://www.ncbi.nlm.nih.gov/pubmed/18218767
https://doi.org/10.7482/0003-9438-56-048
https://doi.org/10.3168/jds.S0022-0302(04)73393-7
https://doi.org/10.3168/jds.S0022-0302(04)73393-7
http://www.ncbi.nlm.nih.gov/pubmed/15328292
https://doi.org/10.1371/journal.pone.0192864


43. Oikonomou G, Valergakis GE, Arsenos G, Roubies N, Banos G. Genetic profile of body energy and

blood metabolic traits across lactation in primiparous Holstein cows. J Dairy Sci. Elsevier; 2008; 91:

2814–2822. https://doi.org/10.3168/jds.2007-0965 PMID: 18565939

44. Banos G, Coffey MP. Genetic association between body energy measured throughout lactation and fer-

tility in dairy cattle. Animal. Edinburgh College of Art; 2010; 4: 189–199. https://doi.org/10.1017/

S1751731109991182 PMID: 22443872

45. Englishby TM, Banos G, Moore KL, Coffey MP, Evans RD, Berry DP. Genetic analysis of carcass traits

in beef cattle using random regression models. J Anim Sci. 2016; 94: 1354–1364. https://doi.org/10.

2527/jas.2015-0246 PMID: 27135995

46. Nussey DH, Wilson AJ, Morris A, Pemberton J, Clutton-Brock T, Kruuk LE. Testing for genetic trade-

offs between early- and late-life reproduction in a wild red deer population. Proc R Soc B Biol Sci. 2008;

275: 745–750. https://doi.org/10.1098/rspb.2007.0986 PMID: 18211877

47. Wilson AJ, Pemberton JM, Pilkington JG, Clutton-Brock TH, Coltman DW, Kruuk LEB. Quantitative

genetics of growth and cryptic evolution of body size in an island population. Evol Ecol. 2007; 21: 337–

356. https://doi.org/10.1007/s10682-006-9106-z

48. Hayward AD, Nussey DH, Wilson AJ, Berenos C, Pilkington JG, Watt KA, et al. Natural Selection on

Individual Variation in Tolerance of Gastrointestinal Nematode Infection. PLoS Biol. 2014; 12: 1–13.

https://doi.org/10.1371/journal.pbio.1001917 PMID: 25072883

49. Kruuk LEB, Slate J, Pemberton JM, Brotherstone S, Guinness F, Clutton-Brock T. Antler Size in Red

Deer: Heritability and Selection But No Evolution. Evolution (N Y). 2002; 56: 1683. https://doi.org/10.

1554/0014-3820(2002)056[1683:ASIRDH]2.0.CO;2

50. Veerkamp R., Simm G, Oldham J. Effects of interaction between genotype and feeding system on milk

production, feed intake, efficiency and body tissue mobilization in dairy cows. Livest Prod Sci. 1994; 39:

229–241. https://doi.org/10.1016/0301-6226(94)90202-X

51. Seeker LA, Holland R, Underwood S, Fairlie J, Psifidi A, Ilska JJ, et al. Method specific calibration cor-

rects for DNA extraction method effects on relative telomere length measurements by quantitative

PCR. PLoS One. 2016; 11: 1–15. https://doi.org/10.1371/journal.pone.0164046 PMID: 27723841

52. Epel ES, Blackburn EH, Lin J, Dhabhar FS, Adler NE, Morrow JD, et al. Accelerated telomere shorten-

ing in response to life stress. Proc Natl Acad Sci U S A. National Academy of Sciences; 2004; 101:

17312–17315. Available: http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=534658&tool=

pmcentrez&rendertype=abstract https://doi.org/10.1073/pnas.0407162101 PMID: 15574496

53. Ruijter JM, Ramakers C, Hoogaars WMH, Karlen Y, Bakker O, van den Hoff MJB, et al. Amplification

efficiency: linking baseline and bias in the analysis of quantitative PCR data. Nucleic Acids Res. 2009;

37: e45. https://doi.org/10.1093/nar/gkp045 PMID: 19237396

54. Pfaffl MW. A new mathematical model for relative quantification in real-time RT–PCR. Nucleic Acids

Res. 2001; 29: e45. https://doi.org/10.1093/nar/29.9.e45 PMID: 11328886

55. Burnham K, Anderson D. Model selection and multimodel inference: a practical informationtheoretic

approach. London: Springer; 2002.

56. Arnold TW. Uninformative Parameters and Model Selection Using Akaike’s Information Criterion. J

Wildl Manage. 2010; 74: 1175–1178. https://doi.org/10.2193/2009-367

57. Froy H, Lewis S, Catry P, Bishop CM, Forster IP, Fukuda A, et al. Age-related variation in foraging

behaviour in the wandering albatross at South Georgia: No evidence for senescence. PLoS One. 2015;

10: 1–19. https://doi.org/10.1371/journal.pone.0116415 PMID: 25574995

58. Gilmour AR, Gogel BJ, Cullis BR, Thompson R. ASReml User Guide Release 3.0 VSN [Internet].

Hempstead, HP1 1ES, UK: International Ltd, Hemel; 2009. Available: www.vsni.co.uk

59. Genolini C, Ecochard R, Benghezal M, Driss T, Andrieu S, Subtil F. kmlShape: An efficient method to

cluster longitudinal data (Time-Series) according to their shapes. PLoS One. 2016; 11: 1–24. https://

doi.org/10.1371/journal.pone.0150738 PMID: 27258355

60. Baerlocher GM, Rice K, Vulto I, Lansdorp PM. Longitudinal data on telomere length in leukocytes from

newborn baboons support a marked drop in stem cell turnover around 1 year of age. Aging Cell. 2007;

6: 121–123. https://doi.org/10.1111/j.1474-9726.2006.00254.x PMID: 17156085

61. Hall ME, Nasir L, Daunt F, Gault E a, Croxall JP, Wanless S, et al. Telomere loss in relation to age and

early environment in long-lived birds. Proc Biol Sci. 2004; 271: 1571–1576. https://doi.org/10.1098/

rspb.2004.2768 PMID: 15306302

62. Frenck RW, Blackburn EH, Shannon KM. The rate of telomere sequence loss in human leukocytes var-

ies with age. Proc Natl Acad Sci U S A. 1998; 95: 5607–5610. https://doi.org/10.1073/pnas.95.10.5607

PMID: 9576930

63. Issa J. Age-related epigenetic changes and the immune system. Clin Immunol. 2003; 109: 103–108.

https://doi.org/10.1016/S1521-6616(03)00203-1 PMID: 14585281

Changes in telomere length with age in dairy cattle

PLOS ONE | https://doi.org/10.1371/journal.pone.0192864 February 13, 2018 14 / 15

https://doi.org/10.3168/jds.2007-0965
http://www.ncbi.nlm.nih.gov/pubmed/18565939
https://doi.org/10.1017/S1751731109991182
https://doi.org/10.1017/S1751731109991182
http://www.ncbi.nlm.nih.gov/pubmed/22443872
https://doi.org/10.2527/jas.2015-0246
https://doi.org/10.2527/jas.2015-0246
http://www.ncbi.nlm.nih.gov/pubmed/27135995
https://doi.org/10.1098/rspb.2007.0986
http://www.ncbi.nlm.nih.gov/pubmed/18211877
https://doi.org/10.1007/s10682-006-9106-z
https://doi.org/10.1371/journal.pbio.1001917
http://www.ncbi.nlm.nih.gov/pubmed/25072883
https://doi.org/10.1554/0014-3820(2002)056[1683:ASIRDH]2.0.CO;2
https://doi.org/10.1554/0014-3820(2002)056[1683:ASIRDH]2.0.CO;2
https://doi.org/10.1016/0301-6226(94)90202-X
https://doi.org/10.1371/journal.pone.0164046
http://www.ncbi.nlm.nih.gov/pubmed/27723841
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=534658&tool=pmcentrez&rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=534658&tool=pmcentrez&rendertype=abstract
https://doi.org/10.1073/pnas.0407162101
http://www.ncbi.nlm.nih.gov/pubmed/15574496
https://doi.org/10.1093/nar/gkp045
http://www.ncbi.nlm.nih.gov/pubmed/19237396
https://doi.org/10.1093/nar/29.9.e45
http://www.ncbi.nlm.nih.gov/pubmed/11328886
https://doi.org/10.2193/2009-367
https://doi.org/10.1371/journal.pone.0116415
http://www.ncbi.nlm.nih.gov/pubmed/25574995
http://www.vsni.co.uk
https://doi.org/10.1371/journal.pone.0150738
https://doi.org/10.1371/journal.pone.0150738
http://www.ncbi.nlm.nih.gov/pubmed/27258355
https://doi.org/10.1111/j.1474-9726.2006.00254.x
http://www.ncbi.nlm.nih.gov/pubmed/17156085
https://doi.org/10.1098/rspb.2004.2768
https://doi.org/10.1098/rspb.2004.2768
http://www.ncbi.nlm.nih.gov/pubmed/15306302
https://doi.org/10.1073/pnas.95.10.5607
http://www.ncbi.nlm.nih.gov/pubmed/9576930
https://doi.org/10.1016/S1521-6616(03)00203-1
http://www.ncbi.nlm.nih.gov/pubmed/14585281
https://doi.org/10.1371/journal.pone.0192864


64. Pal S, Tyler JK. Epigenetics and aging. Sci Adv. 2016; 2: e1600584–e1600584. https://doi.org/10.1126/

sciadv.1600584 PMID: 27482540

65. Baur JA, Zou Y, Shay JW, Wright WE. Telomere position effect in human cells. Science. 2001; 292:

2075–7. https://doi.org/10.1126/science.1062329 PMID: 11408657

66. Robin JD, Ludlow AT, Batten K, Magdinier F, Stadler G, Wagner KR, et al. Telomere position effect:

Regulation of gene expression with progressive telomere shortening over long distances. Genes Dev.

2014; 28: 2464–2476. https://doi.org/10.1101/gad.251041.114 PMID: 25403178

67. Kim W, Ludlow AT, Min J, Robin JD, Stadler G, Mender I, et al. Regulation of the Human Telomerase

Gene TERT by Telomere Position Effect???Over Long Distances (TPE-OLD): Implications for Aging

and Cancer. PLoS Biol. 2016; 14: 1–25. https://doi.org/10.1371/journal.pbio.2000016 PMID: 27977688

68. Ye J, Renault VM, Jamet K, Gilson E. Transcriptional outcome of telomere signalling. Nat Rev Genet.

Nature Publishing Group; 2014; 15: 491–503. https://doi.org/10.1038/nrg3743 PMID: 24913665

69. Miyashita N, Shiga K, Yonai M, Kaneyama K, Kobayashi S, Kojima T, et al. Remarkable Differences in

Telomere Lengths among Cloned Cattle Derived from Different Cell Types 1 Telomere Lengths in Nor-

mal Cattle and Senescent Cells. 2002; 1655: 1649–1655.

70. Laubenthal L, Hoelker M, Frahm J, Dänicke S, Gerlach K, Südekum K-H, et al. Short communication:
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