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Thesis Summary

Telomeres, the repetitive DNA sequences that caprgatic chromosomes, are thought to
play an important role in linking life conditionsié senescence. In vertebrate somatic
cells, telomeres shorten at each cell division, #redrate at which they do so has been
linked to cellular and organismal senescence. Algihotelomeres generally shorten with
age in vertebrates, in most species studied tBarensiderable variation between same age
individuals. In this thesis, | examined the teloenelynamics of various avian species,
investigating both the causes of variation in tedoenlength among individuals and what

effect this variation has on attributes such asigal rates.

Previous studies have shown that most telomere dosurs in young individuals
and it thus makes sense that early life conditiares responsible for much of the inter-
individual variation in telomere length. | invagied this idea by studying chick telomere
dynamics in a wild population of lesser black-batlgulls Larus fuscus. There was
considerable variation in hatching telomere lenghong individuals and much of this
variation was related to circumstances during ey growth. Larger hatchlings had
shorter telomere lengths, suggesting that embrygnawth rate could have affected
telomere attrition. Independent of this trend, rediad longer telomeres at hatching than
females. Although telomere length did decrease wigje post-hatching, these initial

variations remained consistent during the init@dtphatching period.

The relationship between early life conditions &gldmere length was investigated
further with a longitudinal study of telomere lelmgin chicks of the European shag
Phalacrocorax aritotelis. A previous study on this population of birds hgttbwn that
telomere length declines with age within individialver a period of several years.
However no change in telomere length was deteatedaperiod of 11-13 days during the
chick period. Body size had no effect on telomexegth, but males did have longer

telomere than females.

These initial chapters investigate telomere lemgtbhicks; however there are very
few studies that investigate telomere length okierentire lifespan of long-lived species. |

thus next examined the telomere dynamics of twcacispeof long-lived seabird, the



northern and southern giant petreMatronectes spp.). In both giant petrel species,

telomeres were shorter in adults than chicks, batet was no trend for adult telomere
length to decrease with age. In southern gianefgetthere was a significant relationship
(independent of age and sex) between an individieédsnere length and whether it was

still alive 8 years after it was initially sampled@his relationship was not present in

northern giant petrels, possibly due to a smalen@e size. The results thus support both
the idea that most telomere loss occurs in youdgyieiuals and that telomere length may
be an indicator of life expectancy.

Various methods exist to measure telomeres. Asnim@ber of taxa whose
telomere dynamics are being studied increasegcitrbes increasingly important to know
which methods are the best to use and to what ettieee methods are applicable across
species. These questions were investigated inael&d work conducted on the telomere
dynamics of the blue-footed boolBala nebouxxi. Both the TRF and gPCR techniques
were used to measure booby telomeres, but probwse with both methods. It is
possible that these problems occurred becausefdbtied boobies have a particularly
large amount of interstitial telomeric DNA, althdug@ more detailed analysis of booby
telomeres would be necessary to determine thissd fiadings suggest that standardised
methods to measure telomeres cannot necessarapied to every new species whose

telomere dynamics are studied.

The evidence presented here suggests that the atielomere dynamics can be a
very powerful tool for behavioural ecologists. tiwa seems possible that telomeres might
provide both a way of measuring the long-term co$tsarly life-conditions and a way to
measure the quality of an individual. However, liertresearch is still needed to fill in the
considerable gaps in our knowledge and fully explbe potential telomeres have for

behavioural ecology.
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Chapter 1: General Introduction

Chapter 1: General Introduction

This chapter will review the literature on telonerna reference to their structure and
function at the cellular level, their connectiondellular and organismal ageing and the
link they provide between ageing and organismaibaties. The various methods used to
measure telomere lengths will also be briefly rexad.

1. Telomere structure and function

1.1 What are telomeres?

Telomeres are the ends of eukaryote chromosomes. sEigquence and structure of
telomeres is highly conserved (Henderson 1995)yvertebrates, telomeres comprise
several kilobase pairs of double stranded DNA doirtg the repetitive sequence
TTAGGG (Meyneet al. 1989), which ends in 100-200 bases of single-ded T TAGGG

at the 3’ end, known as the 3’ overhang (Makaetoal. 1997; Wrightet al. 1997).

The exact structure of telomeres is unknown amesadetween taxa, but the 3’
overhang seems to be crucial to telomere functizlackburn 2005). It was at one time
thought that the overhang was simply a by-prodéiche way DNA is replicated, but in
fact there is a wide range of machinery in the delllicated to producing this overhang
(Huffmannet al. 2000). The overhang is folded round to form adplowhich ‘tucks in’ to
the double stranded part of the telomere (Griffeghal. 1999; fig. 1.1). It is this ‘tucking
in’ that is the key feature of the t-loop; the stfethe loop does not seem to be important,
merely reflecting the overall length of the telom@ahmaret al. 2008).

Various proteins, collectively known as shelteqpgy a key role in shaping the
structure of vertebrate telomeres (reviewed in dmde 2005; fig. 1.2). Six shelterin
proteins have been identified in vertebrates: TRFREF2, POT1, TIN2, TPP1 and Rapl.
Non-shelterin proteins also play important roleseilomere function, but shelterin proteins
are distinguished from these as they are found posvhut at chromosome ends and have

no other known roles.
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TRF1, TRF2 and POT1 can all directly recognizerteddc TTAGGG repeats with
very high specificity (Bianchét al. 1999; Loayzaet al. 2004; Courtet al. 2005). POT1 is
involved in processing the 5 end of the telomeneorder to form the 3’ overhang
(Hockemeyegt al. 2005; Sfeiret al. 2005), although exactly how it does this is nabwn.
TRF1 and TRF2 then help form the overhang intdomp- In vitro, TRF1 has the ability to
bend, loop and pair telomeric DNA, suggesting thatight be the protein that shapes the
3’ overhang into a t-loop (Bianckt al. 1997, 1999). TRF2 also mediates t-loop formation
invitro (Griffith et al. 1999; Stansedt al. 2001).

TIN2, TPP1 and Rapl do not directly interact witle telomeres, but instead help
to connect the other shelterin proteins (fig. 1. PIN2 is the linchpin of the shelterin
complex, tethering TPP1 to POT1 and TRF1 to TRAA @& al. 2004a; Yeet al. 2004).
Rapl is closely associated with the actions of TRk2t al. 2000).

The structure of the shelterin complex is consenvethe vertebrate species that
have been studied (de Lange 2005). In non-vertelspecies, the exact structure and
function of the proteins associated with telomerases. However, proteins similar to
those found in shelterin have been found in seveoalvertebrate taxa (reviewed in de
Lange 2005).

1.2 Telomere function

Telomeres have several important functions in eudktar cells. Telomeres were first
discovered when Barbara McClintock, working on reaend Herman Muller, working on
Drosophilia melanogaster, both noticed that broken chromosome ends alwasgsdf with
each other, but that natural chromosome ends rigdgiMcClintock 1938, 1942; Muller
1938). More recent work has shown that telomerespeastected from the machinery that
repairs DNA breaks. Telomeres thus provide a wayc#dls to distinguish between the
natural ends of chromosomes and breaks in the dwvome that require repairing (Chan
& Blackburn 2004). Telomeres also play a role ie @lignment and segregation of

chromosomes during meiosis (Blackburn 2005).

Perhaps the most interesting function of telomésethe protection they provide
against the erosion of the terminal parts of chreonues that occurs at each cell division.

Some erosion of the chromosome during cell repbioat inevitable due to the incomplete
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replication of the terminal parts of the DNA strakdown as the end replication problem
(Watson 1972; Olovnikov 1973; fig. 1.3). Withouetkelomere repeats as protection the
coding parts of the chromosome would be lost. likisly that telomeres initially evolved

as a solution to this problem (Nosekal. 2006). This gradual shortening of telomere
repeats over time is related to the most intergdtimction of telomeres, their connection

to cell senescence.

1.3 Cell senescence

A senescent cell is a previously proliferative dékt has ceased to divide. In cultured
human fibroblasts, the number of senescent celduglly increases as the number of
divisions undergone increases; eventually all dellthe population will cease to divide,
usually within 40-60 population doublings (Hayflicko65, 2003). This limit on cell
replication is known as the ‘Hayflick limit’, aftehe author of the first set of experiments
that demonstrated this phenomenon. The exact nuofbeplications cells can undergo
varies according to the tissue and species theg vadéen from. The ‘Hayflick limit’ does
not apply to all cell types; in humans only somadls show limitedn vitro replication.
Stem cells can replicate indefinitely, as can cane#ls (reviewed in Campisi & d’Agga di
Fagagna 2007).

1.4 Telomere shortening and cell senescence

There are various pathways through which a cell macome senescent, but one of the
main ways is through telomere-dependant cell semes; sometimes termed mortality 1
or M1 senescence (Harleyal. 1990). Telomeres will shorten at each cell divisitue to

the end replication problem (section 1.2). Wherelamere has shortened to a certain
critical length a DNA damage response (DDR) isgeeiged similar to that caused by double
strand DNA breaks. The DDR is mediated by variotggins, particularly ATM kinase,
that activate the genes p53 and p21. Activatiothe$e genes results in a permanent arrest
of the cell-cycle and the cell becomes senesceAtda di Fagagnat al. 2003; Takaiet

al. 2003; Herbiget al. 2004). Telomere shortening thus provides an egpiam for the

‘Hayflick limit" on cell replicationin vitro (section 1.3).

The key factor in triggering senescence seems thdshortening of the telomere
to the extent where it can no longer form into @ploThe inhibition of the shelterin protein

TRF2 (section 1.1), in cells grown vitro, results in activation of a DDR and senescence
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(Takai et al. 2003; Celli & de Lange 2005). Similarly, transfeat of short G-rich
telomeric oligonucleotides into a human cell (mikmg the effect of the t-loop being
opened) triggers p53 dependant cell-cycle arreste{3kiet al. 1999).

1.5 Causes of telomere shortening

1.5a The end replication problem

As discussed in section 1.2, some telomere los®istable at each cell division due to the
end replication problem. Initially it was thouglitat this was the cause of all telomere
attrition and thus that telomere loss occurred ebrstant rate at each cell division. This
gave rise to the idea of telomeres as a ‘mitotoricl that kept track of the number of
divisions a cell has undergone (von Zglinicki 2Q08)owever, in cultured human
fibroblasts, there is considerable heterogeneithpath the number of divisions cells can
undergo (Smith & Hayflick 1973; Hayflick 2003) amdthe rate of telomere shortening at
each cell division (Martin-Ruigt al. 2004). Clearly this is inconsistent with the id&a
telomeres as a ‘mitotic clock’. Instead factorseotthan the end replication problem must
also contribute to telomere attrition.

1.5b Oxidative stress and telomere loss

Reactive oxygen species (ROS) are produced by tteemondria as an unavoidable by-
product of energy production. Their presence indék causes damage to DNA, which
will build up over time (Packer & Fuehr 1977; Fragiaal. 1990). This damage plays a

significant role in telomere shortening (von Zgkn& Schewe 1998; von Zglinicki 2000).

Oxidative stress damages DNA bases or deletes #immgether. Some of these
bases will be repaired or replaced, others will. ib&a base in the telomere region is
damaged and not repaired before the next cellidii®NA replication will be terminated
at this point and any telomere repeats beyond hwdlllost (von Zglinicki 2003). Thus,
oxidative stress results in the loss of more telmnBNA than would be the case due to
the end replication problem alone. The smallestiamof telomere loss seen in cultured
human fibroblast cells is 10-20bp per cell divisimon Zglinicki 2002), suggesting that
this is the lower limit of telomere loss set by @@l replication problem. The difference
between this and the average loss in human fibstblaf 50-100bp is primarily due to

oxidative stress (von Zglinickdt al. 2000).
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Cells can defend themselves against the effectoxidative stress through
antioxidants. Different types of cell have varyileyels of antioxidant defences. Human
fibroblast strains that have high antioxidant levghve a lower rate of telomere shortening
than strains with low antioxidant levels (von Zgtki et al. 2000). Increasing the levels of
antioxidant enzymes in a cell increases its repliealifespan and reduces its rate of
telomere shortening (Furumogb al. 1998; Serrat al. 2003). Conversely, increasing the
stress cells are under or interfering with theitiandant defences accelerates telomere
shortening and decreases cell lifespan (Kad. 2004; Richter & von Zglinicki 2007). At
a given level of oxidative stress the damage catsddNA varies considerably, purely
due to chance. This stochastic element of oxidatavmage could explain the variation in
the rate of telomere shortening between populatadndoned cellsn vitro and between
individualsin vivo (von Zglinicki 2003).

Telomere loss due to oxidative stress may actuadlyan adaptive mechanism
(Jenningset al. 2000; von Zglinicki 2003). The build up of damaigeDNA caused by
ROS can eventually lead to a cell becoming canse(@ampisiet al. 2001; Campisi
2003). The longer a cell has been actively dividamgl incurring damage, the greater this
risk becomes. By using telomeres to set a limitaopells lifespan the chances of this
occurring are much reduced. Crucially, telomeresraore sensitive to oxidative damage
than the rest of the genome, due to the presenoeny GGG triplets which are a major
target of ROS (Krulet al. 1995; Petersed al. 1998). Telomeres also have a much lower
rate of damage repair than other parts of the gendtatersert al. (1998) showed that
when single base pair DNA damage was induced, stalimost completely repaired within
twenty-four hours in all parts of the genome exctdm telomeres, where it was not
repaired for the whole nineteen-day duration ofirtrexperiment. Thus, as damage
accumulates in the important, coding areas of ireraosomes, it will be accumulating at
a faster rate in the telomeres. By the time damadke main body of the chromosomes
has reached dangerous levels, the telomeres wda@dy have become short enough to
trigger senescence. Telomeres can thus be thodigig sentinels, detecting the level of
oxidative damage in the genome and shutting doven adll if this level becomes
dangerously high (von Zglinicki 2002). The end regtion problem still sets an outer limit
on a cells replicative lifespan but this will raréle reached.
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1.6 Telomerase and the restoration of telomeres

Although telomere loss at cell division is unavdildg the damage does not have to be
permanent. The reverse transcriptase telomerasgable of replicating telomere repeats.
First discovered in the ciliat€etrahymena (Greider & Blackburn 1985), telomerase is
widespread among eukaryotes. Its expression slowsevents telomere shortening and
extends the lifespan of a cell (Bodmaal. 1998).

Telomerase consists of a catalytic protein compbr(@&ERT) and an RNA
component (TER). TERT can fold around the 3’ ovaghat the end of the telomere and
TER is then used to create a template from whidbnteric DNA repeats can be
synthesised in the 5’ to 3’ direction, elongatihg telomere (fig 1.4). Shorter telomeres
are more likely to be elongated than longer tel@sewhich seems to be due to the action
of shelterin proteins (section 1.1) particularly PIO(Liu et al. 2004b). Longer telomeres
attract more shelterin, thus increasing the amo@f®OT1 loaded on to the 3’ overhang.
This decreases the chance of TERT attaching itgelthe chromosome, preventing
telomere elongation. Shorter telomeres have lesElH@aded onto the overhang, which
increases the chance of TERT attaching to the cbsome and elongating the telomere
(fig. 1.5). If shelterin is inhibited, then the eabf telomere elongation by telomerase

increases (Loayza & de Lange 2003).

Telomerase is expressed in stem and germ celldedochere shortening is thus
very limited in these cells (Mantell & Greider 1998lackburn 2005). Clearly this is
crucial, as it prevents any telomere loss beinggw®n to offspring (Schaetzlean al.
2004). The level of telomerase expression in sameglls varies among species. For
example, telomerase is down-regulated in most Sornalls in humans (Kinet al. 1994)
but not in mice (Prowse & Greider 1995). In specidere telomerase is expressed in
somatic cells, exact levels vary between tissuegypor example, in birds telomerase is
expressed in both post-mitotic cells (such as lamed brain cells) and mitotic cells (like
intestinal cells and stem cells), but is expresaed higher level in the mitotic cells
(Haussmanmt al. 2007).

The existence of an enzyme that can prevent telstesrtening begs the question:
why do all cells not express telomerase and theggmt telomere-driven cell senescence?

The answer seems to be linked to the idea of telesnas sentinels detecting the level of



Chapter 1: General Introduction

oxidative stress (section 1.5b). If telomere shong is prevented then this function of
telomeres will be lost, leading to the risk of cadidle damage in the rest of the genome
becoming dangerously high. This will increase trek rof cells becoming tumourous
(Campisiet al. 2001; von Zglinicki 2003). Indeed telomerase memgly linked to cancer,
being expressed in more than 85% of human cankars ¢t al. 1994; Shay & Bacchetti
1997). It has been suggested that telomerase sipnes down-regulated in long-lived
species (like humans) but not in short lived spe¢ikke mice) as short lived species will
not live long enough for high cancer rates to bez@m issue. However in the few avian
species studied, telomerase levels in adult tisstee higher in long-lived species than
short-lived ones (Haussmamhal. 2004, 2007). Alternatively, it has been suggested
species with a large body mass have a higher fiskrcer than species with a small body
mass, and therefore down-regulate telomerase. &uelationship seems to be present in
rodents; species with a large body mass down-regtédomerase more than those with a
smaller body mass (Seluaneval. 2007; Gorbunov & Seluanov 2008).

Thus, telomere length maintenance is in a stategoflibrium between telomere
loss and re-addition; there is a trade-off betwieeneasing longevity by reducing the rate
of cell senescence and increasing longevity by gieduthe risk of tumours developing.

The best way to manage this trade-off will varywesn cell types and between species.

Although telomerase is the main route through witbmeres are elongated, it is
not the only one. Lengthening of telomeres in theeace of telomerase has been noted in
several tumour cell lines and has been termed Afof, alternative lengthening of
telomeres (Murnanest al. 1994; Bryanet al. 1995). ALT is thought to occur by
recombination of telomeres (Dunham 2000; Bechtet. 2004), but little is known about

its occurrence in normal cells.

1.7 Telomere shortening at the cellular level

When discussing telomere shortening, it is oftenvemient to refer to the length of
telomeres in a cell as though they are all idehtloafact, every telomere in a cell varies in
length. There is a relatively conserved patterth® length of each individual telomere
within a cell (Graakjaeet al. 2003; Britt-Comptoret al. 2006). Within this pattern there is
a considerable amount of individual variation, H8g in a unique ‘telomere profile’ for

every individual. Some of this variation seems dwéda genetic basis: of the two alleles of
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each chromosome a human parent has, there is rmosation between parent and child
in the allele the parent passes on than in théedhey do not (Graakjaet al. 2006). As
well as the initial telomere length, the rate dbmeere loss also varies between different
telomeres in a cell. Not all of the variation ifoteere profiles can be due to genetics; the
correlation between the telomere profiles of twdedly adults, even monozygotic twins,
never exceeds 0.8 (Graakjaeal. 2003).

The differences in telomere length between chrommesomay have a functional
purpose. InC.elegans and cultured yeast and human cells the distanivecbe the end of
the telomere and distal genes effects the expresdithese genes (Gottschliegal. 1990;
Bauret al. 2001; Joengt al. 2004).

The difference between telomere lengths withirelaraises the question of which
telomere it is that triggers cell senescence; tisatfirst telomere to shorten below a critical
length or are there certain telomeres which detenwhen senescence is triggered?
Although there have been several conflicting answerthis question (e.g. Martessal.
2000; Hemanmt al. 2001), the consensus now seems to be that a safts®drt telomeres

in the cell is enough to cause cell senescence ¢Zalu2004; Cappeet al. 2007).

As well as variation within a cell, telomere lemgtand the rate of telomere
shortening also differs between cell types. Posbtioi tissues, such as adult human and
mouse brain cells, suffer little or no telomererséming (Cherifet al. 2003; Nakamurat
al. 2007). In mitotic cells, the degree of telomersslovill depend on the levels of
oxidative stress, anitoxidant defences and telosecexpression (Richter & von Zglinicki
2007).

1.8 Telomere shortening and senescence at the organal level

A key assumption in linking telomere dynamics wiifespan is that cell senescence
contributes to organismal ageinign vitro studies cannot provide this evidence, as they
cannot show the effect of senescent cells on tigsoetion (Rubin 2002). However,
detecting senescent celisvivo is notoriously difficult (Baird 2006), so thereeaa limited
number of studies linking senescent cells with pigaal ageing. What studies there are
seem to support the link between cell senescendeagaing. Crucially, senescent cells

seem to be rare in young individuals and increaseumber with age (Dimt al. 1995;
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Herbiget al. 2006). Senescent cells are also found at sitekrohic age related pathology,
as would be expected if they are involved in agé@gang & Harley 1995; Vasilet al.
2001; Priceet al. 2002). The changed phenotype of senescent cslisliaks them with
ageing. For example, senescent cells upregulate gdrees for extracellular-matrix
degrading enzymes and inflammatory cytokines (8hedt al. 1999; Changet al. 2000;
Campisi & d’Adda di Fagagna 2007). An increasingpartion of cells with this
expression profile will be likely to have a negatieffect on tissue function (Furek al.
2000; Parrinelloet al. 2005; Baird 2006). Given this fairly strong cont@tc between
cellular and organismal senescence, it seems rablsoto link telomere shortening with

organismal ageing (Monaghan & Haussmann 2006).

It should be empathised that telomere shortersmpt the only mechanism through
which cells can become senescent. It has been stegigithat ROS may activate specific
signalling pathways that cause cell senescencetétomere-independent way (Finkel &
Holbrook 2000). Other, non-genome related, stresa@salso result in cell senescence

(reviewed in Campisi & d’Adda di Fagagna 2007).
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2. Measuring telomeres

Several methods have been developed to measumet@olengths. This section will
briefly outline how each technique works and thedvantages and disadvantages. The
main division is between those techniques that oreathe average telomere length in a
cell population (TRF, Q-PCR, T-OLA) and those thatasure individual telomeres in a
particular cell or chromosome (Q-FISH, Flow-FISHTERA). The TRF and Q-PCR
methods are the best methods to use when compavieigll telomere length between
individuals of the same species (Nakagagvaal. 2004). For this reason, these two
techniques were used to make all telomere measuaterdescussed in this thesis (a more
detailed description of the TRF and gPCR protoaals be found in chapters 2 and 6

respectively).

2.1 Telomere restriction fragment (TRF) analysis

TRF analysis (Harleyet al. 1990) measures the average telomere length inlla ce
population. Restriction enzymes are used to cuttélmmeres away from the rest of the
chromosome and these telomere fragments are thparased out by size on an
electrophoresis gel. TRF’s are then transferrea hglon membrane and hybridised with a
digoxigenin labelled probe. A chemiluminescent deb& system is used to visualize the
TRF and autoradiographs of it are taken. An exarapbn autoradiograph is shown in fig.
1.6. There are variations on this basic technigdnich can have significant effects on TRF
values. TRF fragments can be separated either bgtaat field gel electrophoresis
(CFGE) or by pulse-field gel electrophoresis (PFGEFGE cannot separate fragments
bigger than 30kb. Thus, if a species has a sigmfiocumber of telomeres longer than this,
PFGE should be used to separate the fragments RydiRes will otherwise be artificially
low. Another variation on the technique is to camut extraction, digestion and
electrophoresis of the samples in agarose plugs;hiéis the benefit of reducing DNA
degradation, which can artificially increase themier of short telomere fragments
(Haussmann & Mauck 2008a).

TRF analysis is the most widely used method of mm&ag telomere lengths. It

requires no specialist equipment and results aue fhirly easy to generate. However,
relatively large amounts of time (3-5 days) and D{#6-10ug) are required. Analysis of
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the autoradiograph smears can also be somewhagctivbj even with the help of
computer software (Haussmann & Mauck 2008). Moreossly, there can be significant
variation (up to 5%) between TRFs from the saméviddal depending on the choice of
restriction enzymes used (suggesting the presericesubtelomeric restriction site

polymorphisms and/or subtelomeric length polymaspts) (Cawthon 2002).

2.2 Quantitative polymerase chain reaction (Q-PCRassay

The Q-PCR assay (Cawthon 2002) measures the elatount of telomere repeats in a
cell population. For each sample the ratio of tedmemrepeat copy number to single gene
(i.e. a gene that does not vary in size betweenithehls) copy number is calculated. This

ratio is then compared to that of an arbitrary negiee sample — the amount it differs by
(the T/S ratio) is proportional to the averagernstoe length of the sample.

The main advantage of the Q-PCR method over TRifysis is that it is much
quicker to carry out and requires less DNA. Additibprimers do need to be developed to
amplify the single copy gene. Any gene that doet vary in copy number among
individuals can be used, so the method should telde even for species where the

genetic information available is limited.

There are two main problems with the Q-PCR methadstly, while the TRF
method supplies the size of the average telomagghen base pairs, Q-PCR assays only
provide a ratio that is meaningless except in ihato the reference DNA sample. This is
not a problem when comparing between individualthiwithe same study, but it does
make it difficult to compare between studies anukerlly between species. One solution
is to analyse several samples with both the TRF @fRICR techniques and from this
calculate how T/S ratio relates to telomere lengtie second problem with Q-PCR assays
is that in species that have interstitial telomeepeats (e.g. avian chromosomes contain
telomeric repeats near the centromeres — Venkat&sdfrice 1998), these will be
measured in addition to terminal telomeric repéhimkagawaet al. 2004). This is not a
problem when measuring the rate of telomere chawitien an individual, as the amount
of interstitial telomeric repeats will not vary aoume, but it could be a problem in cross-

sectional analyses.

11
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2.3 Telomeric-oligonucleotide ligation assays (T-OA)

T-OLA can be used to measure the length of thev8rttang by ligating telomeric repeat
oligonucleotides that have hybridised to the ovegh&Cimino-Realeet al. 2001). In
humans, the size of the 3’ overhang is proportidgadboth the size of the telomere as a
whole (Rahmaret al. 2008) and the rate of telomere shortening (Huffimetral. 2000). If
this is true of non-human species, then T-OLA cdoddome a useful way to measure

telomeres.

2.4 Fluorescencen situ hybridisation (FISH) methods

As their name suggests, FISH methods utilise femeat dyes to visualize telomeres,
which are then quantified by measuring light intBnsFISH methods can be used to
measure telomere lengths in single cells. Flow roginy FISH methods (Flow-FISH,
Rufer et al. 1998), can be used to measure the average telderagth in a single cell.
Quantitative FISH (Q-FISH, Zijlmanst al. 1997) is able to measure the lengths of

individual telomeres within a cell.

The FISH methods, especially Q-FISH, require spisad equipment and are thus
not a realistic option for most research groupsli\Beet al. 2003). Q-FISH can also only
visualise telomeres in metaphase chromosomes Winifs its use to proliferating cells.
Even then, it is difficult to generate adequate bam of metaphase chromosomes from
tissues such as blood. For these reasons, the iaEkbds are of limited use for ecologists

interested in comparing telomere lengths of maffemint individuals.

2.5 Single telomere length analysis (STELA)

STELA is a PCR based method for measuring individelmere lengths (Bairet al.
2003). It works by attaching a linker or ‘telorette the end of the 3’ overhang — in
addition to a telomere specific sequence, the édl®rends in a 20bp non-complementary
‘taill. The telorette is then ligated to the complentary, C-rich, 5 end of the
chromosome, effectively tagging the telomere wiie hon-complementary tail. PCR is
then performed using two primers; one that is idahto the tail and another that specifies

to a sequence in the subtelomeric region.

Because of this need for a primer designed spadififor the subtelomeric region,

new primers need to be designed not only for difierspecies, but for different
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chromosomes within a species. This limits the US8TELA to species whose genetic
sequences are well characterised (Nakagawh 2004). However, unlike Q-FISH its use
Is not limited to metaphase chromosomes and itiregjliess specialist equipment, so in

the long-term it may be the best way to measurwichehl chromosomes.
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3. Telomere length and organismal attributes

3.1 Variation in telomere dynamics between species
Cross species comparison of telomere dynamicsfieuli, primarily because so few
species have been studied. Among those speciesh&w been examined, there is

considerable variation in both absolute telomengties and the rate of telomere loss.

3.1a Variation in absol ute telomere lengths

There is considerable variation in telomere lerigttween species, ranging from as low as
20bp in some cilliates up to as high as 150,000bsdme mouse strains (Louis &
Vershinin 2005)However, there seems to be little correlation betwabsolute telomere
length and the lifespan of a species. Among thengties, humans have the shortest
telomeres but the longest lifespan (Kakatcal. 1999), while in various strains of mice
studied, there was no link between lifespan arahtete length (Hemann & Greider 2000).
This lack of relationship has been found in a widgiety of other vertebrate species
(Vleck et al. 2003). The exceptions to this trend are pine tred®re the longest living
species have the longest telomere lengths (Flaaigtetschka 2005).

3.1b Variation in the rate of telomere loss

A link does seem to exist between the lifespan species and its rate of telomere loss.
The proliferative lifespan of cells in culture i@gutively linked to the lifespan of the
species they are taken from (Rhome 1981). Theplfiesof individual cells may also be
greater in long-lived species, which will result anlower rate of cell division and less

telomere loss (Rhome 1981).

At the organismal level, there does seem to benrgrgé trend for longer-lived
species to have a lower rate of telomere loss.Marigty of avian species studied, telomere
loss was generally greater in short-lived than {bwegd species (fig. 1.7). In the pine tree
Pinus longaeva, one of the longest living species on the planetelomere shortening was
seen with age (Flanary & Kletetschka 2005). Theme exceptions to this trend. No
telomere loss with age was seen in either of tvexigs of sea urchins with very different
lifespans (Francigt al. 2006), suggesting that telomere dynamics are natrgortant
determinant of longevity in these species.

14
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3.2 Reasons for species variation

3.2a Telomerase expression

In the few avian species studied, telomerase esimepositively correlated with lifespan
(Haussmanmt al. 2004, 2007). This may account for the lower rdteetmmere loss seen
in the long-lived species compared to the shoddispecies (Haussmamh al. 2003).

Telomerase levels also correlate with lifespaniie prees (Flanary & Kletetschka 2005).

However, telomerase levels cannot explain diffeesnin telomere dynamics
among mammalian species. Humans express no telsengradult somatic cells (Kiret
al. 1994), while mice express high levels (Prowse &i@ar 1995). Clearly telomerase

levels do not correlate with the rate of telomesslor lifespan in these species.

3.2b Oxidative stress levels

It is well established that birds tend to have regkr lifespan than mammals of a similar
size, despite birds having relatively higher mebaboates and levels of energy
expenditure, both of which are generally thoughtdduce lifespan (Holmes & Austad
1995). This seems to be because birds both prddwe molecules of ROS per molecule
of oxygen consumed, and that they are less subteft the ROS that are produced
(Ogburnet al. 1998; Holmeset al. 2001). Two labs independently found significantly
lower production of HO, (a common ROS) in pigeons compared with similaedi
Norway rats (Barja&t al. 1994; Ku & Sohal 1993). The increased resistand@QS seen in
birds could be due to increased levels of antiodidazymes (Holmest al. 2001). The
structure of avian cells may also make them mossstant to oxidative stress than
mammalian cells. Mitochondrial membranes in pigkeer cells have greater resistance to
lipid peroxidation than do rat liver cells (Pampdaet al. 1996). This relationship between
lifespan and vulnerability to oxidative stress nieeyquite widespread (Sohetlal. 1990;
Ku & Sohal 1993; Barja & Herrero 2000). Given tretablished link between oxidative
stress and telomere loss (section 1.5b), this gesviurther evidence for a link between

lifespan and telomere dynamics.

3.3 Problems with cross-species studies
There are various problems associated with crossiasp studies of telomere dynamics.
The rate of telomere loss varies between diffetieatie types, so care must be taken when

comparing species whose telomere dynamics have beeamined in different tissues.
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Comparisons of telomere lengths across speciesaisil be inaccurate if the individuals
are not age-matched. Most studies use the avestget change in telomere length per
year as a measure of the relative rate of telohosie(e.g. Haussmarah al. 2003; Hallet

al. 2004). However, the rate of telomere loss varigh age in most species studied (e.g.
Zeichneret al. 1999; Hallet al. 2004; Paulinyet al. 2006), so using the rate of telomere
loss per year to compare between them is fairlytrarly. Telomere loss also varies
considerably within individuals of the same speci@sther clouding cross-species
comparisons. However, this variation between imtligis could represent the most

interesting aspect of telomere dynamics.

3.4 Variation between individuals of the same spezs

3.4a Variation with age

If telomeres are linked to organismal senescertter bne might expect to see them
shorten with age. In mammals, the proliferativeeptiil of cells in culture is sometimes
negatively correlated with the age of the donorhiRe 1981). This relationship is not
always present (Cristofale al. 2004), although this is perhaps inevitable given large
amount of variability in the rate of telomere sleaihg seein vitro. Telomere length itself

is a much better predictor of the replicative pttdrof cultured cells (Allsopet al. 1992).

A trend for telomeres to shorten with agevivo has been found in many species
(table 1.1). However, as the table shows, thisdtnenfar from universal. No change in
telomere length with age is seenDnosophilia melanogaster (Walteret al. 2007)or the
two species of sea urchin that have been studiegh¢iset al. 2006), while no change
with age is seen in adult European shags and wagdaibatross (Hakkt al. 2004). In the
case of Leach’s storm petrels (Haussmahal. 2003) and the bristlecone pirfnus
longaeva (Flanary & Kletetschka 2005), telomere length seémincrease with age. The
lack of the expected negative relationship betwaggnand telomere length in these species
could be due to high levels of telomerase exprasdioth Leach’s storm petrels and
bristlecone pines are known to express telomenasagdult somatic tissues (Flanary &
Kletetschka 2005; Haussmamehal. 2007). Alternatively the lack of relationship mbg
due to the differential survival of individuals Witvery long telomeres; indeed, Haussmann
and Mauck (2008b) recently suggested this is tfubeoLeach’s storm petrel.
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A more powerful way of looking at the change inotekre length with age is
through longitudinal studies. However, very fewdadndinal studies of telomere length
have been conducted, primarily because of thecditff of gathering several tissue
samples from the same individual. Longitudinal stadalso limit the range of tissues that
can be studied; for obvious reasons, longitudihadiss on telomeres in the liver or brain
are hard to come by. Longitudinal studies thereferel to examine telomere dynamics in
blood cells. Such studies that have been carrie¢chave generally shown a reduction in
telomere length with age. In humans (Zeicheteal. 1999), mice (Kotrshchadt al. 2007),
domestic cats (Brummendaatf al. 2002), the European shag (Hetlal. 2004) and dunlins
(Paulinyet al. 2006) there was a general trend for telomerefidoten within individuals

as they grew older.

3.4b Telomere length and individual lifespan

If telomere length is linked to ageing within indiuals, we would expect to see a
correlation between telomere length and lifespathiwispecies. In humans, peripheral
blood leukocyte (PBL) telomere length predicted taldy in individuals over the age of
60 (Cawthoret al. 2003). Other studies have failed to replicate finding (Martin-Ruizet

al. 2005; Bischoffet al. 2006). However, these studies used an older cofiantividuals,
so it could be that there is no correlation betwedrmere length and mortality in the very
old (Baird 2006). Nakamuret al. (2007) found that in patients over 90 years olthair
time of death, telomere lengths of white and greairbcells had longer telomeres than in
those individuals dying at younger ages. This sstgyéhat individuals with longer

telomeres have a greater chance of surviving sabe.

This apparent increase in mortality in individualgh shorter telomeres may be
related to an increased chance of contracting elgéed diseases. In a study of 190 same
age individuals, those who reported heart diseaseshorter PBL telomeres than those
who did not (Staret al. 2007). Similarly, Benetoa al. (2001) found that men with shorter
PBL telomere lengths showed increased symptomsait ldisease. There has even been
the suggestion of a connection between telomemgtheand mood disorders (Simenal.
2006), although another study found no correlalietween cognitive decline and telomere
length in the very old (Harriat al. 2006).
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Significantly, all of these studies on humans ass-sectional and so cannot make
a link between lifespan and the rate of telomerertshing, which is probably more
important than absolute telomere length. Therefene longitudinal studies on humans,
primarily because of the difficulty of obtainingpeat blood samples from the same
individual. This suggests that work on non-humagcsgs could be fruitful. However, little
work has been done to link telomere length and afitrtin non-human species. A link
between the rate of telomere loss and lifespanbeasn shown in rats (Jenningsal.
1999), while in a cross sectional study, lifespaswnked to telomere length in dunlins,
but not in sand martins (Paulieyal. 2006).

3.4c Variation between same age individuals

In all the species listed in table 1.1, there isstderable variation in telomere length
between individuals of the same age (e.g. fig.. L8hgitudinal studies have also shown a
significant variation in the rate of telomere Idsstween individuals followed over the
same time period (Zeichnetal. 1999; Hallet al. 2004; Paulinyet al. 2006). Some of this
variation is to be expected due to the stochasticra of telomere shortening, but not all of
it. This variation between same-age individualsgaests that telomeres can probably not
be used for estimating an individual’s chronolofjgmge, as was once hoped (e.g. Jabla
al. 2006). More interestingly, it suggests that ratihen being a measure of chronological
age, telomeres may provide an estimate of the dpicdd age of an individual (Nakagawa
et al. 2004); if two individuals of the same age haveywdifferent telomere lengths, then it
suggests that the individual with shorter telomeresbiologically older. Thus, by
examining the causes of the variation in telomergyth between individuals, we may be
able to examine the long term effects of differiifg history strategies (Monaghan &

Haussmann 2006).

3.5 Causes of variation between same age individsal
A considerable number of factors have been linkedter-individual variation in telomere
dynamics. These range from ‘inbuilt’ factors, sashsex and heritability, to environmental

factors such as growth rates and stress levels.

3.5a Paternally inherited
In humans, initial telomere length is partly intedi (Nawrotet al. 2004; Nordfjallet al.
2005; Andrewet al. 2006; Njajouet al. 2007). Heritability has been estimated to be as
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much as 44% in populations with shared environmenfluences (Njajouet al. 2007).
The exact mechanism of heritability is somewhatlesrc Nawrotet al. (2004) found a
correlation in telomere length between fathers @il daughters and between mothers
and their offspring of both sexes. They did not seeh a correlation between fathers and
sons, which led them to suggest that telomere temgtan x-chromosome linked trait.
However, other studies have found a correlationveen telomere lengths of fathers and
their offspring, but not between telomere lengthsnothers and their offspring, which
would suggest telomere length is paternally inkdrifNordfjall et al. 2005; Njajouet al.
2007). Bairdet al. (2006) showed that telomere lengths in male geerdells range in size
from 8.8kb to over 16kb, despite expressing telaserat high levels (and so presumably
avoiding telomere attrition). This suggests th#&rge amount of the variation in telomere
length in humans could be due to inbuilt differenae paternal zygotic telomere length.
Paternal age has also been linked with offsprifagriere length (Unrymt al. 2005; Njajou

et al. 2007); surprisingly, the older the father is, thieger the telomeres of his offspring
are likely to be.

The degree of inheritance in species other thanahngnhas not been extensively studied.

However, the assumption is that some degree afabdiiy is found in most species.

3.5b Sex

Differences in average telomere length betweenstrees have been found in several
species, with the general trend being for maldsatee shorter telomeres than females. This
might be expected, given that males generally Ishogter lifespans than females (at least
in vertebrates). Males have shorter telomeresfémraales in humans (Benetesal. 2001),
rats (Cherifet al. 2003) and the artasius niger (Jemielityet al. 2007). Sex differences in
some species may be inbuilt. In humans howevere tiseno difference between the sexes
at birth; telomere length diverges between the sexth age (Nawrogt al. 2004). Thus, it

is likely that the different life histories of mal@and females play a role in their differing
telomere lengths (Kotrschet al. 2007). For example, it has been suggested thdtigher
rate of telomere shortening and shorter lifespamate rats compared to female rats is due

to their higher levels of oxidative stress (Tarrgikdnset al. 2006).
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3.5¢ Early life conditions

There are considerable theoretical reasons to expkmmere loss to be at its greatest
during early growth. Cell turnover will be very higt this point and oxidative stress levels
are also likely to be higher. Both cross-sectiarad longitudinal studies seem to support
this idea. In humans, telomere loss is fasteshiiants and slows considerably in adults
(Frenck et al. 1998; Zeichneret al. 1999). The same relationship has been found in
longitudinal studies of the domestic cat (Bruimmehabal. 2002). In both the European
shag and the wandering albatross there is no fi@nttlomeres to shorten in adults but
there is a trend for telomeres to be longer inldhithan in adults (Hakt al. 2004). In
dunlins, the average rate of telomere loss withiividuals was over twice as high in
young birds as in older birds (Paulislyal. 2006). Clearly, these studies suggest that the
conditions experienced by individuals early in ldgee particularly important in terms of
telomere dynamics; however, as yet, little work bagn done to test this idea. In the
European shag, chicks hatching late in the breesiagon were shown to have a greater
rate of telomere loss between chick and adultsliégyes than those individuals born earlier
in the season (Hakt al. 2004). Most other studies looking at the effedtearly life

condition have concentrated on variation in grovettes.

3.5d Growth rate

Given that most telomere loss occurs early in lifefpllows that the rate at which an
individual grows will be a key determinant of ite of telomere loss. Growth rates have
been linked to lifespan for some time, both betwspacies (Rollo 2002) and within
species (Metcalfe & Monaghan 2001, 2003). A linknsen growth rate and telomere loss
has so far only been shown in rats and the Europhag. Rats that underwent growth
retardation had longer telomeres in the liver aidddy as adults and had a longer lifespan.
Conversely, rats that underwent a period of acatddrcatch-up growth following a period
of poor foetal nutrition had shorter adult kidneyddiver telomeres and a shorter lifespan
(Jenningset al. 1999). In European shags measured as chicks aaith ag adults,
individuals laying down a large tissue mass foirtbedy size showed the greatest rate of
telomere loss (Hakt al. 2004).

3.5e Sress
Although conditions during early life seem to betgalarly crucial in determining rates of

telomere loss, this does not mean that conditicpergenced by adults are not important.
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A key factor in the variation of telomere loss beén adult individuals is the amount of
stress they experience. Stress in this contextefan to anything from reproductive stress
to psychological stress. In female house mMeg musculus) sampled as infants and at 6
months old, those individuals exposed to reprogtac8tress showed a higher rate of
telomere loss than non-stressed controls. In malesdér mice, individuals exposed to
crowding stress had a higher rate of telomere thuss controls (Kotrschadt al. 2007). In
humans, psychological stress has been linkedamtke shortening. PBL telomere lengths
were analysed in mothers caring for a chronicdllychild (and therefore presumably
highly stressed). The duration of care (and thesctironicity of the stress) correlated with
higher levels of oxidative stress, lower levelsteibmerase and lower telomere lengths.
Interestingly, the level of stress the women pe&exithemselves to be under also
correlated with their telomere lengths (Epebl. 2004). Telomere length and telomerase
levels have also been linked to other measuretr@dssin humans, such as smoking, high
blood pressure and obesity (e.g. Valdesl. 2005; Epelet al. 2006), although not all
studies have found such links (e.g. Bisclebil. 2006)

3.6 Telomere length as a measure of individual qu&y

Given the link between telomere length and celleseance, we would expect to see the
established connection between telomere lengthnaodality and disease (see section
3.4b). Interestingly, several studies suggestt#lamere length may also be linked to other
measures of individual quality. In a cross-sectios@dy, sand martins with longer
telomeres had greater lifetime reproductive sucdbas those with shorter telomeres
(Pauliny et al. 2006). In tree swallows, telomere length at onaryeld predicts an
individual’'s chance of surviving to the next braegliseason. This relationship continues
for at least three breeding seasons (Haussmaadn2005). Any mortality at such a young
age (tree swallows can live up to 8 years) is predily not due to senescence, suggesting
that telomere length is linked to other factorseetihg mortality. In the nematode worm
C.eegans, longer telomere lengths have been linked to etheased longevity and a
greater resistance to heat stress (Jetab 2004, although see Raicetsal. 2005). Adult
C.elegans consist entirely of post-mitotic cells and thugpesience no telomere derived
cell senescence (Raicesal. 2005); any effect of telomere length must therefoe acting
through a different mechanism. It has been sugdeasiat the length of telomeres may
affect levels of gene expression @elegans (Joenget al. 2004). In general though, the

exact way telomeres can affect factors other thelh senescence is not known. It is
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possible that telomere length merely correlates wiese measures of individual quality,
rather than having a direct effect on them (Haussrefial. 2005). Even if this is the case,
studies of inter-individual differences in telomedynamics would be even more
interesting. More research on what other factdmsriere length is linked to, in a variety of

species, is clearly needed (Monaghan & Haussma@)20
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4. Thesis content

There is substantial evidence linking telomere dyica with the long term effects of
different life history strategies. One thing thatshbeen mostly missing from previous
research, however, is work on species in their rahtenvironments. The majority of
studies on telomeres have been carried out on haimamaptive species, such as rats.
Examining species such as these, whose currestylés may be substantially different to
their ‘natural’ lifestyles, could give misleadingsults. The substantially longer telomeres
of inbred captive mice compared to wild mice (Hemak Greider 2000), is just one
demonstration of the potential problems of workiwgh captive species. The work
presented in this thesis examines the telomerendigisaof several wild avian populations.
Broadening the range of organisms whose telomenardics have been studied will in
itself help expand our understanding of telomereadyics (Monaghan & Haussmann
2006). Of the species studied in this thesis, dné European shag has previously been

studied in relation to its telomere dynamics (Hakl. 2004).

The next chapterchapter 2) provides more detail on the TRF protocol that was
used to measure telomeres in the work describéaeimemaining chapters. The following
two chapters both detail work investigating teloendength in relation to early
development. Previous research has suggestedelbatere loss is likely to be highest
during early growth (section 3.5c). However, litl®rk has been done to investigate the
relationship between early life conditions and riedoe dynamics. Irchapter 3, inter-
individual variation in telomere length in relatiom early development is investigated in
chicks of the lesser black-backed dudirus fuscus. Chapter 4 also investigates variation
in telomere length among young individuals, witloagitudinal study of telomere loss in
chicks of the European sh&jalacrocorax aristotelis. Very few studies have been able to
investigate telomere dynamics in long-lived speei@®ss a wide age-range, primarily due
to the difficulty of obtaining such informatio€hapter 5 presents the results of such a
study; the telomere dynamics of a population ofngipetrels Kacronectes spp.)
containing a wide range of known age individuale examined. Analysis of such data
allows the exploration of the relationship betwéglomere length and age (section 3.4a).
In addition the relationship between telomere lenghd survival is examined; it has
previously been suggested in other avian specisinlividuals with longer telomeres
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have better survival rates than individuals witlorsér telomeres (section 3.6). Finally,
chapter 6 discusses the potential problems that may be ememd when measuring

telomere lengths in relation to work done on theekboted boobyula nebouxii.

Blood samples and other field data used to prothueavork described in chapters
4 - 6 was kindly provided by other researchers;opaan shag data was provided by
Maggie Hall, blue-footed booby data by Roxana Tommed giant petrel data by Francis
Daunt and Richard Phillips. Telomere assays and FRERKng were conducted in
association with Lubna Nasir, Elizabeth Gault, K&effiths, Winnie Boner and Pierre

Bize. Data analysis and interpretation was camigidn association with Pat Monaghan.
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l Folding

— 5’

l Strand Invasion

t - loop

Fig. 1.1: Demonstration of the basic telomere structure. fpediagram shows the 3’

overhang formed at the end of the telomere. Thentete is then folded over (middle
diagram) and the overhang is ‘tucked in’ to themrstrand (the area where this tucking in
occurs is known as a D-loop - bottom diagram),vaithg the end of the telomere to form a

t-loop. Figure adapted from de Lange (2005).
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TRF1 TRF2/Rapl

Fig. 1.2: Schematic rendering of the shelterin complex h#ddo the end of a telomere.
TRF1, TRF2 and POTL1 all directly attach to the edoe, while TIN2, TPP1 and Rapl
bind the complex together. Figure adapted from alege (2005).
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Fig. 1.3: Demonstration of the end replication problem. Tésding DNA strand
(5’ to 3’ direction) is easily synthesised by DNAlpmerase. However, DNA polymerase
cannot synthesise in the 3’ to 5’ direction. Thisams that when the lagging DNA strand
(3’ to 5’ direction) is replicated, the DNA polynese has to attach itself to an RNA primer
in order to function. The DNA is then synthesisadshort segments known as Okazaki
fragments. At the end of the chromosome there iDNA left for the RNA primer to

attach to, so the terminal part of the DNA straadrot be replicated.
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GGTTAG

S TTAGGGTTAGGTTAG

3 AATCC

Fig. 1.4: Schematic representation of telomere elongatiotetpmerase. Blue rectangles
represent the telomeres, the orange shape teloenérhae last few nucleotides in the 3’
overhang pair with the complementary sequence énRNA component of telomerase.
This chromosomal end is elongated by polymerizatbdGTP, dTTP and dATP, using
the RNA as a template. The extended telomere us-f@m telomerase and the 3'-5’
lagging strand is synthesised by primase-polymeréke telomere is now eligible for

another round of elongation.
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Long telomeres / more shelterin:
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Fig 1.5: Schematic representation of the effect of shelteni telomere elongation. Long

telomeres (top diagram) attract lots of sheltepargle blocks), meaning that telomerase
(orange blocks) is blocked from attaching to theo@erhang. Shorter telomeres (bottom
diagram) have less shelterin attached, increasiagchance of telomerase being able to
attach to the 3’ overhang. Figure adapted from atege (2005).
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1 2 3 45 6 7 8 9 10 12 13 14 15 16 17 18 19 20

Fig. 1.6: Example of an autoradiograph produced by TRF aisa(ysth constant field gel
electrophoresis). Lanes 1 and 20 contain a molegii® marker, lanes 2 — 19 each
represent a different sample (lane 19 is blanlgreased intensity of the smear at a given
molecular weight means there are more telomeremfeags of this sizen the cell

population.
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Fig. 1.7: The relationship between maximum lifespan and rttean rate of telomere
change (base pairs lost or gained per year) irouaravian species. Species key: ZF =
zebra finch Taeniopygia guttata), TS = tree swallowTachycineta bicolor), AP = Adélie
penguin Pygoscelis adeliae), CT = common ternSerna hirundo), ES = European shag
(Phalacrocorax aristotelis), LSP = Leach’s storm-petreD¢eanodroma leucorhoai), WA

= wandering albatros®({omedea exulans). Data taken from Vleckt al. 2003 and Halkt

al. 2004.
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Table 1.1: Examples of vertebrate species whose telomerendigsehave been studied in

relation to age.

. Cell types Telomere loss with
Species . Reference
examined age?
Ishii et al. (2006)
' Nakamureet al.
Peripheral blood
Yes (2007)
leukocytes (PBLS),
_ (extent of loss Okudaet al.
Humans fibroblasts, _
_ varies between (2002)
pancreas, white and . .
tissue types) Baird (2006 —
grey matter . .
review of studies
on PBLs)
Liver, kidney, .
Rat o . Cherifet al.
brain, liver, Yes (except brain)
(Mus musculus) (2003)
pancreas
Domestic cat Brummendoriet
_ _ PBLs Yes
(Felix domesticus) al. (2002)
Domestic chicken Delaneyet al.
_ Red blood cells Yes
(Gallus domesticus) (2000)
Domestic dog _ Nasiret al.
] Various Yes
(various breeds) (2001)
Donke Argyle et al.
_y PBLs Yes ¥
(Equus asinus) (2003)
Horse _ Argyle et al.
Fibroblasts Yes
(Equus equus) (2003)
European shag o
Yes (but not within
(Phalacrocorax Red blood cells Hall et al. (2004)
_ _ adults)
aristotelis)
Wandering albatros$ Yes (but not within
_ Red blood cells Hall et al. (2004)
(Diomedea exulans) adults)
Frigate bird Juolaet al.
_ Red blood cells Yes
(Fegata minor) (2006)
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Zebra finch
. . Haussmanmet al.
(Taeniopygia Red blood cells Yes
(2003)
guttata)
Adélie penguin Haussmanet al.
. . Red blood cells Yes
(Pygoscelis adeliae) (2003)
Tree swallow
, Haussmanmet al.
(Tachycineta Red blood cells Yes
. (2003)
bicolor)
Common tern Haussmanmet al.
Red blood cells Yes

(Sterna hirundo)

(2003)

Leach’s storm petre

No (telomere length

| Haussmaniet al.

(Oceanodroma Red blood cells | _
_ increases with age (2003)
leucorhoai)
Sandmartin Paulinyet al.
o Red blood cells Yes
(Ripariariparia) (2006)
Dunlin Paulinyet al.
o . Red blood cells Yes
(Calidris alpina) (2006)
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Fig. 1.8: The relationship between white blood cell telomlerggth and age in a random
sample of humans. Although there is a trend famere length to shorten with age, there

is considerable variation between same-age indalgduFigure taken from Unryat al.
(2005)
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Chapter 2: Materials and Methods

Materials used

1. General Chemicals

Brilliant®*SYBR®Green QPCR Master Mix — Stratagene
Blocking reagent — Roche

Bromophenol Blue — Institute of Comparative Medé&cin
Chloroform - Sigma

CPSD chemiluminescence substrate — Roche

DIG Easy Hyb — Roche

Ethidium bromide — Sigma

Hydrochloric acid — BDH

Maleic acid (M0375) — Sigma

Phenol: chloroform: isoamyl alcohol (25:24:1) —18&
Sodium acetate buffer solution — Sigma

Sodium chloride — Sigma

Sodium dodecyl sulphate (SDS) - Sigma

Sodium hydroxide pellets — BDH lab supplies

TE buffer — Qiagen

Tris base — Sigma

Tri-sodium citrate — BDH lab supplies

Tweerf-20 (polyoxyethylene sorbitan nonolaurate) — Sigma
100% pure ethanol — Fisher Scientific

2. Complete kits
DNeasy Blood and Tissue Kit — Qiagen

3. Restriction Enzymes
Hind Il — New England Biolabs
Hinf | — Invitrogen

Msp | — New England Biolabs
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Proteinase K, recombinant PCR grade - Roche

Rsa | - Invitrogen

4. Molecular Size Standards

CHEF DNA size standard (48.0 — 8.0 kb) — BIO-RAD

DIG labelled DNA molecular weight marker (23.1 8 Rb) — Roche
1 kb DNA ladder (12,126 — 75 bp) — GIBCOBRL Lifechmologies

5. Primers and Probes

Anti-digoxigenin-AP fab fragments — Roche

Digoxigenin (DIG) labelled telomere probe (TTAGGG)Roche

3P y-ATP labelled telomere probe £{CA); — Roche

GAPDH-F (5-AACCAGCCAAGTACGATGACAT-3’) — VH Bio Ltd
GAPDH-R (5-CCATCAGCAGCAGCCTTCA -3") — VH Bio Ltd

Tellb (5-CGGTTTGTTTGGGTTTGGGTTTGGGTTTGGGTTTGGGTT)3
Tel2b (5-GGCTTGCCTTACCCTTACCCTTACCCTTACCCTTACCCT)3
— VH Bio Ltd

6. Equipment
6.1 Major Equipment
Constant-field gel tank — BIO-RAD
Centrifuge - Eppendorf 5417R
Mechanical shaker — Stuart Scientific
Optimal cross-linker — Spectrolinker™ XL-1000, Spenics Corporation
Oven — Hybridiser HB-1D, Techne
Pulse field gel tank — CHEF-DR Pulsed Field Electrophoresis Systems
QPCR machine - MX3000P Strategene
Spectrophotometer — ND-1000, Nanodtop
UV transluminator - Universal Hood, BIO-RAD
Video graphic printer — UP-890CE, Sony Corporation
X-ray film processor — Compact X4 Automatic, Xogndmaging Systems
37°C Water bath — Grant Instruments
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6.2 Consumables

ABgené PCR plates — Thermo Scientific

Agarose - Seakem

Amersham Hybond-Nmembrane for nucleic acid transfer - GE Healthcare
Amersham Hyperfilm ECL (chemiluminescence film) E Bealthcare
Chromatography paper — Whatman International

‘Clear Seal Diamond’ optically clear heat sealitignt Thermo Scientific

Paper towels

7. Buffers and Solutions

BLB buffer: 1% SDS, 50mM Tris, 50mM EDTA, di®. This was stored at room

temperature.

10X Blocking buffer: 10g blocking reagent, 100ml 1X maleic acid (makstid heated to
65°C in order to dissolve blocking reagent). Thasvautoclaved and stored at 4°C.

1X Denaturation buffer: 0.5M NaOH, 1.5M NaCl, dyD. This was stored at room

temperature.

10X Detection buffer. 200mM Tris-HCL (12.1g Tris base, adjusted to pH @ith conc.
HCL), 100mM NaCl, sterile bD. This was autoclaved and stored at room temperatu

0.5M EDTA pHS8: 17.9g EDTA, 100ml dkD. Adjusted to pH 8.0 with NaOH pellets and

made up to 100ml. This was autoclaved and stordtiCat

0.25M HCL: 21.55 ml conc. HCL, 978.45 ml @bl This was stored at room temperature.

10X Maleic Acid: 116.1g maleic acid, 87.6g NacCl, sterilgCH Adjusted to pH 7.5 with
NaOH pellets and made up to 1L. This was autoclavebistored at room temperature.

2.5M NaCl: 14.6g NaCl, 100ml dkD. This was autoclaved and stored at room

temperature.
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1X Neutralization buffer: 0.5M TRIS-HCL (60.5g Tris base, pH adjusted t with

conc. HCL), 3M NacCl, dbD. This was stored at room temperature.

Nuclei lysis buffer. 2mM EDTA pH 8.0, 0.4M NacCl, 10mM Tris, dB. This was stored

at room temperature.

10% SDS:10g solid SDS100ml dHO. This was stored at room temperature.

20X SSC:3M NacCl, 0.3M Tri-sodium citrate, diD. This was stored at room temperature.

Stringency wash 1:2X SSC, 0.1% SDS, di®. This was stored at room temperature.

Stringency wash 1l: 0.2X SSC, 0.1% SDS, dB. This was stored at room temperature.

50 X TAE buffer: 2M Tris base, 50mM EDTA, 1M glacial acetic aaitH,O. Adjusted to
pH 8.15 using glacial acetic acid. This was st@teom temperature.

10X TBE buffer: 0.09M Tris Borate0.002M EDTA, dHO. This was stored at room

temperature.

TE buffer: 10mM Tris-HCL, 1mM EDTA, dHO. This was stored at room temperature.

1M Tris-HCL pH8 : 12.1g Tris base, 1 litre ¢B. Adjusted to pH 8.0 with conc. HCL.
This was stored at room temperature.

1X Wash buffer: 1X maleic acid, 0.3% Twe&g0, sterile HO. This was stored at room
temperature.
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Methods

To prevent unnecessary repetition, this sectionudes a detailed description of the
protocols that are referenced throughout this shdaiotocols that were only used in one

chapter are described in detail within that chapter

1. Manual DNA extraction

10-20 pl of blood/buffer mix (buffer used variedpdading on species) was added to a
1.5ml sterile eppendorf. To this, 250ul of nuclei$ buffer, 100ul of 10% SDS and 10ul
of proteinase K (10pg/ml) was added and the mixtuas incubated overnight at 37°C.
During incubation samples were continuously agitattamples were then deproteinised
by the addition of an equal volume of phenol/chlonm/isoamyl alcohol (25:24:1).
Samples were centrifuged at 14,000rpm for 10 msateroom temperature to separate
them into organic and aqueous phases. The uppeeoas phase was transferred to a
sterile 1.5ml eppendorf. DNA was then precipitated by the addition of 1/10 volume of
3M sodium acetate and 3 volumes of molecular biplpgde 100% ethanol. The mixture
was incubated for an hour at -20°C to help preasigh. The samples were then
centrifuged at 14,000rpm for 10 minutes at 4°C,ultesy in pelleted DNA. The
supernatant was removed and the pellet was washét®% ethanol. The pellet was
allowed to air dry for 5 minutes and was then repsimded in 40ul of TE buffer and stored
at -20°C.

2. Determination of DNA concentration and quality

2.1 Determination by spectrophotometry

DNA samples were diluted 1:20 by adding 95ul of,@Ho 5ul of the sample. Optical
density readings were taken at 260nm and 280nmg usiOul of dHO as a control. This
gives a measure of the quantity of DNA in the sanphe purity of the DNA can also be
estimated from the ratio of the optical densitydiegs taken at 260nm and 280nm
(260/280 ratio). The 260/280 ratio of a pure prapan of DNA is generally accepted to
be around 1.8. Substantially lower values thanghggest the presence of proteins or other

contaminants such as phenol, but for our purposasaof 1.5 or higher was adequate.
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2.2 Determination by gel electrophoresis

This method was used in addition to spectrophotgmet order to ensure that the DNA
had not suffered significant amounts of degradatfof©% gel was made by adding 0.5g of
agarose to 50ml of 1X TBE buffer and heating inierawave for around 2 minutes. After
being allowed to cool slightly, 2.5ul of 100mg/nthielium bromide was added. The gel
was then poured into a casting tray containingralcavith the requisite number of wells
and was left to set for around 20 minutes. DNA dasypvere diluted to a concentration of
100ng/pl with TE buffer. 2.5ul of this dilution (2§ of DNA) was mixed with 1ul of
bromophenol blue loading buffer and added to théswe the gel using a micropipette.
Gels were run at 150V for approximately 10 minufidse gel was then removed from the
electrophoresis unit and the DNA was visualizechgisa UV transluminator (BIO-RAD)
and photographed using a photographic unit (SoRigure 2.1 shows a representative

photo of such a gel.

3. Telomere restriction fragment (TRF) analysis

3.1 Digestion of DNA with Hinfl/Rsal

The restriction endonucleaskEsnf | and Rsa | were selected because they do not contain
recognition sequences that will cut within the tedic repeat sequences. The use of these
enzymes allows for complete digestion of non-telon®NA, leaving only telomeric
DNA intact. This remaining telomeric DNA is refedrdo as a Telomere Restriction
Fragment (TRF). By calculating the mean TRF lengtthe digested DNA sample we can

make an estimate of the average telomere lengtieimitial cell population.

For each sample a mixture was made up containing &0 DNA diluted to
100ng/ul (1ug DNA), 7ul of dH20, 2.5ul éfinfl buffer, 2.5ul ofRsal buffer, 0.25ul of
Hinfl and 0.25ul oRsal. The mixture was incubated for 12-18 hours ir7r ZC3waterbath.

The success of the digest was confirmed by runpartj of each digest out on an
electrophoresis gel. The gel was prepared and ligsdain the same way as described in
section 2.2. The gel was run at 150V for approxatyaO minutes. Figure 2.2 shows an

example of such a gel.

If digests were not immediately used, they wergestaat -20°C for up to one

month.
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3.2 Constant field agarose gel electrophoresis and Southern blot

Digested DNA was separated out on a 0.8% agardseaye by dissolving 2g of agarose
in 250ml of 1X TAE buffer. 3ul of bromophenol bldeading dye was added to each
digested DNA sample and 20ul of this mixture wadealdto each lane. Two marker lanes
containing a DIG labelled DNA molecular weight merk23.1 kb — 2.0 kb, Roche) were
also run on each gel. Each marker lane containgdl df0a mixture containing the marker,
dH,O and bromophenol blue loading dye in a 5:5:1 rafiee gel was run at 150V for
approximately 3.5 hours.

The digested DNA was transferred to a positivelarged nylon membrane
(Amersham) by use of the Southern blot techniquitf®rn 1975) following a standard
protocol (Current protocols in molecular biologyhe gel was first immersed in 0.25M
HCL for 5-10 minutes. Completion of this step waslicated by the colour of the
bromophenol blue loading dye changing from bluey¢tiow. The gel was then twice
washed in 1X denaturation buffer for 15 minutesribwi this step, the bromophenol blue
loading dye regained its original colour. Finallget gel was twice washed in 1X
neutralisation buffer for 15 minutes. Between eaeakh stage, the gel was briefly rinsed in
H.O. All of these pre-treatment steps were carrigdabwoom temperature and with gentle

agitation using a mechanical shaker (Stuart Sdienti

The Southern transfer itself was set up as follas:treated gel was placed on a
‘wick’ of chromatography paper, both ends of whigere immersed in a reservoir of 20X
SSC. On top of the gel was placed the nylon menghratnich had been washed in 2X
SSC. Two more layers of chromatography paper,\abshed in 2X SSC, were placed on
top of the membrane. Finally paper towels weregaaan top to a depth of approximately
10cm. The DNA was transferred from gel to membrapeapillary action, with the 20X
SSC acting as a transfer buffer. Gels were flippefibre Southern transfer to reduce the
chance of irregularities in the upper surface efdel causing an uneven transfer of DNA.
Transfer was carried out overnight and the DNA wasn UV cross-linked to the
membrane using a trans-illuminator (SpectrolinkeXI®1000, Spectronics Corporation).
After being washed with 2X SSC, the membrane was ttored at 4°C ready for the
probe hybridisation and chemiluminescent detectiage.
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3.3 Hybridisation and chemiluminescent detection

All hybridisation steps were carried out using afiree Hybridiser HB-1D hybridisation
oven (Techne) and standard hybridisation flask& ootary mount. Membranes were pre-
hybridised for 1 hour at 42°C in 15ml of DIG EasylH(Roche). This solution was
replaced with 10ml of DIG Easy Hyb containing 2.5fl digoxigenin (DIG) labelled
telomere probe (TTAGGG)Hybridisation was then carried out at 42°C fdragirs.

Following hybridisation, the membrane underwento#s wash stages to prepare it
for chemiluminescent detection. All wash stagesewearried out at room temperature

unless otherwise stated, and with gentle agitaifdhe membrane.

Firstly the membrane was washed in stringency wdeh 2 x 5 minutes at room
temperature and then in stringency wash Il for 25xminutes at 50°C (using the same
apparatus as in the hybridisation stage). Bloteween washed for 5 minutes in 1X wash
buffer and then for 30 minutes in freshly prepat&dblocking buffer. The membrane was
then incubated with a DIG specific antibody (750ita/fml Anti-Digoxigenin, Fab
fragments) covalently coupled with alkaline phogpba (Anti-DIG-AP) (Roche). An
Anti-DIG-AP working solution was prepared at a centcation of 75mU/ml (1:10,000) in
1X blocking buffer. Before preparation of the wani solution the Anti-DIG-AP was
centrifuged for 5 minutes at 13,000 rpm to avoidKgaound signal being generated by
aggregated antibody. The blot was washed in the-BDI&-AP working solution for 30

minutes.

The membrane was then washed for 2 x 15 minutéXiwash buffer and finally
for 5 minutes in 1X detection buffer. The detectitself was carried out using the
chemiluminescent alkaline phosphate substrate CH&I2he). Excess detection buffer
was removed from the blot by briefly placing it ampiece of chromatography paper, DNA
side up. The blot was then placed on an acetatt sihd 3ml of substrate solution (CPSD
diluted 1:100 with 1X detection buffer) was pipettento the DNA side of the damp
membrane. Another acetate sheet was then placedhevélot, and any air bubbles were
carefully removed. The blot was then incubatedSfoninutes at room temperature. Excess
liquid was removed and the two acetate sheetsdealle tape. The sealed membrane was
then incubated for 10 minutes at 37°C to incredse d¢hemiluninescent signal. The

membranes were then used to generate autoradiagréipé exposure times varied from 1
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to 30 minutes according to what generated the aptinrmage quality for analysis. Figure

2.3 shows a representative TRF gel and how the mB&nlength is calculated from it.
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3.4 0en6. St 11-12..13 14 15 16

Figure 2.1: Representative electrophoresis gel of intact gend@MA (in this case, DNA

from giant petrels). DNA in lanes 4 — 16 considta ingle tight band, showing that the
DNA is in good condition. Conversely, the DNA im&s 1 — 3 has much more of a diffuse
band, suggesting that the DNA has significantlyrddgd during extraction or storage.
Such samples would be discarded and the DNA reebettl. In some cases, the quality of
the re-extracted DNA would be good enough to usegther cases DNA continued to be
degraded in every re-extraction attempted. In thesses, the blood sample itself was
clearly degraded and the sample was omitted framsthdy. See individual chapters for

details on how many such samples there were.
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1 2 3 4 5 6 7 8 @ 11 12 13 14 15 16

Figure 2.2: Representative electrophoresis gel of digested gen®@NA (in this case
DNA from giant petrels). Fully digested DNA will @duce a clean smear, as in lanes 1-5
and 7-16. Conversely, in lane 6 DNA is banded towahe top of the smear, indicating
that digestion was not successful. If digestion wasuccessful, the sample was re-
digested; in none of the studies described in thissis did a sample have to be
permanently omitted because of an unsuccessfulstitige (i.e. all such samples were

successfully re-digested).
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1 2 3 4 5 6 7 8 9 1a 12 13 14 15 16 17 18 19 20

& L |

Figure 2.3: Example of a TRF gel and how mean TRF is calcdl&iem it (gel contains

lesser black-backed gull DNA). First and last lacestain a Dig-labelled marker (23.1kb-
2.0kb), the rest of the lanes contain gull samplée white boxes in lanes 7, 9 and 18
demonstrate the ‘analysis window’ used to calculagan TRF. The analysis window
always began at the largest marker and continugbtiva intensity in the window was the
same as the background intensity. The size of tiadysis window thus varied for each
lane. Carrying out the analysis in this way ensuihed we took into account changes in the
proportion of short telomere fragments between sesnphis can have a significant effect
on mean TRF (Haussmann & Mauck 2008a). The analysidow was split into several
equal size boxes (as shown in lane 9) to giverttensity at different fragment sizes. Mean
TRF length per lane was then calculated using dh@dla: mean TRF length £(OD)) /
>(OD; / L) where ODRis signal intensity and Lis DNA size (Kb) at position. The
background intensity was calculated from an arethatbottom of each lane (white box
marked ‘B"); this was subtracted from signal inignbefore each calculation.
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Chapter 3: Telomere dynamics in relation to earlyg  rowth
conditions in the wild in the lesser black-backed g ull Larus

fuscus

Abstract

There has recently been much interest in the leng-effects of early growth conditions.
Telomeres, the repetitive DNA sequences that clprgatic chromosomes, are potentially
an excellent tool for studying such effects. Teloaseshorten at each cell division and
considerable evidence links the rate at which tdeyso with cellular and organismal
senescence. Previous research has shown that teltmas is greatest during early life, so
conditions during this time will significantly affetelomere attrition and senescence rates.
However, relatively little is known about the patteof telomere loss under natural
conditions. | examined telomere dynamics duringmhounder natural conditions in the
lesser black-backed gulllarus fuscus. Although telomere length significantly decreased
with age during the chick period, there was a aersible amount of inter-individual
variation in telomere length. Much of this variatiovas related to circumstances during
embryonic growth. Larger hatchlings had shorteortedre lengths, suggesting that
embryonic growth rate could have affected telonadtation. Independent of this trend,
males had longer telomeres at hatching than fem@tes variation in hatching telomere
length caused by embryonic growth conditions reethiconsistent during the initial post-

hatching period.
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Introduction

Conditions during growth and development have pmébimplications for an organism’s
phenotypic development and subsequent life higiBageson 2003; Gluckman & Hanson
2006; Monaghan 2008). There has been much recésmtest in the mechanisms that
mediate such effects, and in particular how theéepatand pace of organismal growth is
linked to the rate of degeneration later in liferdAdt 1997, 2003; Jennings al. 2000;
Metcalfe & Monaghan 2001, 2003; Barletral. 2005; Barker 2006). Telomeres, the repeat
nucleic acid sequences that cap eukaryotic chromespare thought to play an important
role in linking the patterns of growth and degetiera(Campisiet al. 2001; Chan &
Blackburn 2004; Monaghan & Haussmann 2006). In sentlls, telomeres shorten at
each cell division, eventually reaching a critidahgth that triggers cell senescence
(Campisiet al. 2001). Initial telomere length is partly determdnby genetic factors
(Nordfjall et al. 2005) but environmental factors, particularly @tide stress, also affect
the rate of telomere loss, at leastvitro (von Zglinicki 2002; Richter & von Zglinicki
2007).

Previous studies on both mammalian and avian spdwe&e shown that most
telomere loss occurs early in life (Freretkal. 1998; Zeichneet al. 1999; Hallet al. 2004;
Paulinyet al. 2006). This suggests that factors affecting irdiiais during early growth
will significantly affect telomere loss and, potaifiy, the pattern of ageing (Monaghan &
Haussmann 2006). In mammals, post natal growttbbas linked to telomere attrition. In
male rats, accelerated post-natal growth, indused eatch-up response to an episode of
poor foetal nutrition, resulted in a shortening lodth kidney telomeres and lifespan
(Jenningset al. 1999). However, we know relatively little aboutetpattern of telomere

loss during growth under natural conditions.

Birds are a particularly interesting group to exaepias there is considerable inter-
individual variation in growth patterns in many eviopulations (Starck & Ricklefs 1998).
Variation in telomere length among same age chiessbeen shown in several wild avian
populations (Haussmaret al. 2003; Hallet al. 2004; Haussmanet al. 2005; Juoleet al.
2006; Paulinyet al. 2006), but the proximate cause and functionaliggmce, if any, of
this variation is unknown. In the European shlgglacrocorax aristotelis, chicks laying
down higher tissue mass for their body size andkshborn late in the season both showed
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a higher rate of red blood cell telomere attritiwhen measured as chicks and again as
adults (Hallet al. 2004). This suggests that the growth conditionsedenced by chicks
could be responsible for some of the variation sedrlomere length. To date, no studies
have examined the relationship between avian piehimg growth conditions and
telomere length; given that a substantial amoungrofvth occurs before hatching it is
possible that conditions during the pre-hatchingageh may also be an important

determinant of telomere loss.

In this paper we examine the effect of early growtinditions on telomere
dynamics under natural conditions in the lessezkblacked gulllarus fuscus. The lesser
black-backed gull is an interesting species fos tigpe of study, as there is considerable
inter-individual variation in early growth conditis in relation to position in the clutch
(lesser black-back gulls lay three eggs which diffe size and contents and hatch
asynchronously — Royle 2000; Royeal. 2001), sex (males grow faster than females —
Griffiths 1992; Nageet al. 1999; Nageet al. 2000b), parental and egg quality, laying date
and local environmental conditions (Bolton 1991 ghileet al. 2000a; Blountt al. 2002;
Verbovenet al. 2003).

Materials and methods

Sudy site and sampling

Field work was carried out at a breeding colonpandgerdi, Iceland (64°2' N, 22°41"' W)
during the 2005 breeding season. Nests for usdnenstudy were selected at random
throughout the breeding season (range of layingsddi43 — 166 days in julian calendar,
mean laying date 153.6 days). All nests came frbm dame area of the colony and
contained three egg clutches. Nests were checkgadarey and eggs were marked to
determine both laying and hatching order. Firstoed and third laid eggs are referred to
as A, B and C eggs respectively. The length andhnefl each egg was measured and egg
volume was calculated according to the formula: egigme (cri) = 0.000476 x length
(mm) x widtHf (mm) (Boltonet al. 1992). Chicks were measured (body mass, wing tengt
and head-bill length) within 24 hours of hatchingdaa small blood sample taken by
superficial venipuncture of the brachial vein; &sievere marked and, where possible, re-
measured and a second blood sample taken at 10oflage. Initially, 85 chicks from at
least 57 different broods (1 complete brood ofeahekicks, 18 pairs of siblings, 39 chicks
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with no siblings sampled and 7 chicks of unknowreptage) were sampled; 34 of these
chicks were re-sampled (from at least 27 broodsorfiplete brood, 2 pairs of siblings, 24
chicks with no siblings sampled and 3 chicks of nown parentage). Chick sex was
established using a PCR based method (Grifithad. 1998). The blood was separated
into plasma and red cells by centrifugation withihours of collection, as it was felt this
would better aid storage of the samples. The rdd bad BLB buffer (1% SDS, 50mM
Tris, 50mM EDTA) added to them in a 1:1 ratio withkd hours of collection and were
stored at room temperature until DNA extraction.

Measurement of telomere restriction fragments (TRFS)

DNA was extracted from red blood cells, which ateleated in avian species. Samples
were digested with proteinase K before DNA extaciy a standard phenol-chloroform-
ethanol-precipitation method. DNA was checked fegrdation by 1% agarose gel
electrophoresis. DNA was successfully extractedthis way from the 119 samples
discussed in this chapter. However, non-degraded Bbuld not be extracted from an
additional 24 samples collected in the field; theamples were discarded from the study.
Laying dates of these samples were spread acnogfeaange (144 — 157 days) and there
was no other reason to believe that the omissidhexfe blood samples would introduce a

sampling bias to our study.

Approximately 1ug of DNA from each sample was digdswith the restriction
enzymedHinfl andRsal for 16h at 37°C. Digested DNA samples were sdpdran a non-
denaturating 0.8% agarose gel at 150V for 3hrs. madker lanes (23.1 — 2.0Kb) were run
on each gel. DNA was transferred from the gel tot-cellulose Hybond N+ membrane
(Amersham, UK) by Southern blot. The membrane wgsritlised with a digoxigenin
(DIG) labelled telomere probe (TTAGGEG)(Roche) for 3 hours at 42°C. A
chemiluminescent detection system (Roche) followe@xposure to autoradiography film
was used to visualize the TRFs. Having scannedrtbges, the intensity of TRF smears at
different molecular sizes was calculated using [Lata software (Photoretix). Mean TRF
length was calculated using the formula: mean T&Igth = (OD) / > (OD;/ L;) where
OD; is signal intensity and;lis DNA size (Kb) at position The background intensity was
subtracted from signal intensity before each calooh. Mean TRF length is referred to as

telomere length for the rest of this chapter. Asalywas carried out blind with respect to
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age, sex and structural size. See chapter 2 foore metailed description of the TRF

protocol.

Figure 3.1 shows a representative TRF gel. Fomthgrity of samples, a clean
DNA smear was observed indicating that, if intéistibanding was occurring, it did not
hinder our analysis of mean TRF length. The blaakds at the top of each lane in figure
3.1 are due to the larger telomere fragments nabgbseparated out during gel
electrophoresis (sometimes termed the limit of nyb+ Haussmann & Mauck 2008a).
Ideally, we would have used pulse-field gel elgutraresis to separate these bands, but we
were limited in our capacity to do so when thespeexnents were carried out. However
we feel that, given the small size of the bandstaedow mean TRF length of the gulls,
the use of standard gel electrophoresis will hadlimited effect on mean TRF length.

To control for inter-gel variability, we ran a cooltsample (a randomly chosen gull
sample) on every gel. Due to lack of DNA, one sochtrol sample was run on 6 of our
gels (mean TRF length values for this sample rariged 10.97 — 11.62kb, coefficient of
variation (CV) = 2.01%) and a different control sgenwas run on the remaining 6 gels
(mean TRF length values ranged from 7.74 — 8.48Rb,= 3.13%). If our samples are
separated according to which control sample thesewen alongside, then there is no
difference between the two groups in terms of hatctelomere length (t = 0.994, df = 83,
P = 0.323) or day 10 telomere length (t = 0.460= &2, P = 0.648). Samples from the
same individual taken at hatching and 10 days adevalways run on the same gel, so
inter-gel variability was not an issue for longitieal samples. Siblings were not run on the
same gel, but the use of the control samples shbal® ensured that this was not

important.

Satistical analysis

Analysis of factors linked to hatching telomereddnwas done using generalised linear
mixed models, in which nest identity was includedaarandom factor to take account of
the non-independence of chicks from the same bfGaawley 2002). Chicks of unknown
parentage were excluded from the GLMM analysis @oidathe presence of unknown
siblings confounding our results (there were 7 scicitcks). In addition 10 chicks were
excluded as their sex was unknown (as there wasmmigh DNA left after TRF analysis

to carry out the PCR sexing technique). In order exaamine the maternal and
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environmental factors influencing hatching telomierggth, a candidate set of models was
created and the ‘best’ model selected using the ¢ki€rion (Burnham & Anderson 2002;
Johnson & Olmland 2004). The following factors wergentially available for inclusion
in our model set — sex, hatching head-bill lengtig volume, egg position and laying date.
Duration of embryonic growth (i.e. time between treset of incubation — which in first
laid eggs does not occur until the second eggercthtch is laid - and hatching) was not
included as a potential explanatory variable, asethvas little inter-individual variation in
this (CV = 4.32%) and there was no indication thé was linked to telomere length (fig.
3.2).

Potentially, we could have created a candidate afetodels containing all
combinations of the other five variables; howewers would be theoretically unsound
given that the number of models required (31) wdaddvery high relative to our sample
size (Burnham & Anderson 2002). There wasanpriori way to reduce the number of
variables included in our models as, based onwas, it was legitimate to expect any or
all of the variables to be linked to telomere léndgiqually, initial exploratory data analysis
provided no obvious way to eliminate variables froor model set (with the exception of
duration of embryonic growth). Given this, we féfie best way to create a candidate
model set was to begin with a global model contgnall five variables and to then
backward drop variables, beginning with the leagtificant. Table 3.1 shows the five
models created using this method. Based on theaik&kweights, none of these models
could be determined to be the ‘best’ model (as htefg0.9), so model averaging (from all
five models in table 3.1) was used to produce @aimate of effect size for each variable
(Burnham & Anderson 2002; Johnson & Olmland 2004).

Analysis of the factors influencing telomere losdem days old was done in the
same way. Due to relatively high chick mortality the study (only 14% of our chicks
survived until 20 days old, which is consideraldwér than previous years in this colony -
pers. comm. G. Hallgrimsson), the sample sizeratdé&ys old was lower than at hatching
(85 chicks at hatching, 34 at ten days old). Theme no significant difference in hatching
telomere length between chicks that survived filldhys old and chicks that did not (t =
1.629, df = 83, P = 0.107, mean difference = 0.8438 kb). The initial variables included
in the global model were hatching telomere lengthx, hatching head-bill length,

instantaneous increase in head-bill length andvegigme. Egg position was not included
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as there was no difference between A, B and C ieggsms of day 10 telomere length, (F
31 = 0.835, P = 0.443) or in the magnitude of telariess (absolute loss; Ro= 0.311, P

= 0.736; percentage loss;i kp= 0.338, P = 0.717). Twelve of our 34 chicks werel@ded
from the subsequent GLMM analysis as we did noehdata on hatching telomere length
(11 chicks) or egg volume (1 chick) for them. P#akmdentity was not included as a
random factor in this analysis, as only 2 pairssiblings were present in our reduced
sample (if parental identity was included in thelgll model as a random factor, estimates
of the covariance parameters were not significaRt > 0.10). Table 3.2 shows the six
candidate models created by backward dropping ¢lastIsignificant variable in each
successive model. Based on their Akaike weightegraf the candidate models could be
considered to be the ‘best’; as before an averatimate of effect size was calculated for
each variable.

We used head-bill length as a measure of bodyisia#t analyses, as body mass is
affected by the residual yolk mass and so is rguiaal measure of size in recently hatched
chicks. Instantaneous growth ((In(2nd measuremernt)1st measurement)) / time) was
used, rather than absolute or proportional groashit provides a better way of capturing
the exponential increase in growth that is occgranthis point in the chick period. Means

are quoted £ 1 standard error of the mean.

Results

Hatching telomere length

There was considerable variation in hatching telenhength (mean = 8.34 + 0.17 kb, CV
= 18.40%, n = 85). Hatching telomere length showeddtively low repeatability within
broods (repeatability analysis — as in Lessells@&a@®1987: r = 0.383,:1F 2= 2.346, P =
0.034), suggesting that siblings were not mordyike have similar telomere lengths than
non-siblings. Based on GLMM model averaging (sé&et&.1), larger sized hatchlings (as
indicated by their longer hatching head-bill lengtended to have shorter telomeres
(average effect size = -0.18 = 0.11, 95% CI: -0@05). This average effect size is the
equivalent of a 1.7 kb (20.38 % of mean telomengytle) difference between the smallest
and largest chicks in our sample. Independent f ¢iffect (i.e. when controlling for
hatchling size — see table 3.1), female chicks dteatter hatching telomere lengths than
males (average difference = 0.77 £ 0.40 kb, 95%d1. &5, -0.02). Egg volume had no clear
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effect on telomere length (average effect size02®+ 0.020, 95% CI: 0.064, -0.014). Egg
position had no effect on hatching telomere lern@irerage difference between A and C
chicks = 0.10 + 0.17 kb, average difference betwemd C chicks = 0.03 £ 0.16 kb) and
neither did laying date (average effect size = D)0OBlone of these latter three variables
were significant in a model with no other variablasluded (egg position: P = 0.376;

laying date: P = 0.144; egg volume: P = 0.203).

Changein telomere length

At 10 days of age, there was still substantialatarn in telomere length (mean = 7.12 +
0.21 kb, CV = 17.00%, n = 34). Within individuatsJomere length declined significantly

between hatching and 10 days old (paired t tesB.860, df = 22, P = 0.001, n = 23, mean
loss = 0.95 £ 0.26 kb). It was not possible to detee if telomere loss was more similar
within than between broods, as in only three oflitaods included in this analysis did we

have telomere loss data for more than one chick.

In order to see whether telomere length at 10 daspredicted by the conditions
experienced by chicks before this point, a GLM wgsial was conducted with telomere
length at 10 days as the dependent variable, aictiihg telomere length, laying date, sex,
hatching head-bill size, egg volume and instantaseincrease in head-bill length as
independent variables. Chicks with longer telomeategsatching had longer telomeres at 10
days old (average effect size = 0.52 £ 0.22, 95%0©H, 0.09). As at hatching, males had
longer telomeres than females at 10 days old (mwdklsex and no other variables: ko
= 6.518, P = 0.019). However, sex is not an impartariable in our model set (table 3.2;
difference between the sexes based on model angragb.02 + 0.20 kb). This suggests
that rather than being an effect of sex, the highlermere length of males at day 10 is a
reflection of their larger hatching telomere lendgthere was also no difference in telomere
loss between the sexes (absolute difference: 0271.df = 22, P = 0.316, mean difference
= 0.53 £ 0.52 kb; proportional difference: t = @88f = 22, P = 0.388, mean difference =
5.31 + 6.02 %). Growth rate during the first 10 slafter hatching (as indicated by the
instantaneous increase in head-bill length) haceffect on telomere length at 10 days
(average effect size = 42.16 + 59.16). The same twees if body mass was used as a
measure of growth instead of head-bill length. Hisg head-bill length (average effect
size = 0.05 + 0.11), egg volume (average effeat siz0.025 = 0.032) and laying date
(average effect size = 0.02 + 0.04) all had notiatahip with telomere length at 10 days.
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None of these variables had a significant relatignsvith telomere length at 10 days in a
model with no other variables included (head-bibbwgth rate: P = 0.626; hatching head-
bill length: P = 0.219; egg volume: P = 0.298; taydate: P = 0.599).

Discussion

Considerable variation was seen in both the telerteargth of chicks of the same age and
in the rate of telomere loss within individuals ithgr the first ten days of life. Substantial
variation between same age individuals has also fmeand in the other birds in which this
has been studied (Haussmaahal. 2003; Hallet al. 2004; Haussmanet al. 2005; Juolaet

al. 2006; Paulinyet al. 2006). In lesser black-backed gulls studied here, thisatian
seems to be linked to pre-hatching growth condgtidrarger hatchlings (based on head-
bill length) had shorter telomere lengths. Previaask has shown a negative correlation
between telomere loss and post-natal growth (etadl. 2004; Jenningst al. 1999); our
study suggests that there might be a similar oelatiip between telomere loss and
embryonic growth. This could perhaps be due tayadrirate of cell division and/or higher
levels of oxidative stress. However, hatchling gizevides only an indirect measure of
embryonic growth; further, experimental, work Wik necessary to determine if the rate of
embryonic growth is directly responsible for thedationship. In addition, parental quality
is likely to affect chick size. It is not known hoadult telomere length correlates with
adult quality, but, given that telomere lengthikely to be at least partly heritable, parental
guality may represent a confounding factor to @sutts.

Independent of this trend, males had longer telemdan females at hatching.
This sex difference was maintained at 10 days with telomere length in males and
females differing by the same degree as at hatchitfgpugh this was due to males having
a longer hatching telomere length rather than gecific effect of sex (there was no
significant interaction between sex and hatchingpniere length). This is, to our
knowledge, the first time a sex difference in tedwenlength has been shown in birds,
although males have been shown to have shorteméeés than females in humans
(Benetosat al. 2001; Nawrokt al. 2004) and rats (Cherd al. 2003).

In previous longitudinal studies of telomere len@kichneret al. 1999; Hallet al.
2004; Paulinyet al. 2006; Kotrschakt al. 2007), a significant decrease was seen within
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individuals over time. These studies measured tetenioss over a period of months or
years; our study demonstrates that, in young badsgnificant difference can be seen over
a much smaller period of time, in this case justdays. Indeed the average telomere loss
(11.39% of mean hatching telomere length) seehigtén day period is much larger than
that seen over a period of years in other birdigge dunlins Calidris alpina) measured

as chicks and again at three years of age, angekecrease of 3.24% of initial telomere
length was found (although this was based on amly individuals; Paulinyt al. 2006).
Such a large decrease in gull chick telomeres am sushort period of time supports the
idea that most telomere loss occurs in young amsirtiétichneret al. 1999; Hallet al.
2004; Baerlochest al. 2007).

Inter-individual differences in telomere length rereconsistent over the first 10
days of life; individuals with longer telomereshattching had longer telomeres at 10 days.
However, there was no relationship between prehivagcgrowth conditions (hatchling
size, egg volume, laying date and egg position) wedchange in telomere length that
occurred during the 10 days after hatching. Sittyilgrowth rate (in terms of increase in
structural size) had no effect on the change iontere length post-hatching. However,

these findings could be a result of our low sangpte of 10 day old individuals.

Although many studies have shown that there isifsignt variation in telomere
length between same-age individuals, very few Hagked at the causes of this variation.
There are considerable theoretical reasons toveetieat growth conditions will be one of
the biggest factors affecting telomere loss (Mé¢c& Monaghan 2003; Monaghan &
Haussmann 2006). Previous studies have shown abktkeen post-natal growth and
telomere loss (Halkt al. 2004; Jenningst al. 1999), but embryonic growth, which is
usually the period of highest cell turnover, mayelven more important in determining the
rate of telomere loss. Our study is the first, tar &knowledge, to suggest such a
relationship between embryonic growth and telontess (although it should be stressed
that other factors, such as parental quality, ctweldesponsible for our results). We have
also shown that the inter-individual differencestétomere length caused by embryonic
growth conditions are consistent, at least in thartsterm. What is now needed is further
work to ascertain if these inter-individual diffaces remain consistent into adulthood, and

if so, what significance these differences havieims of an individual’s life-history.
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Figure 3.1: Representative gull TRF gel. Lanes 1 and 20 contarkers, lanes 2 - 18

contain gull samples (lane 19 is blank).
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Table 3.1: Akaike’s second order information criteria (A)®f the GLMM'’s of hatching
telomere length in relation to 5 other variables (88). Parental identity was included as a
random factor in all models. See methods for det#ihow the model set was constructed.
The lower the AIG score of a model the ‘better’ it is; the ‘deltaGyl column shows the
difference in AIC between the best model and ewéngr model. The Akaike weight gives
a measure of how likely a given model is to beliest model in the set. AlGvas used
rather than AIC due to the relatively small sangpie (Burnham & Anderson 2002). Any
models containing interaction terms had considgrisber AlICc values and so were not
included in the candidate model set. Effect sizee (results) were calculated based on
model averaging of all the models shown in the eaf@urnham & Anderson 2002;
Johnson & Olmland 2004).

Variables included in y | Akaike weight

model AlICc Delta AIC. (A) (W)
Sex and head-bill length 259.91 0 0.30
Sex 260.00 0.09 0.29

Sex, head-bill length, eg
N 260.19 0.28 0.26

volume and egg positior

Sex, head-bill length anc
261.86 1.95 0.11

egg volume

Sex, head-bill length, eg

volume, egg position an( 264.10 4.19 0.04

laying date
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Table 3.2: Akaike’s second order information criteria (A)®f the GLMM's of day 10
telomere length in relation to 6 other variables (@2). See methods for details of how the
model set was constructed. The lower the Ld€bre of a model the ‘*better’ it is; the ‘delta
AIC. column shows the difference in AIC between thetbmodel and every other model.
The Akaike weight gives a measure of how likelisithat a given model is the best model
in the set. AlG was used rather than AIC due to the relativelylksaanple size (Burnham
& Anderson 2002). Any models containing interactierms had considerably larger AlCc

values and so were not included in the candidadehs®et.

. . . Akaike
Variables included in model AlCc Delta AIC. (A) weight (W)
Hatching TRF, egg volume
. 60.96 0 0.46
and instantaneous growth
Hatching TRF, egg volume
instantaneous growth and 62.32 1.36 0.23
hatching head-bill length
Hatching TRF, egg volume
instantaneous growth,
_ _ 62.64 1.68 0.20
hatching head-bill length,
laying date and sex
Hatching TRF, egg volume
instantaneous growth,
_ _ 64.47 3.51 0.08
hatching head-bill length an
laying date
Hatching TRF 66.61 5.64 0.03
Hatching TRF and e
J 9 70.82 9.86 0
volume
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Chapter 4: A longitudinal study of telomere loss in chicks of the

European shag Phalacrocorax aristotelis

Abstract

Telomere length varies considerably among samearatpdduals. Given this, longitudinal
studies represent the best way to follow the chamgelomere length over time. However,
very few such studies have been conducted, paatigulon wild populations. We
conducted a longitudinal study of telomere lengthchicks from a wild population of
European shag®halacrocorax aristotelis. Individuals were sampled twice during the
chick period, with an interval of 11 or 13 daysvbe¢n samplings. We also examined how
body size and sex affected telomere length. Withdividuals, telomere length did not
decrease with age. There was also no trend fomeses to shorten with age cross-
sectionally. Body size had no effect on telomerglle, but males had longer telomeres
than females. Previous longitudinal studies haveatestrated a decline in telomere length
within individuals over a period of months or yeaair results show that such a decline
cannot necessarily be detected over a much stiorterperiod. This suggests that the time

between sampling is crucial to the success of tad@al studies of telomere length.
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Introduction

Previous studies on telomere dynamics have shoatrthiere is a considerable amount of
inter-individual variation in telomere length amonglividuals of the same age (e.g.
Frencket al. 1998; Cherifet al. 2003; Haussmanet al. 2003; Hallet al. 2004; Unrynet

al. 2005; Juolaet al. 2006; Paulinyet al. 2006). This presents a problem with cross-
sectional studies of telomere length; it is diffide examine the change in telomere length
over time when there is so much variation amongividdals of the same age.
Longitudinal studies can avoid these problems liipwiong the change in telomere length
over time within an individual. However, very fewnigitudinal studies of telomere
dynamics have been conducted and even fewer haweiesd wild populations (Hadk al.
2004; Paulinyet al. 2006), rather than humans or laboratory animadsctiheret al. 1999;
Brummendorket al. 2002; Kotrschaét al. 2007).

One of the few longitudinal studies conducted omild avian population was on
the long-lived seabird the European shtwlacrocorax aristotelis (Hall et al. 2004).
Telomere length decreased in individuals sampledhasks and again as adults. In this
chapter we present additional longitudinal datanfrine same population of shags. We
sampled individuals twice during the chick period, order to determine whether a
decrease in telomere length is evident over thishhanorter time period. Cross-sectional
data on telomere dynamics (including data from gapulation of shags) have suggested
that most telomere loss occurs in young individyalencket al. 1998; Hallet al. 2004;
Paulinyet al. 2006). However, the exact point this telomere lmssurs is not known; is it
during the chick stage (and if so, when during ¢thé&ck phase is telomere loss at its
greatest?) or does the loss occur in newly fledgedlts, before they return to breed?
Determining this would be very difficult with cresgctional data, but by looking at chicks
longitudinally we might be able to determine theoamt of telomere loss (if any)

occurring during the chick stage.

In addition to a lack of longitudinal studies efdmere length, there are also very
few studies that have attempted to explain whyntel@ length varies so much among
individuals. Some of this variation seems to beegieally inherited (Nordfjalket al. 2005;
Njajou et al. 2007). However,in vitro studies on human cells have suggested

environmental factors, such as oxidative stress) affect telomere shortening rates (von
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Zglinicki 2002; Richter & von Zglinicki 2007). Thusne would expect that factors that
affect oxidative stress levels, such as growthsraed stress levels, will also affect
telomere length; there are studies which suppdastitiea (Jenninget al. 1999; Epekt al.
2004; Kotrschalet al. 2007). In shags, the rate of telomere loss witimdividuals
correlates with initial telomere length, laying eland the relative amount of body mass
laid down as a chick (Haét al. 2004). It is thus interesting to see if the ratéetomere
loss within chicks (if there is any) correlatesiwihe same variables. It is also interesting
to examine which variables, if any, correlate viglomere length cross-sectionally, across

a substantial sample of similar age individuals.

Materials and methods

Sudy site and sampling

Field work was carried out at a breeding colonytbe Isle of May (Firth of Forth,
Scotland 56°11’'N, 02°33'W) during the 2003 breeds®pason. All blood samples and
body size data were collected by Margaret E. Hztlicks were marked after hatching; as
shag chicks are altrical we were still able to datee parental identity and number of
siblings for each chick (brood size was 2 or 3 k$lic31 chicks were sampled, from 19
different broods (2 broods of 3 chicks, 8 pairssifiings and 9 chicks with no siblings
sampled). 26 of these chicks had two blood samialkesn from them, the remaining 5
were only sampled once. Samples were taken either 13 days apart. The exact age of
the chicks was unknown but we were able to makeséimation of age from their wing
length (using a regression equation based on knagen chicks from 1997 and 1998:
23.1703 - 14.4043 x (In (-In (wing length -13.9063n (263.9751))). We were able to test
the accuracy of these estimates for each chick lsgihtpiice by comparing the interval
between the two estimated ages and the actualvahtbetween blood samplings. The
predicted measurement interval was correct fori®ksh(35%), incorrect by 1 day for 11
chicks (42%) and incorrect by 2 days for 6 chicR8%). Estimated ages of the chicks
ranged from 12 — 26 days old when the first samae taken and 23 — 39 days old when
the second sample was taken. Blood from the 5 shseknpled once was taken during the
second time period. At the same time as the seblmudi sample was taken, measurements
were also made of body mass, wing length, headdmtith and tarsus length. Wing length

was also measured at the time of the first bloodpéa Blood was stored in 90% ethanol
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at -20°C until DNA extraction. Chick sex was esisiiéd using a PCR based method
(Griffiths et al. 1998).

Measurement of telomere restriction fragment (TRFs)

DNA was extracted from red blood cells, which atelaated in avian species. Samples
were digested with proteinase K before DNA extactiy a standard phenol-chloroform-

ethanol-precipitation method. DNA was checked fegrddation by 1% agarose gel
electrophoresis. DNA was successfully extractedthis way from the 57 samples

discussed in this chapter. However, non-degraded [Bbduld not be extracted from an

additional 3 samples collected in the field (alltbése were the first blood sample taken
from chicks whose second blood sample is incluaethis study). These samples were
discarded from the study. There was no reasonltevieethat the omission of these blood

samples would introduce a sampling bias to ounstud

Approximately 1ug of DNA from each sample was digdswith the restriction
enzymedHinfl andRsal for 16h at 37°C. Digested DNA samples were sdpdran a non-
denaturating 0.8% agarose gel at 150V for 3hrs. nadker lanes (23.1 — 2.0Kb) were run
on each gel. DNA was transferred from the gel toti@-cellulose Hybond N+ membrane
(Amersham, UK) by Southern blot. The membrane wgsritlised with a digoxigenin
(DIG) labelled telomere probe (TTAGGf)(Roche) for 3 hours at 42°C. A
chemiluminescent detection system (Roche) followe@xposure to autoradiography film
was used to visualize the TRFs. Having scannedribges, the intensity of TRF smears at
different molecular sizes was calculated using [Lata software (Photoretix). Mean TRF
length was calculated using the formula: mean Té&fgth =Y’ (OD) / Y(OD;/ L;) where
OD; is signal intensity and;lis DNA size (Kb) at position The background intensity was
subtracted from signal intensity before each catooh. Mean TRF length is referred to as
telomere length for the rest of this chapter. Asalywas carried out blind with respect to
age, sex and structural size. See chapter 2 foore whetailed description of how TRF

measurements were carried out.

Figure 4.1 shows a representative TRF gel. A cBA smear was observed in
the majority of samples (>95%), suggesting thatprisent, interstitial bands did not
significantly affect our analysis. To control fortér-gel variation, 46 of the 57 samples

were run twice on different gels (we did not hamewgh DNA to take two measurements
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from the remaining samples). The average of thedaoulated telomere lengths was used
in our analysis. There was a very high repeatgii@tween the two values calculated for
each sample (mean difference between repeats 8 &.87041 kb — equivalent to 3.3% of
the overall mean TRF of 11.34 kb; repeatabilitylgsia: r = 0.849, I 45= 12.206, P <
0.001; paired t test between repeats: t = 0.263,48, P = 0.794). Samples from the same
individual taken at different time periods were together on the same gels (i.e. the two
samples were run alongside each other on two diftagels). This will further decrease the
effects of inter-gel variability on our longitudinanalysis. Siblings were not run on the
same gels. It is possible this might affect ourlysis of the similarity of telomere lengths
among siblings (see results); however the highatgdity of samples run on different

gels makes this unlikely.

Satistical analysis

We produced a measurement of body size using tsteféictor of a principal component
analysis (PCA) containing wing length, body masd &ead-bill length. We excluded
tarsus length from the PCA as it had a low varighdompared to the other measurements
(coefficient of variations (CV): tarsus length &%, body mass = 13.9%, wing length =
13%, head-bill length = 5.5%) and so would be lessful in determining how body size
varies between individuals. Analysis of factorskéd to telomere length at the second
sampling was done using generalised linear mixedeiso in which nest identity was
included as a random factor to take account ofnibr@independence of chicks from the
same brood (Crawley 2002). We analysed the seaathére sample in this way, rather
than the first telomere sample, as we had bothigeilasample size and more variables at
this time point. Sex, age, body size score (fromAP@nd all possible interactions were
included in the models. Initially sex, age and bsdye were included in the model. Non-
significant terms, beginning with the least sigrafit, were then sequentially removed

from the model. All means are quoted + 1 standamat.e

Results

Changein telomere length

There was no difference in proportional telomess Ibetween chicks with a brood size of
2 or 3 (t=0.805, df = 14, P = 0.434, n = 16) etween chicks sampled 11 or 13 days
apart (t = 0.476, df = 14, P = 0.641, n = 16) -avoid pseudo-replication one chick from
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each brood was chosen at random for use in thedgsas, hence the reduced sample size.
We therefore did not separate chicks accordingaodsize or time between sampling in
our analysis of telomere loss. There was no sicpniti decrease in telomere length between
the two time periods our chicks were sampled (pditest: t = 0.352, df =25, P = 0.728, n
= 26; correlation between first and second TREs: 0.917; mean change in telomere
length = 0.025 + 0.073 kb).

Factors affecting telomere length

Mean TRF at the second sampling was 11.35 = 0.1&kb= 6.41%. Siblings do not have
more similar telomere lengths than non-siblingstl{imi brood repeatability analysis: r =
0.018, k5 12 = 1.039, P = 0.464). There was no difference lomere length between

chicks with a brood size of 2 or 3 (t = 0.859, d2¢, P = 0.560), so we did not include

brood size in our analysis.

In a stepwise regression analysis of GLMM modelstaining sex, body size and
age (tables 4.1a, b and c), sex has a significietteon telomere length (males have
longer telomeres than females: average differen@&2 + 0.23 kb; fig. 4.2) but body size
and age do not. If the increase in wing length ketwthe first and second sample (the only
measurement of structural size for which we hawe tveasurements) was included in the
model (containing age and sex) instead of body isimeas also not significant (absolute
increase per day:1F»=0.228, P = 0.638; proportional increase per &ay,= 1.045, P =
0.318). Body size was not significant if includeda model on its own (P = 0.122) and
neither was age (P = 0.324). To increase the aggeraver which we were examining
telomere length, we included both values of tel@rength we had for each individual
(increasing the age range from 16 to 27 days). hée &) included all telomere length
values in a GLMM with chick ID as a random factor &ddition to nest identity) and b)
randomly included one of the two telomere lengtlues we had from each individual,
such that half of our values came from tflesampling period and half from th&"deriod.
There was still no relationship between age arairiete length in either analysis (a -4
=0.851, P =0.360; b 4 R4=0.001, P = 0.974; fig.4.3 — in both cases ranéhwstor(s) P
<0.001).
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Discussion

We found no detectable change in telomere lengthinviindividuals sampled at two
different times during the chick period. There vedso no relationship between age and
telomere length in a cross-sectional multivariatalgsis, further suggesting that there is
no obvious change in telomere length during thetgberiod of time we studied the chicks.
This contrasts with the data presented by Healdl. (2004). Over a much longer time
period, they found that telomere length did de@easgh age and, furthermore, that most
of this telomere loss seemed to occur during thekgberiod. Thus, rather than suggesting
that no telomere loss is occurring at all in shiaigks, our results suggest that no change is
occurring during the short period of time we folledvthem over. Note that this does not
necessarily mean that no telomere loss occurrehgltinis time period; it could be that
there was just not enough to detect with the methweel were using. A method that tracks
changes in the length of individual telomeres (saslQ-FISH) might show telomere loss
which methods examining telomere loss in a poputatif cells (such as the TRF method)

cannot.

In chapter 3, we carried out a longitudinal anialyd telomere length in chicks of
the lesser-black backed gullafus fuscus) over a similar time period to the shags in this
chapter (10 days in the gulls, 11-13 days in thegsh Interestingly, in the gulls we did
detect a significant amount of telomere loss okes short time period. What is the cause
of this apparent difference in the rate of telomess between shag and gull chicks? Shags
have a longer chick period than gulls (7 weeks cmexbto 5) so one would expect growth
rates to be generally slower. The gulls were aBmped at an earlier stage in their
development than the shags when we would expeigihehrate of growth (gulls sampled
during first third of their developmental periodhags around the second third of theirs).
Comparison of the increase in wing length supptrésidea that the gull chicks were
growing faster than the shag chicks during the tibetween samplings (average
proportional increase in wing length per day: gell$9.4%, shags = 9.3%). However, this
argument assumes a connection between growth mdtéebbmere loss. We could find no
such connection in either our gull or shag chidkg, Hall et al. (2004) did find a weak
relationship between the relative amount of tissuass laid down by shag chicks and the
length of their telomeres as adults. It is possthkg there are other reasons behind the
difference in the rate of telomere shortening betwihe two species.
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In our cross-sectional analysis, male shags hadesttelomeres than females. It is
notable that no such sex difference was seen isttityy carried out by Hadt al. (2004).
They looked at a considerably larger age rangedi¥iduals than we did, but conversely
had fewer individuals of the same age. Thus, poissible that a sex difference can only be
seen if a substantial sample size of (approximpatefme age individuals is studied.
Alternatively, it could be that the difference imetsexes is temporary and is seen only in
chicks, not in adults. Whether this sex differemeanbuilt’ or is due to a difference in
conditions experienced by males and females is amin The direction of the sex
difference might seem surprising given that malagsbhicks grow at a faster rate than
females (Daungt al. 2001). However, this finding is consistent witke tlesults from our
study on lesser black-backed gull chicks, whereemalso had longer telomeres than
females. Conversely, in the few other species whexex difference in telomere length has
been shown, such as humans (Benet@s. 2001; Nawrotet al. 2004) and rats (Cherét
al. 2003), females have longer telomeres than malas. stiggests the possibility that sex

differences in telomere dynamics differ betweed$and mammals.

There was no direct effect of body size on telamength (although males are
larger than females and have longer telomeres} iBhperhaps surprising given that Hall
et al. (2004) found a weak connection between telomergtieand growth rate (in terms
of relative tissue mass laid down). However, theswa longitudinal study carried out over
a long time period (individuals sampled as chickd then as adults). It is thus possible
that such an effect cannot be seen in a crosmsatstudy carried out over a much shorter

time period.

Given the considerable amount of inter-individuatiation in telomere length seen
in most species studied, longitudinal analysidearty the best way to examine the factors
affecting telomere loss. Previous longitudinal stadof telomere length (Zeichnet al.
1999; Hallet al. 2004; Paulinyet al. 2006; Kotrschalet al. 2007) have measured the
decline in telomere length over a period of momthgears. Our study on lesser black-back
gulls showed that a significant difference in tetwe length can be seen over a much
shorter period, in that case just 10 days. Howemarresults here show that this might not
always be the case, as we could detect no telolosseover a similar time period, even
though it is likely that such a loss is occurri@jearly the time between samplings is a

crucial part of any longitudinal study. Too muamé between samples and it is difficult to
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ascertain exactly when any telomere loss took plaoe little time and one risks the

amount of telomere loss being too small to measure.
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Table 4.1: General linear mixed models with telomere lengththes dependent variable

and age, body size and sex as explanatory variallest identity was included in the
models as a random effect (P < 0.001 in all moddleg least significant variable was

removed from each model, until only one variable wemaining.

a)
Variable Numerator df | Denominator df F P
Age 1 27 0.842 0.367
Body Size 1 27 1.063 0.312
Sex 1 27 4.547 0.042
Dependent Variable: mean TRF length at 2nd sanmpe31)
b)
Variable Numerator df | Denominator df F P
Body Size 1 28 0.266 0.610
Sex 1 28 6.320 0.018
Dependent Variable: mean TRF length at 2nd sanmpte31)
C)
Variable Numerator df | Denominator df F P
Sex 1 29 9.412 0.005

Dependent Variable: mean TRF length at 2nd sanmpte31)
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1 2 3 4 5 6 7 8 9 1a 12 13 14 15 16 17 18 19 20

Figure 4.1: Example of a shag TRF gel. Lanes 1 and 20 comteirkers, lanes 2 - 18
contain shag samples (lane 19 is blank).
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Figure 4.2: Histogram of telomere length (at second samplseparated by sex. Males

(top panel) have longer telomeres than femalesdbopanel).
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Figure 4.3: Telomere length in relation to age (n = 31). ThAtadset shown was created by
randomly including one of the two telomere lengtiues we had from each individual,

such that half of our values came from tfiesampling period (open circles) and half from
the 2 period (closed circles). In a GLMM analysis, agel mo relationship with telomere

length.
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Chapter 5: Telomere dynamics in relation to age and survival in
the southern giant petrel Macronectes giganteus and the northern

giant petrel Macronectes halli

Abstract

There are very few studies that examine telomereuahycs across the lifespan of a long-
lived species. The few studies that have beenethout have shown that telomere length
decreases with age, although not at a constantlratkis study we examine the telomere
dynamics of two species of long-lived seabird, tloethern and southern giant petrels
(Macronectes spp.). The petrel population we used has beenestddr many decades by

the British Antarctic Survey (BAS) and so the agewen very old individuals was known.

In addition, BAS provided data on the survival af study individuals in the 8 years after
they were initially sampled. This allowed us to etetine if there was a relationship

between telomere length and survival, as has rigceeén found in other species. In both
giant petrel species, telomeres were shorter ittsathan chicks, but there was no trend for
adult telomere length to decrease with age. Mabab ghorter telomeres than females in
both species. In southern giant petrels, thereansignificant relationship (independent of
age and sex) between an individuals telomere leagthwhether it was still alive 8 years
after it was initially sampled. This relationshi@svnot present in northern giant petrels,
possibly due to a smaller sample size. Our reghlis support both the idea that most
telomere loss occurs in young individuals and tektmere length may be an indicator of
life expectancy.
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Introduction

Very few studies have examined the change in teledemgth across the lifespan of long-
lived species. This is primarily because therevary few wild populations where the age
of very old individuals is known. However, theree avian populations that have been
studied for sufficient time that their age struetus well characterised. The few (cross-
sectional) studies that have examined the telordgramics of such populations have
found a general trend for telomeres to shorten &g (Haussmaret al. 2003; Hallet al.
2004; Juolaet al. 2006). There is some variation within this tremal.the wandering
albatrosdiomedea exulans and European shathalacrocorax aristotelis, there is no trend
for telomeres to shorten with age among adult iddils (Hallet al. 2004). This is not the
case in adélie penguiri®d/goscelis adeliae, common ternsterna hirundo, tree swallows
Tachycineta bicolor (Haussmanrmet al. 2003) or frigate birdéregata minor (Juolaet al.
2006). More exceptionally, in Leach’s storm pet@deanodroma leucorhoai telomere
length apparently increases with age (Haussneira. 2003), although this may be a
consequence of differential survival in relationtédomere length (Haussmann & Mauck
2008b). It is also interesting to note that nond¢hefse studies have found a difference in
telomere dynamics between the sexes; sex diffesémaee been found in several mammal
species (Benetag al. 2001; Cherifet al. 2003; Nawrott al. 2004).

Although age clearly explains some of the varmatio telomere length among
individuals, it does not explain all of it; in af the species mentioned above, considerable
variation in telomere length is seen among sameHagiduals. Recent evidence has
suggested that, rather than just being a functfoage, telomere length is a measure of
individual state. For example, in sand martiRgpéria riparia), individuals with longer
telomeres have greater life-time reproductive ssec@aulinyet al. 2006). Telomere
length also seems to be a predictor of survivaénewm young individuals who would not
be undergoing senescence. Tree swallows with lotel@meres at one year old are more
likely to survive until the next breeding seasomdsmanmt al. 2005). It is not known if
telomere length directly affects survival or itdrrelates with other measures of individual
state. Clearly though, the idea of telomere leragttan indicator of individual state is an

interesting one and deserving of study in othecigse
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In this chapter, we look at the relationship betwdelomere length, age and
survival in two species of long-lived sea bird, ti@thern giant petréMacronectes halli
and the southern giant petidhcronectes giganteus. The giant petrel population we have
data from has been studied since the 1960’s, sbawe data from a wide range of known-
age individuals. Information on the telomere dyrnasrof two more long-lived species is
valuable in itself, given the rarity of such ddtas interesting to see how telomere length
varies with age in this population and how telonyreamics vary between the sexes, if at
all. We were also provided with information on thevival of individuals for 8 years after
sampling, allowing us to investigate the relatiapdtetween telomere length and survival
in this population. This data set also provide®pportunity to examine what differences,
if any, exist in the telomere dynamics of two vetgsely related species. Northern and
southern giant petrels share very similar lifestyénd are phylogenetically very close.
Indeed they were thought to be one species uniyl reeently (Bourne & Warham 1966).
If telomere length is primarily affected by genstand/or lifestyle we would predict that

northern and southern giant petrels would have semlar telomere dynamics.

Materials and methods

Sudy site and sampling

All individuals were sampled in 2000 at a breedoafgpny on Bird Island, South Georgia
(54°00’ N, 38°03’ S). All blood samples and othaxld data were collected by Francis
Daunt. Long term data on these birds was providedRichard Phillips (BAS). Thirty-
seven adult northern giant petrels and 47 adulth®on giant petrels were sampled. Apart
from one northern giant petrel, the age of theskviduals was known as the result of a
long term banding programme. Ages of these indafsluanged from 12 — 29 years in the
northern giant petrels and 12 — 40 years old insthehern giant petrels. Age ranges were
the same for both sexes. We also sampled 10 northiant petrel chicks and 16 southern
giant petrel chicks. Giant petrel’s lay one egghebreeding season, so all chicks came
from different nests. Blood was taken by superfigenipuncture of the brachial vein and
stored in 90% ethanol at -20°C until DNA extractiddex of adult individuals was
determined in the field based on body size (a ntethloich has > 90% accuracy — Copello
et al. 2006), while chick sex was determined using a B@Red method (Griffithst al.
1998).
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Survival data for adult individuals was collectiedthe 8 breeding seasons after
initial sampling, based on the assumption thahifralividual was not seen at the breeding
ground it had not survived the winter. Giant petitghve a very high level of breeding site
fidelity (Hunter 1984), so this seems to be a reabte assumption; 51 of the 83 adults
sampled (61.4%) died during this 8 year periodvsat after 8 years: northern males: 10
dead, 11 alive; northern females: 6 dead, 9 atiwathern males: 18 dead, 9 alive; southern
females: 17 dead, 3 alive). We did not possess msy-fledging data on the chicks
sampled, so we were unable to include these indal&din the survival analysis.

Measurement of telomere restriction fragments (TRFS)

DNA was extracted from red blood cells, which ateleated in avian species. Samples
were digested with proteinase K before DNA extaciy a standard phenol-chloroform-
ethanol-precipitation method. DNA was checked fegrdation by 1% agarose gel
electrophoresis. DNA was successfully extractethfedl of the blood samples collected in
the field.

Approximately 1ug of DNA from each sample was digdswith the restriction
enzymesHinf | and Rsa | for 16h at 37°C. Digested DNA samples were sdpdran a
non-denaturating 0.8% agarose gel at 150V for 3fwm& marker lanes (23.1 — 2.0Kb)
were run on each gel. DNA was transferred fromgéketo a nitro-cellulose Hybond N+
membrane (Amersham, UK) by Southern blot. The mamdrwas hybridised with a
digoxigenin (DIG) labelled telomere probe (TTAGGGIRoche) for 3 hours at 42°C. A
chemiluminescent detection system (Roche) follotwe@xposure to autoradiography film
was used to visualize the TRFs. See chapter 2 foore detailed description of the TRF
protocol. Figure 5.1 shows a representative TRFAelean DNA smear was observed in

the majority of samples, suggesting that inteedtiianding was not a significant problem.

Throughout this thesis telomere length has beematd from TRF gels by
calculating the mean TRF length. This is the ‘staddway of analysing TRF gels, but
recently it has been suggested that other methagysh® superior (Haussmann & Mauck
2008a). In particular, it has been suggested ttetrtost important thing to consider when
analysing TRF gels are the shortest telomere fratgne the smear. Although the mean
TRF method does take into account the shortesitaies (see chapter 2), we decided in

this chapter to try another method of analysisdditon to the mean TRF, concentrating
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just on the proportion of short telomeres in eaét-Tsmear. For both methods, having
scanned the images, the intensity of TRF smeat#fatent molecular sizes was calculated
using TotalLab software (Photoretix). The mean TIRRgth was calculated using the
formula: mean TRF length X (OD;) / Y(OD;/ L;) where ODis signal intensity and;lis
DNA size (Kb) at position The background intensity was subtracted fromadigriensity
before each calculation. For the sake of clarlig, thean TRF length will be referred to as
‘telomere length’ for the rest of this chapter. \eamined how the proportion of short
telomere fragments varied between individuals Hyndey fragments between 5.0 - 2.3 kb
in size to be ‘short’. Inevitably, any attempt teparate ‘short’ telomeres from ‘long’ or
‘medium’ size telomeres will involve an arbitrarividion; however, from examination of
our gels we felt that making this division at 5rkieant that only the shortest telomeres in
the smear were being included in the analysis, ewvisiill ensuring that there was
substantial variation between individuals (i.e.réhevere not many individuals with 0%
‘short’” telomeres). We calculated the signal inign®f these short fragments as a
proportion of the total signal intensity between123 2.3 kb. The background intensity
was subtracted from signal intensity before eadtutation. The lower size limit was set
to 2.3 kb as no sample produced a smear contaialomere fragments shorter than this.
The upper size limit was set at 23.1 kb becausenatant field electrophoresis gel cannot
resolve fragments larger than this. For the reshisf chapter, the proportion of telomere
fragments between 5.0 — 2.3 kb in size will be mef# to as ‘the proportion of short

telomeres’. All analysis was carried out blind widspect to species, age and sex.

To control for inter-gel variability, 90 of the 1Bamples were run on two different
gels. The average of these two values was usedriar@alysis. Measurements of the mean
TRF length were highly repeatable (mean differen€e35 + 0.03 kb, equivalent of 3.91%
of the overall mean TRF of 8.70 kb; repeatabilitalgsis: r = 0.921, &5, g0= 24.297, P <
0.001). Measurements of the proportion of shodneres were less repeatable (suggesting
that this method of analysing TRF gels might bes kediable than the mean TRF method),
but still consistent (mean difference = 3.82 + 0986 equivalent to 29.6% of the overall
mean of 12.89%; repeatability analysis: r = 0.139,90= 6.674, P < 0.001).

Satistical analysis
The relationship of telomere length with age anxl was examined using general linear

models (GLM) containing age as a covariate, sea &éized factor and either mean TRF
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length or the proportion of short telomeres as dapendent variable. The exact age of
chicks was not known so they were all classifiedbamg O years old. For this reason,
when chicks were analysed separately from adukswaas not included in the GLM. The
relationship between telomere length and survivas wxamined using a GLM containing
age, sex and survival (i.e. if an individual waiselor dead in the 2008 breeding season),
with mean TRF length or the proportion of shorbteéres as the dependent variable. Data
on the proportion of short telomeres was not andssinsformed as it was already normally
distributed (as no individual had a proportion lbbd telomeres below 2%). All means are

quoted * 1 standard error.

Results

Northern giant petrels

Northern giant petrels showed considerable intdividual variation in telomere length
(mean TRF = 8.78 = 0.14 kb, coefficient of variatigCV) = 10.7%, n = 47). In a GLM
model, age had a significant negative relationship telomere length (F43=42.313, P <
0.001, slope =-0.073 £ 0.011, n = 46; fig. 5.Z9x had a marginally significant effect on
telomere length (F 43 = 3.842, P = 0.056, n = 46), with males tendindh&we shorter
telomeres than females (mean difference = 0.412*10kb, 95% CI: 0.838, -0.012).

When only adult individuals were included in the MsLage no longer had any
effect on telomere length {F3 = 0.684, P = 0.414, slope = -0.014 + 0.018, n » 86
contrast, sex did have a significant effect onnedce length when only adults were
included in the analysis, with males having shagéymeres than females; (k3= 9.375, P
= 0.004, n = 36, mean difference = 0.604 + 0.19/7figh5.3a). Telomere length still did
not have a significant relationship with age if gexes were considered separately (males
only: F, 190=0.103, P = 0.752, n = 21; females only;:g= 0.668, P = 0.428, n = 15). It
was not possible to examine sex differences irctieks, as our sample contained only 2

female northern giant petrel chicks.

Results were very similar when the difference ia finoportion of short telomeres
was examined (mean proportion of short telomeré2.42 + 0.85 %, CV = 47.86%, n =
47). Older individuals had more short telomeres thaung individuals (E 43 = 28.602, P
< 0.001, slope = 0.406 + 0.076, n = 46; fig. 5.2d)hough conversely there was no
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significant difference between the sexes {F= 2.567, P = 0.116, n = 46). If only adults
were included in the analysis, age was not relaigtie proportion of short telomeres (F
33 = 0.312, P = 0.580, slope = 0.078 £ 0.139). Thas wtill the case if males and females
were analysed separately (males only:;5= 0.168, P = 0.686; females only; I3 =
2.030, P = 0.178). Males were found to have a Bagmitly larger proportion of short
telomeres than females; (k3= 4.869, P = 0.034; mean difference = 3.46 + ¥§7

In a GLM containing age, sex and survival (i.e. veasindividual still alive in
2008), telomere length varied significantly betwées sexes, but age and survival did not
(table 5.1a). This was still true if age (as it wad significant) was removed from the
model (table 5.1b) or if survival was included imadel on its own (t = 0.232, df =34, P =
0.803). If the sexes were separated, survival widlsnst a significant factor, with or
without age included in the model (P > 0.20 in @dkes). If the proportion of short
telomeres was used as the dependent variable ety were the same (table 5.2a, b;
survival in a model on its own: t = 0.168, df = B4= 0.867). Table 5.3 shows the average
mean TRF length and the average proportion of dktwtneres for individuals that were
alive or dead in 2008, separated by sex. If thesevere separated, survival was still not a

significant factor, with or without age includedtire model (P > 0.15 in all cases).

Southern giant petrels

Similar to the northern giant petrels, southermgjzetrels showed a substantial amount of
inter-individual variation in telomere length (me@RF = 8.65 £ 0.15 kb, CV = 13.54%, n
= 63). Older individuals had shorter telomere lésgthan younger individuals {Fo =
54.550, P < 0.001, slope = -0.062 + 0.008, n =fi§35.4a). Sex had no significant effect
on telomere length (Feo = 3.119, P = 0.082, n = 63), but there was a tfendanales to
have shorter telomeres than females (mean differer@®378 = 0.214 kb, 95% CI: 0.805, -
0.050).

If only adult individuals were included in a GLMmtaining age and sex, age had
no effect on telomere length (males and females E 2.029, P = 0.161, slope = 0.017 +
0.012, n = 47; males only; s = 0.629, P = 0.435, n = 27; females only:;5= 1.655, P
= 0.215, n = 20). No significant difference betwéled sexes was seen in this model {F
=2.430, P = 0.126, n = 47); however if sex wasuited in a GLM on its own there was a

significant difference between males and females /= 4.971, P = 0.031, mean
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difference = 0.428 = 0.192 kb; fig. 5.3b). In sarth giant petrel chicks, males had
significantly shorter telomeres than females (1642, df = 14, P = 0.019, mean difference
=1.01 £ 0.380 kb, n = 16).

There was considerable inter-individual variation the proportion of short
telomeres in southern giant petrels (mean propodioshort telomeres = 13.47 + 0.80 %,
CV = 46.97%, n = 63). Older individuals had sigrafntly more short telomeres than
young individuals (I 60 = 37.442, P < 0.001, slope = 0.298 £ 0.049; figb} although
this was not true if only adults were examined @rahnd females:;F44 = 0.140, P =
0.710, slope = 0.031 = 0.082; males only:,k= 0.003, P = 0.957; females only; =
0.257, P = 0.618). Males had a higher proportiorshadrt telomeres than females, both
when adults and chicks were examined together ahdnwadults and chicks were
examined separately (chicks and adulissd= 4.486, P = 0.038, mean difference = 2.63 +
1.24 %; adults: F 44 = 6.774, P = 0.013, mean difference = 3.60 + 2@8chicks: t =
1.381, df = 14, P = 0.189, mean difference = 1.252% %).

In a GLM containing age, sex and survival (i.essvan individual still alive in
2008), sex had a significant effect on telomereytlenwhile survival was very close to
significant (table 5.4a). As age was not significae removed it from the model; both sex
and survival then had a significant relationshipthwielomere length (table 5.4b);
individuals that survived had longer telomeres ttiase that did not (average difference =
0.47 + 0.21 kb). There was no significant interattbetween sex and survival (table 5.4c).
If the proportion of short telomeres is used asdiygendent variable in the GLMs then the
results are similar; sex and survival have a sicguit relationship with the proportion of
short telomeres, while age does not (table 5.%)ividuals that survived until 2008 had
more short telomeres than individuals that did sunvive (average difference = 3.36 +
1.48 %). There was no interaction between sex andval (P = 0.838). Table 5.6 shows
the average mean TRF length and the average piapoftshort telomeres for individuals

that were alive or dead in 2008, separated by sex.

Difference between the species

When the TRF values for both species were comp@anetuding species, sex and age),
there was no significant difference in telomeregtrbetween northern and southern giant
petrels (fr, 10s = 0.113, P = 0.738, n = 109). This is still trdechicks and adults are
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analysed separately (adults; fv = 2.416, P = 0.124, n = 83, chicks; 3= 0.513, P =
0.481, n = 26). There was also no difference batvilee species in terms of the proportion
of short telomeres (adults and chicks;165= 0.343, P = 0.560; adults; Fg= 3.182, P =
0.078; chicks: F23=1.678, P =0.208).

Discussion

In both northern and southern giant petrels, adudi$ shorter telomeres than chicks (in
terms of both the mean TRF length and the proportibshort telomeres). Conversely,
there was no detectable decline in telomere lemgth age among adults. In this, giant
petrels are similar to other long-lived avian spsgisuch as the wandering albatross and
the European shag (Hall al. 2004), although this is not a universal patteraystmanet

al. 2003; Juolat al. 2006). Our results thus support the idea that tebsinere loss occurs

in young individuals, although we cannot say howcmuwf this telomere loss occurs
during the chick period and how much during theryesdter fledging before an individual
returns to the breeding ground. Note also thatdnoas-sectional study such as this one, a
lack of detectable telomere loss with age doesnezn no such telomere loss is occurring.
A small trend for telomeres to shorten with agadults could easily be obscured by the
substantial amount of variation in telomere leniggtween same age individuals. This is
particularly true if individuals with longer telomes have a better chance of surviving to
older ages, as has been suggested in Leach’s petmel (Haussmann & Mauck 2008b).
Ideally, data on telomere loss would be collectedgitudinally, following individuals
throughout their lives. However, in very long-livedecies like the giant petrels, such data
are very difficult to collect (although such datashbeen gathered on the Alpine swift
Alpus melba — P. Bize Pers. Comm.).

The effect of sex on telomere length varied dependn the species, the method used
to analyse telomere length (mean TRF length or gntagn of short telomeres) and if
adults or chicks were analysed separately or tegetHowever, when there was a sex
difference, it was always the case that males hadiex telomeres than females. To our
knowledge, this is the first time any sort of saifedence has been seen in a study
examining a wide age range of individuals in araavspecies, although males do have
shorter telomeres than females in adult humans€idset al. 2001; Nawrotet al. 2004)
and rats (Cheriét al. 2003).
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In previous chapters, we have shown that in chadkbe lesser black-backed gull and
European shag, males have longer telomeres thaaldenWhy is there a sex difference in
the opposite direction in giant petrels? Possibbould be due to the inclusion of adults in
the analysis (only chicks were examined in the staagl gulls); in rats and humans, a sex
difference is seen only in adults, not in infar@hérif et al. 2003; Nawrotet al. 2004),
suggesting that sex differences might change wgih éndeed in southern petrels, when
the telomere length of chicks and adults were erathiseparately, there was a sex
difference in chicks but not in adults (althougistivas not the case for the proportion of
short telomeres). However, it is possible thateéhersome fundamental difference in the
way sex effects telomere length in the gulls arahshand how it affects telomere length in
the giant petrels. This difference could possitdydoie to the degree of sexual dimorphism
(or the degree of difference in the pattern of glohetween the sexes). Unlike most other
seabird species (such as lesser black-backed guilendering albatrosses), giant petrels
show considerable size differences between thessexdeed they have been described as
the ‘most sexually dimorphic of seabirds’ (Crox&882). Female body mass is only 80%
that of males (Hunter 1987) and there are diffegena structural size beyond this; for
example, head-bill length can be used to sex fledgland adults (Gonzalez-Solis 2004,
Copelloet al. 2006). It is possible that this larger body sipel #he faster growth rates
necessary to achieve it result in male giant petnaelving shorter telomeres than females.
This would be consistent with humans, where thgelaisex has the shorter telomeres.
However, the European shag shows a considerablardrabsexual dimorphism (Dauet
al. 2001) and yet males have longer telomeres thaaléniat least in chicks). There are
also sex differences in diet in both giant petmces, with females tending to have a
more marine-based diet while males feed more owesgged carrion (Hunter 1987,
Gonzalez-Soligt al. 2000); however it is difficult to see what effa@his could have on

telomere dynamics.

There was no difference in telomere length betweerthern and southern giant
petrels, nor was there any difference in the way affected telomere length. There was
some difference between the species in the wayaffexted telomere length (e.g. there
was no sex difference in mean TRF in adult soutlpetnels, there was in adult northern
petrels), but the overall trend in both species ¥easmales to have shorter telomeres
(although we could not examine sex differencesadrthern petrel chicks). This lack of

difference is perhaps not surprising given how elpselated the species are in terms of
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phylogeny, habitat, size and general lifestyle (Beu& Warham 1966; Hunter 1987).
What differences there are, such as differenceg&e) feeding habits and breeding periods,
tend to be small. Indeed, differences in diet aodybsize are stronger between the sexes
than between the species (Hunter 1987). It is ptesshat this could be a general trend
across taxa; closely related species that possegsinilar life-histories, will have similar

telomere dynamics.

Previous studies have found a relationship betwekimere length and survival in
several avian species (Haussmahal. 2005; Paulinyt al. 2006), humans (Cawthahal.
2003) andC.elegans (Joenget al. 2004). Our data provides some evidence to suppert
idea of a similar relationship in southern giantr@s. In southern giant petrels, individuals
with shorter telomeres (in terms of mean TRF lengthproportion of short telomeres)
were less likely to survive over the 8 years aftersampled them (independent of age and
sex). There was no relationship between telomergttheand survival in the northern giant
petrels. This could be due to the incomplete navfithe data as many of the individuals
we sampled were still alive. Indeed, more southeetrels from our sample had died
during this 8 year period than northern petrels§24 of southern petrels had died, 44.4 %
of northern petrels had died) and we had a larggal sample of southern petrels. Thus, it
Is possible that we did not see a relationship betwtelomere length and survival in
northern petrels because of this smaller sampée perhaps when we know the lifespan of
all the individuals in our study such a relatiomshvill become apparent. Given that
telomere length did not shorten with age in adolitsern petrels, the relationship between
telomere length and survival is not just a caseldér individuals with shorter telomeres
dying, as has been seen in humans (Cawtioa. 2003). Instead, the link between
telomere length and survival must be due to a nreéshmother than telomere dependent
senescence, as it was in tree swallows (Haussetahn2005). Whether telomere length is
causally linked to survival in southern petrelsnwerely correlates with it we cannot say,
but certainly our results support the idea thabrtedre length could be an indicator of

individual quality.
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Figure 5.1: Example of a petrel TRF gel. Lanes 1 and 20 cordaize marker, lanes 2
- 18 contain a mixture of northern and southermtgieetrel adults and chicks (lane 19
is blank).
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Figure 5.2: Age in relation to a) mean TRF length and b) propo of telomere fragments
shorter than 5 kb, in northern giant petrels (163 4
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Fig. 5.3: Distribution of adult mean TRF lengths for a) hern giant petrels (n = 36), and
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significantly longer telomeres than males.
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Table 5.1:GLM’s of telomere length in relation to a) surviak. was an individual still
alive in 2008), sex and age and b) survival and isexdult northern giant petrels (n = 36).

a)

Dependent Variable: Mean TRF length

Type Il
Variable Sum of df Mean F Sig.
Square
Squares
Survival .052 1 .052 .148 .703
Sex 3.227 1 3.227 9.243 .005
Age .283 1 .283 .812 374
Error 11.171 32 .349
b)
Dependent Variable: Mean TRF length
Type I
Variable | Sum of df Mean F Sig.
Square
Squares
Survival .001 1 .001 .002 961
Sex 3.242 1 3.242 9.341 .004
Error 11.454 33 347
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Table 5.2: GLM’s of the proportion of short telomeres in r@atto a) survival (i.e. did an

individual survive until 2008), age and sex angé® and survival, in adult northern giant

petrels (n = 36).

a)

Dependent Variable: % of telomere fragments belkiw 5

Type I
Variable | Sumof | df nean F Sig.
quare
Squares
Survival 1.809 1 1.809 .082 776
Age 8.498 1 8.498 .386 .539
Sex 105.614 1 105.614 4.793 .036
Error 705.112 32 22.035
b)
Dependent Variable: % of telomere fragments belklw 5
Type Il
Variable Sum of df Mean F Sig.
Square
Squares
Survival .002 1 .002 .000 .992
Sex 106.107 1 106.107 4.907 .034
Error 713.610 33 21.625

Table 5.3: Average telomere length and mean proportion oftsbtomeres for adult

northern giant petrels, separated first by sexthad by whether an individual was dead or
alive in the 2008 breeding season. Means are quolesie.

Male Female
Dead (n =10)| Alive (n=11)] Dead (n=06) Alive (0 9)
Telomere 8.31+0.16 kb| 8.02+0.13 kb 8.50+0.30kb 8.9m24 kb
length
% of short | 14,28 +1.26 % 16.76 + 1.35 % 14.28 + 1.63 % 10.62 + 1.61 %
telomeres
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Table 5.4: GLM’s of telomere length in relation to survivale( was an individual still
alive in 2008), sex and age in adult southern gomtitels (n = 47). Age was not close to
significant in model A and so was removed from mid@léModel C shows that there is no

interaction between sex and survival.

a)

Dependent Variable: Mean TRF length

Type Il
Variable Sum of df Mean F Sig.
Square
Squares
Survival 1.332 1 1.332 3.399 .072
Sex 1.700 1 1.700 4.338 .043
Age 301 1 301 .769 .386
Error 16.853 43 392
b)
Dependent Variable: Mean TRF length
Type I
Variable | Sum of df Mean F Sig.
Square
Squares
Survival 1.870 1 1.870 4.795 .034
Sex 2.898 1 2.898 7.432 .009
Error 17.154 44 .390
c)
Dependent Variable: Mean TRF length
Type Il
Variable Sum of df Mean F Sig.
Square
Squares
Survival 1.317 1 1.317 3.314 .076
Sex 1.494 1 1.494 3.759 .059
Survival — Sex
_ .066 1 .066 165 .687
Interaction
Error 17.089 43 397
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Table 5.5: GLM of the proportion of short telomeres in rebatito survival (i.e. did an

individual survive until 2008), age and sex in adwiuthern giant petrels (n = 47).

Dependent Variable: % of telomere fragments belklw 5

Type lli

Variable Sum of df Mean F Sig.

Square

Squares

Survival 88.418 1 88.418 5.112 .029
Sex 185.774 1 185.774 | 10.741 .002
Age 1.257 1 1.257 .073 .789

Error 743.698 43 17.295

Table 5.6: Average telomere length and mean proportion ofrtstebomeres for adult

southern giant petrels, separated first by sextlagal by whether an individual was dead or
alive in the 2008 breeding season. Means are quoiesle.

Male Female
Dead (n = 18) Alive (n =9) Dead (n = 17 Alive (R 3)
Ttle'Oﬂlﬁfe 7.75+0.14kb| 827+025kh 8.30+0.15kb  8.6%39 kb
eng
% of short 18.85+0.91%| 1580+1.62% 14.60+1.00[% 162120 %
telomeres
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Chapter 6: Measurement of telomeres in the blue-foo  ted booby

Sula nebouxii

Abstract

Recently there has been much debate about thewagsto measure telomere lengths;
using the ‘traditional’ telomere restriction fragméTRF) length analysis or using a gPCR
based method. More generally, as an increasing auoflspecies are utilised in studies of
telomere dynamics, the question arises of how walth standardised methods for
measuring telomeres can be applied across taxaeTibgues were examined in relation to
work done on the telomere dynamics of the bluedddioobySula nebouxii. TRF analysis
could not be successfully applied to blue-footedtes because of the presence of
substantial banding in the TRF smear. Using a qB&sed protocol did produce usable
measurements of relative telomere length. Howeabere was a suggestion that the PCR
was not amplifying one clear product, as it shogkkting doubt on the reliability of the
results produced. It is possible that these probleoturred because blue-footed boobies
have a particularly large amount of interstitidbteeric DNA, although a more detailed
analysis of boobie telomeres would be necessarglei@rmine this. These findings
demonstrate that the standard protocols for meagudalomeres can not necessarily be

applied to every new species whose telomere dyrsaanecstudied.
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Introduction

Several different protocols have been developedHermeasurement of telomeres. The
‘traditional’ method is telomere restriction fragmi§TRF) analysis (Harlegt al. 1990).
This is the method that has been used throughasitttiesis. However, a method of
measuring telomeres using quantitative PCR (gP@R)been suggested as superior to the
TRF method, as it requires both less DNA and less than the TRF method (Cawthon
2002; see chapter 1 for a more detailed descriggfothe costs and benefits of the two
methods). Criscuolat al. (2008 — see appendix) have recently shown thatqfP€R
method, initially developed for the measuremenhwian telomeres, can also be applied
to avian species and that the results obtainectleder with those produced by the TRF
method. Researchers planning to carry out resear¢blomere lengths thus have to decide

on which method is the best to use.

Related to the debate on how best to measure ¢edsmis the question of whether
these standardised protocols will necessarily watk every new species whose telomere
dynamics are studied. The general assumption has that the methods that have been
developed to measure telomeres will be applicablesa taxa. However this assumption
might just reflect that these are methods origyndéiveloped by researchers working on a
limited set of species (humans and a few laboraspscies). Alternatively, given that
telomere structure is so conserved across taxanight expect telomere measurement
protocols to be easily transferable across spettiesshas been the case in the species that
have been studied so far. However, as ecologisliseutelomere measurements in an
increasing variety of species, it is important tdglioe the potential problems that might
occur when measuring telomeres in a new specieas. cHapter explores some of these
issues in relation to work we did on the telomeyaainics of the blue-footed bool®yla
nebouxii. We encountered various problems in adapting st@hgdrotocols for measuring
telomeres (both TRF and gPCR) to this species. \Wkne these problems and suggest

what they might mean in relation to the study ¢driteere dynamics in novel species.

Materials and methods

Sudy site and sampling
Field work was carried out at a breeding colonylsla Isabel, off the Pacific coast of
Mexico (21°52’'N, 105°54'W). All blood samples andlél data were collected by Roxana
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Torres. Sixty-seven adult blue-footed boobies weammpled, ranging in age from 4 — 19
years old (49 males, 22 female). Four chicks wée sampled. Blood was taken from all
individuals by superficial venipuncture of the Wt vein and stored in 2% EDTA,

initially at 4°C at the field site but at -20°C upaurrival at the University of Glasgow

(which was within two weeks). Adult sex was detered from physical characteristics
(body size, foot colour and eye colour are all ¢siestly different between males and
females, allowing reliable sexing — Nelson 1978)levkbhick sex was determined using a
PCR based method (Griffittes al. 1998). Body mass was also measured in 25 of thi ad

individuals.

Measurement of TRFs

DNA was extracted from red blood cells, which atelaated in avian species, using a
method adapted from Kanetial. (1994). Samples were digested with proteinasefirbe
extraction by a chloroform-ethanol-precipitation thowel. DNA was checked for

degradation by 1% gel electrophoresis (fig. 6.1).

Approximately 1ug of DNA from each sample was digdswith the restriction
enzymedHinfl andRsal for 16h at 37°C. Digested DNA samples were sdpdran a non-
denaturating 0.8% agarose gel at 150V for 3hrs. madker lanes (23.1 — 2.0Kb) were run
on each gel. DNA was transferred from the gel tot-cellulose Hybond N+ membrane
(Amersham, UK) by Southern blot. The membrane wgsritlised with a digoxigenin
(DIG) labelled telomere probe (TTAGGEG)(Roche) for 3 hours at 42°C. A
chemiluminescent detection system (Roche) follotwe@xposure to autoradiography film
was used to visualize the TRFs. See chapter 2 foore detailed description of the TRF

protocol.

Figure 6.2 shows a representative TRF gel produsedy this method. The lack of
a clear smear indicated that blue-footed boobie sTBduld not be successfully analysed
using this method; the banding would make it impmedo accurately estimate mean TRF
size. The same problem had been encountered whasuneg TRFs from the zebra finch
Taeniopygia guttata (pers. comm. E.A. Gault). In that case, the pnoblgas solved by
extracting the DNA using the DNeasy Blood and TesKiit (Qiagen). Although the DNA
we had extracted by chloroform-ethanol-precipitatthd not appear to be degraded (fig.

6.1), the DNA was re-extracted using the DNeasy fitlowing the manufacturer’s
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protocol. TRFs were then re-measured as previolstwever, the TRF smears still
exhibited substantial banding (fig. 6.3)

Standard constant-field gel electrophoresis is lenabresolve telomere fragments
larger than 23 kb; bigger fragments than this wilbve through the gel in a size
independent manner. Utilising pulse-field gel eleghoresis (PFGE) removes this
limitation. PFGE differs to standard gel electropsis in that, rather than a constant
voltage running in only one direction, the voltageperiodically switched between three
different directions (one running through the geéstral axis and two running at 120°
either side of the gel). The pulses of voltage achedirection are of equal time which
results in a net forward migration of the DNA fragmts. Larger fragments of DNA are
slower to react to a change in voltage directiod aa will migrate down the gel at a
slower pace. PFGE thus allows even very large DNfyrfients to be separated by size.
We felt that modifying our TRF technique to use BFfight solve the problem of the
banding. DNA was digested overnight at 37°C usimgé restriction enzymesiinf I,
Hind Ill and Msp I. Digested samples were run on a 0.8% agarosatdeb V/cm for 24
hours (initial switch time: 0.5 seconds, final skittime: 7 seconds). Two different
markers were run on each gel (48.0 — 8.0 kb anti-22.0 kb). Following electrophoresis,
gels were hybridised overnight at 37°C with®%® y-ATP labelled telomeric probe
(C,TA,),. Visualization of the TRFs was carried out in ane way as before. Figure 6.4
shows a representative blue-footed boobie pulse-fl&kRF gel. The banding was still
present, suggesting that the problem was not bsanged by the use of constant-field gel

electrophoresis.

Measurement of telomeres using gPCR

Given the failure of the TRF assay to provide usathhta in the case of blue-footed
boobies, we decided to use an alternative, gPCRBdbasethod of measuring telomeres. A
protocol to measure telomeres using qPCR wasdestribed by Cawthon (2002) for use
on human telomeres, and was recently applied tonthasurement of avian telomeres
(Criscuoloet al. 2008). The gPCR assay works by calculating thebaurof PCR cycles it
takes for the TTAGGG sequence in a given DNA sanmplaccumulate enough products
to pass a set threshold; this is known as jtsallie. Samples with small; @alues have
more of the TTAGGG sequence than samples with ta@evalues, and so must have

longer telomeres. To control for variations inimitDNA quantity, the €value of a single
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copy gene is also calculated and the ratio of tihwsevalues is used to calculate relative

telomere lengths.

PCRs were performed in a MX3000RPCR system (Strategene). Telomere
primers used in the blue-footed boobie assay werdellb (5
CGGTTTGTTTGGGTTTGGGTTTGGGTTTGGGTTTGGGTT-3") and 2Zbl (5-
GGCTTGCCTTACCCTTACCCTTACCCTTACCCTTACCCT-3’). The ngjle copy
control gene used was glyceraldehyde-3-phosphdtsgrogenase (GAPDH). This gene

was amplified using the following primers: GAPDH-F (5'-
AACCAGCCAAGTACGATGACAT-3) and GAPDH-R (5'-
CCATCAGCAGCAGCCTTCA -3). These primers are spexih the GAPDH gene in the
zebra finch, but also amplify the blue-footed b@IBAPDH gene. All primers were
supplied by VH Bio Ltd. gPCR for both telomeres &8PDH was done using an initial
DNA quantity of 20ng per reaction. The tellb andRheprimers were used at a
concentration of 100 nM, while the GAPDH primersreveised at a concentration of 300
nM. In both cases the final volume in each reactieas 25ul, containing 12.5ul of
Brilliant®SYBR®Green QPCR Master Mix (Stratagene). Telomere PQRlitions were
10 min at 95°C followed by 30 cycles of 1 min atGGnd 1 min at 95°C. Conditions for
GAPDH PCR were 10 min at 95°C, followed by 45 cgabd 1 min at 60°C and 1 min at
95°C. Amplification of telomeres and GAPDH were fpemed on different plates, due to
the differing conditions of the two reactions (caripon between them was still possible

as the same standards were run on both platesbekre).

Each 96-well plate contained a serial dilution @080ng, 10ng, 5ng, 2.5ng of
DNA per well), run in triplicate, of DNA from theasne reference boobie sample. This was
used to generate a reference curve to controlhi@raimplifying efficiency of the gPCR
(accepted range 100 + 15 %, Stratagene). In addiidgolden sample’ (DNA from one
boobie sample) was run in triplicate on every plateis sample served two purposes.
Firstly it was used to determine the thresholdv@ue; this was set at the point where
amplification of the product in this sample wasuwting at an exponential rate. Secondly,

the golden sample was used as a reference to adbke relative telomere values of the

. . ACt of control sample ACt of
other samples: relative telomere length of a sarfie ratio) = ZACt °f control sample ACt o

reference sample) hereA C, = G telomere — Ccontrol gene. The T/S ratio of the control
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sample was always 1.0; the T/S ratio of an indialdwith longer telomeres than the
reference individual was < 1.0, while the T/S raifcan individual with telomeres shorter
than the reference individual was > 1.0. The twos&ues of the golden sample always
varied slightly from plate to plate due to variasoin the PCR reaction; values for the
telomere Gvaried from 14.38 — 15.25 (mean = 14.66) andlierGAPDH Gfrom 30.07 —
30.92 (mean = 30.46). We felt that this represertedacceptable level of intra-plate
variation (within 1 G. Two sets of plates were rejected from the amalgs either the
telomere or GAPDH Qvalue of the golden sample were too far outsidthisfrange (one
with a telomere Cvalue of 15.72, another with a GAPDH Ct value »f63). The samples

on these plates were re-run.

On both telomere and GAPDH plates, all samples wamen triplicate. €values
were highly repeatable (E*°™ repeatability analysis - r = 0.8024F 2= 12.435, P <
0.001, mean (+ 1 s.e.) coefficient of variation (C¥ 0.84 + 0.05 9%: C'®°me™®
repeatability analysis - r = 0.87442F 241= 20.787, P < 0.001, mean CV = 1.72 + 0.09 %).
This level of intra-plate repeatability in the blfeoted boobie assay compares well with
intra-plate repeatability in other avian speciesag€lioloet al. 2008). In addition, the T/S
ratio of 44 of the samples was recalculated orcarskplate (again, each sample on a plate
was run in triplicate) while a further 7 samplesi liheir T/S ratios recalculated on two
more plates. The T/S ratios had a fairly high régigiity between plates (repeatability
analysis: r = 0.670,45 5= 5.371, P < 0.001; mean difference in T/S ragoneen plates
run twice = 0.40 £ 0.06).

Although G values were repeatable, and the amplifying efficyeof the gPCR was
within an acceptable range, other diagnostics of ell the assay was working were not
so favourable. This assay utilises Brilli&8¥YBR"Green to detect the PCR product being
amplified. Brillianf®SYBR®Green will detect any double stranded DNA produpkfied
by the PCR reaction, so an important assumptionemith this assay is that no product
other than GAPDH/telomere DNA is being amplifietlan additional product was being
amplified Ct values would be artificially lowered.o control for this possibility, a
dissociation curve was produced at the end of €&R run by measuring the temperature
at which the PCR product melted. If only one praduas amplified by the reaction (as

should be the case) then only one peak would Isepten the resultant dissociation curve.
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This was the case for our GAPDH assays (fig. 6.6@wever, the dissociation curve
produced for our telomere assays suggested thépibgshat another product was being
amplified in addition to TTAGGG repeats (fig. 6.50)0 further investigate this problem
we ran out a small amount of the PCR product fremes of our telomere assays on an
electrophoresis gel, along with the product produbg the same assay carried out on
DNA from Alpine swifts Apus melba (which have already been shown to work correctly
with the gPCR assay — Criscuabal. 2008). The gel (fig. 6.6) showed that there was no
specific additional product, but that the prodinetttwas being amplified was more diffuse
than the amplified product from the Alpine swiftsag. The dissociation curve was the
same for every boobie sample we ran through thayagsis means that any change in
telomere Cvalues caused by the lack of one clear amplibeaproduct will be the same
for each individual; relative telomere lengths (ghhare what this assay provides) will not
be affected. Therefore it is potentially reasonafolesuggest that the data gathered is
usable, albeit while taking into account the pdssilaws in the gPCR assay when applied
to blue-footed boobies.

Results

There was significant variation in T/S ratio amandividuals in our sample (mean T/S
ratio = 1.29 £+ 0.058, CV = 37.98%). In a GLM caniag age and sex, there was no trend
for telomere length to decrease with age (k= 0.108, P = 0.744, n = 71, fig. 6.7).
Similarly, T/S ratio did not significantly differdtween the sexes(ks= 2.823, P = 0.097,

n = 71). When body mass (which we only had a measifor 25 of our individuals, all of
whom were males) was added to the GLM, age wdsstilsignificant (ff ,,=2.418, P =
0.134) and body mass also showed no correlatiom Wi ratio (fr o= 0.055, P = 0.817,

n = 25).

Discussion

In the three other avian species whose telomerardigs have been studied in this thesis,
measurement of telomere lengths was very straigidi@, with the standard protocol for

measuring TRF lengths (Harley al. 1990) producing good results. In the case of blue-
footed boobies, measurement of TRFs proved implesgdile to the presence of substantial
banding in the TRF smears. Similarly, although waFenable to produce measurements of

relative telomere lengths using the gPCR assay, dissociation curves for the

99



Chapter 6: Measuring telomeres in the blue-footed @by

amplification of telomeric DNA suggests the resutigy be unreliable. This contrasts with
the relative ease with which the basic telomere Rp@tocol (Cawthon 2002) has been
adapted to other avian species (Criscwlal. 2008). Why do blue-footed boobies appear

to differ so much from other avian species?

It is theoretically possible that the sequence eddrheric DNA in blue-footed
boobies differs to that in other avian species #rad this is the cause of the problems
encountered when measuring their telomeres. Howewesn the very high conservation
of the TTAGGG repeat among those vertebrates whekgneric regions have been
sequenced (Meynet al. 1989; Henderson 1995), this is highly unlikelyb® the case. A
more likely explanation is that blue-footed boolmesy have substantially more interstitial
telomeric DNA than most avian species. Interstitgbmeric sequences seem to occur in
all avian species (Venkatesan & Price 1998) andy®@R assay will amplify DNA from
these regions in addition to DNA from the telomedtesmselves (Nakagavehal. 2004). If
blue-footed boobies have a particularly high prtiparof telomeric DNA in interstitial
regions than this could cause the lack of one lgledefined product being amplified
during the gPCR (fig. 6.6). The presence of inigasttelomeric DNA is not normally a
problem when using the TRF method (Nakagata. 2004), as the amount of such DNA
is too small to be detected. However, if boobieseha particularly large amount of
interstitial DNA, then this could be detected ie {iRFs; the bands seen in the boobie TRF
smears might thus be caused by interstitial tel@mBNA. Obviously, this is just
speculation; there is no evidence that boobies hawmee interstitial telomeric DNA then
other avian species. To determine if this was #se=ave would need to analyse individual
boobie telomeres, using a technique such as Q-FZglfhanset al. 1997; see chapter 1).

Such work is outside the scope of this study.

It is possible that our gPCR data, despite its dlasatill provides an accurate
measurement of relative telomere lengths, but tieereconclusive support for this idea.
For example, we found no relationship between agktelomere length. Had we found a
negative relationship between telomere length ayed (the relationship generally seen in
most species) one might have said that this giwegraeater confidence in our results.
However, given that all but 4 of the individuals onr sample were adults, it might be
suggested that a lack of relationship between agetelomere length is unsurprising, as

this has been seen in other species (e.g.ddall 2004). More generally, it is notable that,
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even with all the problems we had applying the gRE&ocol to blue-footed boobies, we
still produced potentially usable results, whichswt the case with the TRF method. It is
also notable that the same problems seem to h&aeed both of the two main methods
used to measure telomeres (TRF and qPCR). Thiestgthat if a problem is encountered
using one method, then switching to the other nuethdl not necessarily solve the

problem. Paradoxically however, this might providgher evidence that the two methods
are measuring essentially the same thing (as steghéy Criscuolcet al. 2008) and so

results gathered using one method can be compareestits obtained using the other

method with confidence.

More generally, our experience with the blue-footaobby demonstrates that
standard protocols for measuring telomeres willmetessarily work smoothly with every
new species they are applied to. However, the tfaat, to our knowledge, blue-footed
boobies are the first species in which such probleave been encountered suggests that
such instances will be rare. Despite this, it migfiit be wise for researchers planning to
carry out telomere length measurements in a newiespdo carry out pilot studies to
ensure that telomeres are easily measurable, befeesting a large amount of time and

effort in collecting many blood or tissue samples.
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Figure 6.1: Genomic DNA from blue-footed boobies run on arcetghoresis gel. Lanes
1-8 contain boobie DNA, lane 9 contains a size maldne. The boobie DNA consists of a

single tight band, showing that the DNA is mostliaict, with little degradation.
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Figure 6.2: Representative blue-footed boobie TRF gel produmgdonstant-field gel

electrophoresis, with DNA extracted by a chlorofegthanol-precipitation method. Lanes
8-15 contain blue-footed boobie samples, with sarisl banding present in the TRF
smear. For comparison, lanes 2-7 and 16-18 confiRik smears from European shag
DNA; these smears are clear with no obvious bandiages 1 and 20 contain markers,

lane 19 is blank.
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Figure 6.3: Representative blue-footed boobie TRF gel produmgdonstant-field gel
electrophoresis, with DNA extracted using a DNeB&yod and Tissue Kit. Lanes 7-11
contain blue-footed boobie samples, with substhbaading present in the TRF smear.
For comparison, lanes 2-6 contain TRF smears framfean shag DNA; these smears are

clear with no obvious banding. Lanes 1 and 13 ¢omtearkers, lane 12 is blank.
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Figure 6.4: Representative blue-footed boobie TRF gel, produbg pulse-field gel
electrophoresis. Lanes 1, 2, 9 and 10 contain markanes 3-8 contain boobie samples;
substantial banding is present within the TRF smear
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Figure 6.5: Representative dissociation curves for a) the GARBsay and b) the
telomere assay. The curves show the amount of RGRIgt (measured in terms of
fluorescence, y-axis) detected at different meltergperatures. If only one product is
being amplified by the PCR assay, then fluorescshoeld peak at one temperature point,
as in the GAPDH a