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Irish Oak: Characterising its Biodiversity through M olecular and Morphological Analysis

Abstract

Oak populations were sampled across Ireland to investigate the biodiversity of Irish oak. Two
species are recognized as being native; Quercus petraea (Matt.) Liebl. and Q. robur L. Oak leaves
were analysed for morphological variables and DNA was extracted for molecular analysis. The
molecular analysis consisted of a chloroplast marker (cpDNA haplotype) and two nucleardominated markers (AFLP and SSR).

Oak does form morphological species in Ireland, but analysis o f the molecular markers shows the
species lack distinction at the sub-microscopic level. The biological species concept is difficult to
apply to Irish oak.

While the morphological species can be distinguished, a level of 10 %

hybridisation was estimated within Ireland based on morphological data. Very few (30 %) distinct
species were recognised by the hybrid index method of morphological analysis. Quercus robur
was, in general, more morphologically variable but also more distinct as putative hybrid and
introgressed individuals grouped closer to Q. petraea individuals with the Neighbor-joining cluster
analysis.

There are a greater number of Q. petraea individuals across Ireland than Q. robur

individuals and the species tend to occupy separate ecological niches.

Populations are not

homogenous, although most are dominated by one or other species.

Molecular markers were shown to be very useful in identifying levels o f diversity and population
structures o f oak in Ireland.

The cpDNA haplotype distribution was highly structured across

Ireland and the geographical pattern obtained was used to discuss postglacial colonisation routes
into Ireland. Haplotype diversity was very low. The results obtained from the nuclear-dominated
markers were different to those obtained from the chloroplast markers.

Nuclear-dominated

markers showed high levels of diversity and lower population differentiation. The difference
between the chloroplast and nuclear markers is consistent with the breeding system of oak
(outbreeding) and the mode of inheritance o f the respective markers.

Overall, nuclear DNA

diversity was large but lower than that observed in Britain and France.

Similar trends were observed in species differences to those in other studies in Europe. Quercus
robur showed a greater diversity for the chloroplast markers, but Q. petraea showed greater
diversity for the nuclear dominated markers. No species distinction was possible using molecular
markers, although the frequencies o f haplotypes varied significantly between the species. The
AFLP and SSR data did not reveal any significant differences between the species.
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Chapter 1

General Introduction

1.1 Biodiversity

1.1.1 The Importance o f Biodiversity
‘It is interesting to contemplate an entangled bank, clothed with many plants o f many kinds, with
birds singing on the bushes, with various insects flitting about, and with worms crawling through
the damp earth, and to reflect that these elaborately constructed forms, so different from each
other, and dependent on each other in so complex a manner, have all been produced by laws acting
around us. ’ (Darwin 1859)

This image of an entangled bank was invoked by Darwin to portray the outcome of the processes of
his theory on the origin of species. It is this myriad of organisms and life forms that constitute
biological diversity or biodiversity.

Global biodiversity is rapidly diminishing due to expanding human populations increasing the
pressure on land usage and water resources (Wilson 1988; Wilson 1992a).

This has been

highlighted by the dramatic destruction in tropical forest (Raven 1988), although it is also evident
locally as a result of increased urban development and more intensive agricultural practice. Out of
this growing awareness, the United Nations Conference on Environment and Development
(UNCED) held in 1992 in Rio de Janeiro produced the “Agenda 21” document, a plan adopted to
deal with the increasing loss of biodiversity and other environmental concerns at a local level. The
importance for each nation to know o f its own part in both local and global biodiversity was
emphasised in this conference. The preservation and conservation of biodiversity has since become
an important component in legislation within the European Union, for example, the EC Habitats
Directive (92/43/EEC 1992) directed member states to put in place legislation to maintain habitats
in order to protect their biodiversity and thus preserve levels of diversity on regional, national and
international scales.

To make responsible decisions concerning the possible impacts of

development pressures, it is necessary to build a substantive base of knowledge regarding
population genetic structure and status of local biota (De Greef et al. 1998). To date in Ireland
there has been relatively little direct research on measurement and conservation of biodiversity, in
fact, recently, Ireland was fined by the EU for not implementing some o f the necessary measures
for environmental protection (Staunton 2001). However, the situation is changing and there is
increased funding into biodiversity-related research.
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The importance and value o f biodiversity are difficult to quantify (Norton 1988), and it has been
suggested that we should not seek monetary, commercial or other anthropocentric values as
biodiversity has an intrinsic value (Ehrenfeld 1988). However, values such as economic benefit
(Hanemann 1988; Randall 1988), environmental amenity or medicinal benefits (Famsworth 1988)
are important for legislation and development plans. Maintenance o f biodiversity has been shown
to be very important for agriculture. The discovery o f a wild relative o f maize {Zea diploperennis
Iltis, Doebley and Guzman) in Mexico, which was found to be useful in breeding programs,
resulted in the establishment of a 135,000 ha nature reserve in the state o f Jalisco in Mexico (Iltis
1988). The chance finding o f a new species of tomato (Lycopersicon chmielewskii C. M. Rick et
al.) in 1962 and its subsequent crossing with a commercial cultivar resulted in progeny with much
improved soluble solid content and marked increase in pigmentation in their fhiit (Iltis 1988). In
summary, the increasing knowledge o f the importance of biodiversity shows the need for further
studies on diversity levels, both from the point of the intrinsic value o f the biota and its value as a
resource to humankind.

1.1.2 Measuring Biodiversity
Biodiversity has many levels and thus many different criteria have been adopted in its
measurement.

It is often taken simply as a measure of species diversity and/or equitability

(Humphries et al. 1995). However, the measurement unit does not need to be species and in some
instances species is inappropriate depending on the study in question (Kelleher 1996).

For

example, Kelleher (1996) showed that using species as an estimate o f structural diversity in
different habitats (a woodland compared to a dune system) is inappropriate and families are a better
unit of measurement for this purpose. Families performed well as a surrogate to indicate levels of
structural diversity. The use of surrogate units can suffice when the task o f actual measurement is
overwhelming or impractical.

Other measures of biodiversity include character richness and

character combinations and the basic currency is generally agreed to be genetic diversity
(Humphries et al. 1995). It is, after all, genetic diversity that forms the basis of individuals,
species, genera and so on.

This project aims to characterise biodiversity at more than one level and investigate how these
levels compare. The levels o f investigation are the sub-microscopic (molecular) and macroscopic
(morphological). The units o f measurement will vary according to the level o f investigation, from,
for example, presence of a molecular marker (sub-microscopic) to length o f petiole (macroscopic).
The aim is to produce a description o f oak populations at both a molecular and morphological level
and to investigate the cohesiveness o f the combined findings. The project aims to provide useful
information for conservationists and foresters in the development o f management plans for the
woodlands studied and for Irish oak in general.
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1.2 A Description of Oak

1.2.1 Why Study Oak?
Although a number of oak species grow in Ireland, only two are considered native, namely the
Sessile Oak (Dair Neamhghasanach in Irish), Quercus petraea (Matt.) Leibl. and the Pedunculate
Oak (Dair G has^ach in Irish), Q. robur L. (Webb et al. 1996). Q. petraea has been officially
adopted as Ireland’s national tree (Kelly 1996). The species are known to hybridise (see section
1.2.6), but to what extent is still controversial.

Why does oak in Ireland merit study? In section 1.1.1 the importance o f any biodiversity study
was stated, however oak hold some weight for priority of study. No broad geographic study on
biodiversity o f oak in Ireland, on both a molecular and morphological level, has yet been
attempted.

The following sections aim to highlight the importance o f oak as a commercial,

amenity, ecological and heritage resource.

1.2.2 Oak in History
Oaks are very prominent in Irish and European history, from both utilitarian and mythological
aspects (Lewington 1990). The wood, bark and acorns of oak have been used extensively for
construction, tanning and fodder, respectively (this is discussed further in section 1.2.3 below).

Oak is very important in mythology (Frazer 1922). Frazer (1922) recounts many instances of the
importance o f oak in the beliefs and rituals o f our ancestors.

Oaks were revered by ancient

European peoples who worshipped Zeus as the god of oak, thunder and rain.

The oak was

considered by these ancients to have a double or triple portion o f the element of fire (the
fimdamental elements being fire, water, air and earth) if they were struck by lightning. The
thinking was that Zeus loved the oak and entered it from his heavenly dwelling through the
medium of thunder. The presence of mistletoe on the branches was considered an emanation of the
celestial fire. Branches of oak were used by the Celtic Druids in sacred rites and by the Greeks and
Romans in rituals for the production o f rain (Frazer 1922). Oak was also used for various ailments
or remedies (and still is, for example, in the Bach flower remedies). To cure gout the sufferer
bored a hole in an oak, put in the parings of his finger nails and some clippings o f hair. The hole
was then covered over by cow dung and after a month if the sufferer was relieved o f the symptoms
it was considered to have been transferred to the oak tree. In Hertfordshire in England there were
oak trees that were celebrated for the cure of ague (a malaria - like fever). For the cure, a lock of
the sufferer’s hair was pegged into the oak tree, then by a sudden wrench he left his hair and his
ague behind him in the tree (Frazer 1922).
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In the 8* century Irish legal tract “Bretha Comaithchesa” (“The Laws of Neighbourhood”) oak is
considered to be one of the seven noble trees “Airig fedo”, and as such the penalties for damage or
destruction o f an oak tree were high (Kelly 1976). For cutting a branch, a one year old heifer had
to be given to the owner, for cutting a fork or a young tree a two year old heifer and for basecutting a milking cow. These laws also stipulate the compensation o f a cow-hide for stripping
enough bark to tan a pair o f woman’s sandals and an ox-hide for stripping enough for a pair of
man’s sandals. The offender also had to put a mixture of smooth clay, cow-dung and new milk
over the wound until it was healed.

These few examples illustrate the veneration awarded to oak throughout generations and peoples
across Europe. The value awarded to oak can partially be accounted for by its majestic stature, its
dominant status in many European forests and its multiple uses.

1.2.3 Uses o f Oak
Oak had and continues to have many important uses (Venables 1974) such as for construction, fuel,
fodder, medicine and decoration. It is one of the most abundant and economically important
genera of woody plants in the Northern hemisphere (Manos et al. 1999). An important present day
use o f oak timber is for veneer, furniture and joinery (Cross 1987; Joyce et al. 1998). Oak was
very important in building, but now is used more from a “cosmetic” perspective since its grain is
very attractive. After the great fire o f London in 1666 a considerable amount of Irish oak wood
was exported to rebuild the city (McCracken 1971). Ship building made major use of oak also
(Neeson 1997). Oak was used recently in the construction o f a replica o f a 19* centuiy “famine
ship” (“The Jeanie Johnston”) in Co. Kerry. Oak wood is very strong and durable and so is very
useful in construction of the ship frame. Oak is still very important for wine and spirit barrels and
there is current research on identifying wood with the appropriate properties for adding to the
flavour of the wine during the ageing process (Sanza et al. 2000). It is also used for smoking fish
(T. Hodkinson pers. comm.).

A considerable amount of oak was utilised as charcoal for fuel in smelting. The remains of iron
smelting activities have been documented in many parts of Ireland (McCracken 1971). In addition
to industrial fuel, oak was a valuable source of domestic firewood. Acoms were mainly used as
fodder for pigs, although in times of famine they were used for human consumption (Lewington
1990) and roasted acoms were also used for a coffee substitute. Oak bark is used medicinally as an
astringent and antiseptic, as an enema in the treatment of haemorrhoids and a gargle for throat
problems (Wren 1988). Oak galls from Quercus robur were used by Greeks and Romans and by
17* century Europeans to blacken hair (Lewington 1990). Oak bark was also used as a dye to tan
leather (Lewington 1990).
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1.2.4 Taxonomy o f Oak
‘Look at the common oak, how closely it has been studied; yet a German author makes more than a
dozen species out o f forms, which are very generally considered as varieties; and in this country
the highest botanical authorities and practical men can be quoted to show that the sessile and
pedunculated oaks are either good and distinct species or mere varieties. ’ (Darwin 1859)

This quote from Darwin’s ‘The Origin of Species’ in 1859 illustrates the difficulty in obtaining an
agreeable infrageneric classification system of Quercus (the oaks) in particular with the species
Quercus petraea (Matt.) Liebl. and Q. robur L. The confusion in the identification of species and
varieties still persists and species delimitation remains a matter o f opinion (Stace 1975).
Classification systems vary, primarily there is the classical morphological species on which much
of our present taxonomy is based (Briggs & Walters 1997). Another very commonly used species
concept is the biological species (Briggs & Walters 1997). There are also other suggestions for
species concepts in oak such as multispecies and ecological species (Van Valen 1976) and in
general the biological species concept has some difficulty in its application to Quercus (Burger
1975). The classification given here is based primarily on the morphology of the taxa, although
this will be discussed further in section 1.2.5.

The genus Quercus is classified within the Fagaceae, a family that contains other important
hardwoods such as Fagus (beech) (Heywood 1993).

Quercus comprises approximately 500

species of trees and shrubs distributed throughout much of the Northern hemisphere in habitats
ranging from temperate and tropical forests to dry thorn scrub and semi-desert (Manos et al. 1999;
Nixon 1993). A monograph o f the genus Quercus was completed by Camus (Camus 1934-54) and
has since been revised (Nixon 1993). These taxonomic treatments were based on morphology,
particularly floral morphology.

Within the genus Quercus two subgenera are recognised;

Cyclobalanopsis and Quercus.

The latter comprises three sections; Lobatae (red oaks),

Protobalanus (golden cup or intermediate oaks) and Quercus (white oaks).

A molecular

investigation of this phylogeny using chloroplast and nuclear markers showed general agreement
with the taxonomic groups recognised by morphology (Manos et al. 1999). Quercus petraea and
Q. robur are both classified in the Quercus subgenus Quercus subsection Quercus (white oaks).
Within this section, the delimitation o f species is sometimes problematic, especially in the complex
Quercus robur - Quercus petraea - Quercus pubescens (Bruschi et al. 2000).

The varied and sometimes confusing history behind the nomenclature o f the species Quercus robur
L. and Q. petraea (Matt.) Liebl. is documented by Schwarz (1935). There is no doubt that the
description of Quercus robur by Linnaeus (Linnaeus 1753) is the first valid specific binomial and
the description concurs with the present description of the species (Schwarz 1935). Linnaeus gives
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reference to the “longo pediculo” (the long peduncle) (Schwarz 1935). However, the history of the
nomenclature of Quercus petraea is not so simple. Mattuschka recognised Q. petraea as a variety
o f Q. robur in 1777. He notes the “brevi pedunculo” (short peduncle) (Schwarz 1935). In 1784
Lieblein raised this variety to the species level. The type specimens of Lieblein are unknown and
those from Mattuschka are apparently housed in the herbarium in Wroclaw University, Wroclaw,
Poland (Stafleu & Cowan 1981). An initial request for the type specimens proved fruitless, and it
is suspected they were destroyed during World War II. Synonyms for Q. petraea, such as Q.
sessiliflora Salisbury and Q. sessilis Ehrh., are not used today due to the confusion in the
nomenclature (Schwarz 1935).

The species Quercus petraea and Q. robur, while being largely sympatric, have remained distinct
species and differ in morphology, range and ecology.

The main morphological differences

between the species are summarised in Table 1.1 (Figure 6.1 and 6.2). These data were compiled
from a number of different sources (Aas 1993; Aas 1995; Brookes & Wigston 1979; Carlisle &
Brown 1965; Cousens 1963; Jones 1959; Kelly 1996; Rushton 1976; Stace 1991; Tutin et al. 1964;
Webb e/a/. 1996).

However, many of these differences are comparative rather than absolute, for example Rushton
(1976) found a significant difference in the size of pollen grains from the two species, but this was
not sufficiently distinct to be useful for palynological study. In fact, the only species-diagnostic
character recognised to date is that o f stellate hairs on the under-surface o f the leaf (Aas 1995). All
other characters are a matter o f degree and tend towards one or other of the species.

Other characters such as wood anatomy (Feuillat et al. 1997) have been investigated for their utility
in distinguishing the species and, again, while there were significant differences in the anatomical
structure of the wood there was also overlap between the species. Chemotaxonomy has also been
investigated using acorns and has shown differences between species and hybrids (Brookes &
Wigston 1979; Dodds et al. 1993). Isoprenoid emission has also been suggested as a useful chemotaxonomical marker for oaks (Loreto et al. 1998). Gall-inducing insects have been utilised to
provide insights into oak taxonomy in American oaks (Abrahamson et al. 1998) and endophytic
fiingi have been used in studying hybrid zones (Gaylord et al. 1996). Abrahamson et a l (1998)
showed that the host specificity of these insects could be used to distinguish small differences in
their hosts and cluster analyses of the oak species based on the distribution o f the gall-inducing
insects agreed with classical taxonomic treatments o f the species. Gaylord et al. (1996) showed
that the endophytic fungal community composition varied according to host plant hybridisation.
These studies are interesting as they show that the human taxonomic systems seem to concur with a
natural order.
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Table 1.1. The main morphological differences that distinguish the species Q. petraea and Q.
robur from each other.
Q. petraea

Q. robur

a. Peduncle length

Short or absent

Long

b. Acorn Stripe

Not striped

Striped

c. Peduncle pubescence

Clustered hairs

Absent

d. Acorn form

Rounded

Elongated

Lamina length

Larger

Smaller

Petiole length

Long

Short

Auricles at leaf base

Absent

Well developed

Stellate Hairs

Plentiful

Absent

Leaf shape

Ovate- broadest near middle

Obovate- broadest above middle

Veins to sinus

Absent

Present

Lobe numbers

>5

<5

Lobe depth

Shallow

Deep

Larger

Smaller

Character
Infructescence

Leaves

Pollen
Pollen size

Attempts have been made to identity genomic regions that differentiate the species but this has
proved difficult as very little differentiation exists (Barreneche et al. 1996; Bodenes et al. 1997a;
Zoldos et al. 2001). Both species have an identical chromosome number (2n = 24) (Grime et al.
1996) and identical karyotypes (Ohri & Ahuja 1990; Zoldos et al. 1999). No species diagnostic
elements have been identified, although some Random Amplified Polymorphic DNA (RAPD)
fragments have shown significant frequency differences (Bodenes et al. 1997a).

Although there has been considerable study of oak species and populations, the Quercus group still
remains difficult taxonomically. A major reason for this is the considerable degree o f hybridisation
within the group, which results in difficulty in delimiting the species (Anderson 1949; Briggs &
Walters 1997; Rushton 1993; Stace 1975; Steinhoff 1993). It is appropriate to consider both the
concept of species and the process of hybridisation to obtain a better understanding of oak
classification.
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1.2.5 Species Concepts and Oak
Species are widely regarded as fundamental elements o f modem biology, however, the definition
of a species is not agreed (Davis 1996).

Species or other taxonomic units are essentially

convenient classificatory units for communication. There are many different species concepts and
the one on which most classifications are based is that o f morphological species.

Classical

taxonomy describes species largely on the basis of morphological details o f herbarium and museum
specimens and to a lesser extent on living material (Briggs & Walters 1997). Other species
concepts attempt to invoke a more meaningful biological order, such as the biological, the
evolutionary and the ecological species concepts (Briggs & Walters 1997) and some focus
specifically on evolutionary relationships, such as the phylogenetic and the genealogical species
concepts (Davis 1996). Biological species were defined by Mayr in 1982 as ‘a reproductive
community o f populations (reproductively isolated from others) that occupies a specific niche in
nature’ (Briggs & Walters 1997). The critical point of this species concept is the reproductive
isolation. The evolutionary species is defined as a lineage, evolving separately from others and
with its own unitary evolutionary role and tendencies (Briggs & Walters 1997). To incorporate an
ecological element Van Valen (1976) considered species to be a lineage which occupies an
adaptive zone minimally different from that of any other lineage in its range and which evolves
separately from all lineages outside its range.

While these and many other suggestions have been put forward, there is no single universally
accepted definition o f species (Briggs & Walters 1997). The ultimate goal is to have a convenient
system of classification that reflects a natural order.

The morphological species are used

predominantly, and in field biology almost exclusively, as this meets the needs of convenience and
an intuitive order. However, from a biological point o f view and for understanding the processes
involved in speciation and evolution the biological species concept has been adopted fi-equently
(Briggs & Walters 1997).

How do these species concepts apply to oaks and in particular the species Q. petraea and Q. roburl
Firstly, the two species can be identified morphologically, as outlined in section 1.2.4 above.
However, while the species can be identified, there are also intermediate forms and forms with
different character combinations that do not fit neatly into one or other species (Bacilieri et al.
1996b; Rushton 1993; Samuel 1999; Stace 1975). This individual variability blurs the species
boundaries and supports the concept o f gene flow and thus the existence o f hybrids between the
species. Secondly, it has been shown that the species can and do exchange genetic material and so
are not reproductively isolated (Bacilieri et al. 1993; Kleinschmit & Kleinschmit 1996; Rushton
1977; Rushton 1993). Oak exemplify problems with the biological species concept and this has
motivated a reconsideration of the use and nature o f this species concept in oak (Van Valen 1976).
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While the biological species concept may be more biologically meaningful, the classical
morphological species concept has often proved more useful in the study of oak (Burger 1975).

Despite the difficulties in assigning individuals to species and the existence of intermediate forms,
the species are consistently designated as separate entities although the species designation is
subjective and depends on the level of rigour in application of the different concepts (Davis 1996).
A study of species or populations is a snap shot in time and this must be borne in mind when
making hypotheses or inferences from the results. The dynamics of gene exchange through
hybridisation are potentially confusing when designating species and must be thought of in terms of
a continual evolutionary process.

1.2.6 Genetic Exchange, Hybridisation andIntrogression
‘To determine the overall effects o f all the gene differences in all the chromosomes upon all the
characters o f the successive hybrid generations, making due allowances fo r the effects o f linkage
and of finite populations, is almost beyond the power o f the human mind’ (Anderson 1949)

The task of assessing hybridisation events using morphological (phenotypic) data is formidable but
is becoming more possible with time and developing technologies.

The areas of functional

genomics and environmental/ecological genomics are investigating the interaction between
genotypes and phenotypic expression (Nevo 2001; White 2001). The eventual goal is to describe
organisms in terms of the interaction of their genes with the environment, however, it will be some
time before any comprehensive descriptions will be complete. It is the dynamic of gene exchange
and phenotypic expression that makes the study of hybrids more difficult and this is where
molecular data can potentially provide considerable input (see section 1.4.2 below).

Quercus petraea and Q. robur are wind pollinated, out breeding, long lived species and so the
potential for gene exchange is considerable (Richards 1997). Putative hybrids have been well
documented between Q. petraea and Q. robur in Europe (Aas 1993; Bacilieri et al. 1996b; Bacilieri
et al. 1993), Britain (Carlisle & Brown 1965; Cousens 1963; Stace 1975) and Ireland (Carlisle &
Brown 1965; Kelly 1996; Minihan & Rushton 1984; Rushton 1978; Rushton 1979). Hybrids have
also been documented from America in the white and red oaks (Howard et al. 1997; Tomlinson et
al. 2000; Whittemore & Schaal 1991). These studies have primarily focused on morphological
variation, but hybridisation has also been documented on the molecular level using, for example,
Random Amplified Polymorphic DNA (RAPD) fragments (Samuel 1999).

In general,

hybridisation and subsequent backcrossing and introgression are common occurrences in oak.
Gene flow between Q. petraea and Q. robur has been shown to be asymmetric (Bacilieri et al.
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1996c; Steinhoff 1993). Quercus robur is more readily fertilised by pollen from Q. petraea than
vice versa (Kleinschmit & Kleinschmit 1996). In addition, Q. petraea ovules have been shown to
be preferentially fertilized by other extreme Q. petraea genotypes in a stand of mixed oaks
(Bacilieri et al. 1996c).

This asymmetric hybridisation has been proposed as a means of

‘chloroplast capture’ in oak species (Petit et al. 1997; Schaal et al. 1998). Chloroplast capture
occurs when the nuclear DNA of one species swamps that of the other species resulting in the
replacement of the nuclear genome and maintenance of the original chloroplast genome (Rieseberg
1995).

The implications of these hybridisation events and the resulting genetic pattern of oak in Ireland are
discussed in relation to the findings of this project, in particular in section 6.4.1 of Chapter 6 and
also in the final discussion in Chapter 7.

1.2.7 The Ecology o f Oak
Although the species are sympatric and they can occupy similar habitats, their respective typical
habitats do differ. A comprehensive account of the ecology of both species is presented by Jones
(1959).

Quercus robur has a greater geographical range than Q. petraea (Figure 1.1.). The

geographical range of Q. robur is throughout lowland Europe from the western seaboard of France
to the Urals, mainly between the latitudes of 40° and 60° N. It extends into Norway up to 63° N
and south beyond the Balkans. The range for Q. petraea is similar in outline but is less than that of
Q. robur as it does not extend as far at the extremes of the range (Jalas & Suominen 1976). The
western limit for both is Valencia, in the south west of Ireland. In general, throughout their range
Q. petraea is recorded as ascending some 100-300 m higher than Q. robur. However, the Irish
landscape does not reach great altitude and due to extreme deforestation, natural altitudinal
zonation of any Irish tree is hard to assess. The only marked topographical difference is that Q.
robur tends to occur on lower slopes and in valleys, whereas Q. petraea is more common on upper
slopes and hills (Jones 1959).
Quercus robur shows a preference for more basic soils rich in mineral nufrients and Q. petraea for
more acid soils (Levy et al. 1992). Quercus robur is more common on moist heavy soils, that are
more susceptible to water logging or flooding. In confrast, Q. petraea is more common on welldrained soils and shows intolerance to flooding (Jones 1959; Kelly 1996). Quercus petraea has
also been shown to be more tolerant of drought than Q. robur (Cochard et al. 1992).

Oaks are long-lived trees that reach maturity after around 40 years of growth depending on climate
and growing conditions. They are monoecious outbreeders. They flower in spring with leaf
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emergence and bear ripe fruit in autumn. They are renowned and well documented for their
importance in woodland ecology (Lewington & Streeter 1993). Oak is of great importance in
maintaining the biodiversity of woodlands. Oak trees support mammals and birds such as squirrels,
jays and wood pigeons and are also host to a multitude of insects (Morris 1974), epiphytic plants
(Rose 1974) and fungal pathogens (Jones 1959). Oak has more species of insect associated with it
than any other tree or plant in Britain or Ireland (Morris 1974). A comparative study of plant and
carabid beetle communities in an oak woodland, a nearby conifer plantation and a clear-felled site
in the west of Ireland showed that the oak woodland was significantly more species diverse than
the other habitat types and dramatically more than the plantation (Fahy & Gormally 1998). The
seed (acorn) is heavy and thus dispersal is limited, except by animal or bird mediates (Carter
Johnson & Webb 1989; Streiff et al. 1998). Jays and pigeons are known to be very important in
dispersing acoms many kilometres away from their source (Birks 1989; Carter Johnson & Webb
1989).

1.3 Oak in Ireland
1.3.1 A B rief History o f Oak in Ireland
The history of oak in Ireland extends from the last ice age through a varied and at times turbulent
political history to the present day. Only a brief synopsis with salient, relevant points is presented
to indicate the status of Irish woods and to give an indication of their provenance.

During the last glacial maximum, ice extended almost over the entire island of Ireland (Watts
1977). Although the most southern parts of Ireland were ice-free, temperatures were too low for
trees to survive in the prevailing arctic conditions. A rapid warming around 10000 years BP'
resulted in the subsequent invasion of flora and fauna (Mitchell 1995). The migration of oak and
other trees into Ireland has been studied through pollen analysis and the date of entry of oak is
given at around 9400 years BP (Birks 1989; Mitchell 1995; Mitchell in press). A map of forest
types in Britain and Ireland, based on pollen diagrams, climate and ecology, shows the extant
distribution of most trees to have been fully developed by 5000 years BP (Bennett 1989).

Up to about 6000 years BP, the use of woodland was limited as Mesolithic people were hunters,
fishers and gatherers. About this time, with the influx of the Neolithic farmers, the decline in
woodland started. Fanners required land to grow crops and wood to build dwellings and for fuel
and so extensive areas of woodland were cleared (Neeson 1997). By the 8* century A.D. the Celts
had put in place laws to protect trees and compensate land owners (see section 1.2.2 above). With
' BP = Before Present, relating to radiocarbon years before AD 1950.
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increasing growth in population the utility of the native forests increased, however, even by as late
as the twelfth century the greater part of the country was under forest (Neeson 1997). During the
medieval period, the Norman invasion resulted in a conflict of ideals between the Irish and the
invading Normans. Under Irish law, woodland was usually common land with rights allocated in
each ‘tuath’ (a type of hierarchical community).

In general, the woodland resources were

communal with specific rights of use and penalties for misuse (Neeson 1997). The land was
entrusted to, rather than owned by the king of the territory. This was in conflict with the Norman
idea of ownership, which was much more absolute. The Normans treated the forests as economic
resources and it was from these times that the export of timber to England increased in frequency.

It was during the 16* and 17* centuries that this exploitation and export was accelerated to the
detriment of the Irish woods. In 1600 McCracken (1971) estimates that approximately 1/8 of
Ireland was forested and by 1800 only 1/50 was. This initial estimate has been disputed and
estimates of much less (~3%) have been favoured (Rackham 1986; Rackham 1995). However,
there is no denying the effects the Tudors had on the destruction of Irish woodland. During her
reign as queen, Elizabeth I ordered the destruction of woods in Ireland to meet the demands of
England for timber and also to flush out Irish rebels in hiding and wolves (Neeson 1997). The Irish
wood stocks were depleted rapidly. After the great fire in London in 1666 building of houses from
wood in Dublin was prohibited, as the wood was needed to rebuild London (Neeson 1997). The
result of this exploitation was that Ireland became a net importer of wood (of both native and exotic
species) by about 1720 (McCracken 1971). From the mid 17* century the iron industry (smelting)
was a major industrial predator of Irish woodland (Neeson 1997). The reduction in wood stocks
brought about a series of parliamentary acts between 1689 and 1791 that tried to either conserve
existing timber or to encourage or enforce planting. This culminated in 1791 with the passing of an
Act which laid down that no person holding lands by lease could fell timber unless by covenant in
the lease or by consent of the owner (McCracken 1971).
Tree planting on any scale is not recorded in Ireland until the sixteenth century and even then was
mostly within the Pale (around Dublin) (Cousens 1965). Planting of trees increased when the
political arena became relatively stable, so from the close of the 17* century to the late 19* century
planting efforts were more substantial (McCracken 1971).

Two well documented cases of

plantations and woodland management during these times are recorded from Killamey, Co. Kerry
(Watts 1984) and Coolattin, Co. Wicklow (Jones 1986). Woodland management on estates in
Killamey and Kenmare in Co. Kerry included collection of local seed from existing woods into
nurseries and planting these to establish or replace woodland areas (Watts 1984). The Dublin
Society, formed in 1731, offered awards to its members for planting.

There was also some

compulsory planting imposed by parliament in an attempt to maintain and develop woodland
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stocks. McCracken notes that many plants were imported from England, but as the plants often
arrived in a bad state the 18* century saw an increase in the number of nurseries in Ireland and this
is evidenced from records in such estates as the Kenmare estate (Watts 1984). Many landlords had
private nurseries and saplings were sold to the public. As a result of the efforts of the Dublin
Society and the legislation put in place there were 132,000 acres of plantation in 1801, 25,300 of
these being oak (McCracken 1971). By 1841 the acreage of plantation had increased over two-fold
to 345,000, however the increase in oak did not match this as oak accounted for 29,500 acres. A
great increase in conifers made up much of the overall planting effort (McCracken 1971). With the
increasing political tension in the late 19* and early 20* centuries landlords were reluctant to invest
in an uncertain future and so much of the woodlands were harvested and not replanted. In addition
mutilation and cutting of trees by hostile tenants became a means of protest (Neeson 1997),
although this was unlikely to have a considerable effect overall. By the early 1900s it is estimated
that woodland area was 1.5 % of the total land area (Neeson 1997). Then, during the time of civil
war and around the inception of the new state in the 1920s, politicians had more to be concerned
about than woodland. As a result of this turbulent past, the woodland of Ireland has suffered badly.
State planting efforts during the early 20* century mainly focused on the quick rotation conifer
crops, such as Sitka Spruce (McCracken 1971) and hardwoods were neglected. A resurgence in the
awareness of the importance of woodland has resulted in many governmental initiatives to increase
woodland cover.

In more recent times initiatives have been taken to increase the broadleaf

component of this woodland. Under the 1946 Forestry Act, landowners are required to give notice
of intention to fell trees. The Irish government are also providing grants and premiums for forestry,
the most recent of which is the “Neighbourwoods Scheme” which encourages local communities to
plant, develop or maintain areas of local woodland.

The area of woodland cover in the Republic of Ireland in year 2000 was 649,813 ha with a total for
coniferous cover of 502,035 ha (77 % of total woodland cover) and broadleaf cover of 78,427 ha
(12 %) (information from the Forest Inventory and Planning System Unit, Department of the
Marine and Natural Resources). This represents approximately 8% of total land area. The cover of
oak is 7,861 ha, although this is mainly private and state plantations and does not include small
fragments of woodland or mixed woodland containing oak. This represents 1.2 % of forest
coverage and approximately 0.1 % of total land coverage in Ireland. The value for oak is greater
than this as scrubby woodland is not included, but precise estimates are difficult to make until a
thorough, comprehensive inventory is complete.
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1.3.2 The Status o f Oak in Ireland
Despite the records gathered, the status and provenance o f present day oak woods is far from clear.
The overall consensus is that fragments of woodland exist that are ancient (Rackham 1986;
Rackham 1995); however, which woodlands and what is their history is uncertain except for a few
documented cases. While planting initiatives have been documented from the past it is difficult to
establish whether the seed was sourced locally or abroad. Recent planting initiatives have often
used foreign stock, in 1999 30 tonnes of acorns came from Britain and Holland for both private and
state planting (Viney 2000). The instigation o f the ‘People’s Millennium Forest’s’ project in the
year 2000 and the ‘Native Woodland Scheme’ in 2001 has increased the need for planting native
seed. The People’s Millennium Forest’s project aims to plant a native tree, many of which will be
oak, for every household in Ireland and the Native Woodland Scheme is a grant package for
landowners aimed at encouraging the protection and expansion o f freland’s native woodland
resource and associated biodiversity. Thus the importance of knowledge on the provenance of
stock for planting has never been more urgent.

1.3.3 Studies on Oak in Ireland
Studies on oak in Ireland have mainly focused on taxonomic and ecological aspects of individual
woodlands.

Studies have focused either on the taxonomic integrity o f the species (Carlisle &

Brown 1965; Cousens 1965; Minihan & Rushton 1984), or on the distribution and ecology of oak
woodland types (Kelly 1981; Kelly 1984; Kelly 1996; Kelly & Fuller 1988; Kelly & Kirby 1982;
Kelly & Moore 1975). The species have been shown to be distinct in Ireland although hybrids are
present (Carlisle & Brown 1965; Cousens 1965; Kelly 1996). The ecology of the species has also
been studied and the findings reflect the situation across Europe. Quercus petraea is mainly found
on acidic soils (Kelly 1981; Kelly 1996; Kelly & Moore 1975) and Q. robur is foimd more on base
rich soils (Kelly 1996; Kelly & Kirby 1982). While general trends in disfribution and ecology have
been established (Kelly 1996) and some populations have been studied in more detail (Ferguson &
Westhoff 1987; Kelly 1981; Kelly & Fuller 1988; Kelly & Kirby 1982; Kelly «& Moore 1975;
Kirby & O'Connell 1982; White 1985), an inventory of the biodiversity of Irish oaks is lacking.

Some molecular studies have also been undertaken on oaks in Ireland. One study used chloroplast
markers to investigate geographic variability (Martin et at. 2000) and another used microsatellite
markers to investigate the provenance of ‘elite’ trees that are of particular interest to foresters
(Lefort et al. 2000; Lefort et at. 1998).

This situation is markedly in confrast to the number of studies that have been completed elsewhere
in Europe, in particular on the molecular scale. There have been several European conferences on
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oak genetics and none involved an Irish contingent (EC 1994; lUFRO 1991). The European
studies are on going and have thus far completed an analysis of chloroplast marker data across
Europe to reveal oak phylogeographic patterns (Dumolin-Lapegue et al. 1997a). Other studies are
focusing on genetic diversity (Kremer et al. 1999; Kremer et al. 1991; Kremer & Petit 1993) and
some on ploidy levels with particular interest in triploid oaks (Naujoks et al. 1995). The following
chapters contain further discussion on other studies in Europe.

The present study builds on existing knowledge o f Irish oak and combines the morphological and
molecular analyses to compare the results with those already revealed elsewhere in Europe.

1.4 Molecular Study

1.4.1 Molecular Techniques
With the advent of the Polymerase Chain Reaction (PCR) (Mullis & Faloona 1987), molecular
biology studies have exploded.

PCR is a method whereby a nucleic acid sequence can be

exponentially amplified in vitro (Taylor 1991). Where greater quantities of a DNA sequence are
required PCR has revolutionised procedures. Only a minute quantity (typically 10 to 20 ng) of the
target sequence needs to be present to obtain amplification.

The number of techniques using PCR to investigate genetic traits and biodiversity is extensive
(Karp et al. 1998; Karp et al. 1996) and new techniques are continually developed. The techniques
used in this project are described in their respective chapters. A number o f different fingerprinting
techniques were used to evaluate different aspects of the genetic structure. Chloroplast (plastid)
markers are predominantly maternally inherited (Gillham 1991) and are thus seed dispersed. These
markers were used to investigate the dispersal pattern across Ireland.

The multi-locus

fingerprinting technique o f Amplified Fragment Length Polymorphism (AFLP) analysis (Vos et al.
1995) was employed to investigate diversity levels across Ireland and to see how these relate to the
findings o f the chloroplast marker analysis. A uni-locus marker system, microsatellite or Simple
Sequence Repeat (SSR) analysis (Tautz 1989) was used for a more detailed study of four
populations to investigate the genetic structure within populations. Thus, the techniques were used
in a hierarchical way, first to explore the geographic diversity across Ireland and then to study
some populations in detail and see how the results relate to the overall pattern.

1.4.2 Molecules and Morphology
Numerous studies have been completed on molecular genetics o f oak although none have
definitively found a molecular marker that is species specific or diagnostic for Q. petraea or Q.
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robur. The only specific marker found to date is that of stellate hairs on the under surface of the
leaf (Aas 1995).

Very little genetic differentiation has been detected between the species

(Barreneche et al. 1996; Bodenes et al. 1997a; Zoldos et al. 1998). There have been suggestions
for specific molecular markers, but most differ in proportion rather than presence or absence
(Bodenes et al. 1997a). However, while morphological measurements do provide for a species
differentiation, they are also extremely variable and are influenced by environmental conditions.
Therefore, combining molecular and morphological data will allow for a description based on both
genotype and phenotype.

Both sets of data are essential for a comprehensive assessment of

biodiversity.

1.5 Thesis Layout and Aims

1.5.1 Thesis Layout
This thesis is laid out in sections according to the various methods used. Each analysis is presented
and discussed on its own initially and then all results are combined into a final discussion in
Chapter 7.

Chapter 2 deals with the sampling protocol used and gives brief descriptions of the sites sampled.
This is done to present an overview of the ecological habitats and the management history (where
available) for each site. Chapters 3 and 4 are concerned with the geographic genetic diversity
across Ireland. Chapter 3 deals with the results from the chloroplast analysis and presents the
genetic structure obtained from this analysis. Chapter 4 presents the work on the Amplified
Fragment Length Polymorphism (AFLP) analysis, and so adds to the chloroplast work with nuclear
markers. Chapter 5 is concemed with a Simple Sequence Repeat (SSR) analysis completed on four
populations. This is compared with the results obtained using the AFLP analysis. Chapter 6
presents the analyses of the morphological data from all the populations. Chapter 7 is a combined
discussion of all the results, their coherence and a synthesis on the state of the biological diversity
of Irish oaks. The discussion will also incorporate available data on the ecology of the populations
studied to obtain a comprehensive description of oak in Ireland.

1,5.2 Aims

The primary aim of this thesis is to present an initial study of biodiversity of oak in Ireland. This is
the first comprehensive phylogeographic study combining morphological and molecular data on
oak or any other plant in Ireland. The information will add to the knowledge on Irish oak and will
be useful to conservationists and foresters in their production of woodland management plans.

A number of questions will be investigated and discussed based on the findings presented.
•

What is the utility of both molecular and morphological techniques for biodiversity
measurements in Irish oak and to what extent do the different techniques agree?

•

What are the levels of diversity within Ireland and how do they compare with other studies
in Europe?

•

What does this study reveal about the taxonomic status of the species in Ireland?

•

What are the levels of hybridisation and introgression between Q.petraea and Q. roburl

•

What is the geographic genetic structure of oak in Ireland?

•

What inference can be placed on this structure?

•

Are the oak populations sampled representative of putative native populations and do they
confirm or refute the existence of ancient woodlands?

•

Are there any unique features to Irish oaks?

•

Finally, what do the data suggest as to the status of oak in Ireland in terms of conservation
and biodiversity value?
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Chapter 2

Sampling Protocol and Site Descriptions

2.1 Sampling
The project had many facets and thus different sampUng strategies were employed for the different
questions asked. In the first case it was important to get an idea of diversity across the entire island
of Ireland and then it was important to have each site containing representative samples.
Sampling strategies are ultimately constrained by resources such as time and money and so an
optimal number o f individuals must be determined from the standpoints o f statistical efficiency and
feasibility (Brown & Weir 1983; Yonezawa et al. 1995). Within a three year project the main
constraint was time. With this in mind a number of sites were selected and sampled to get a
comprehensive geographical spread of representative oak woods in Ireland. Between five and
twenty samples were collected per site depending on the analysis being undertaken and on the
degree o f ecological heterogeneity at the site. Along with putative native samples, some samples
known to have been planted from external stock were also taken where available. All samples
were used for the morphological analysis, and a subsection of these were used for the molecular
genetic analyses. For the chloroplast analysis 5 samples were chosen from each site, this is in
accordance with optimal sampling number for haploid data (Pons & Petit 1995). The optimal
sample number suggested by Pons et al (1995) was 3 individuals. Likewise for the Amplified
Fragment Length Polymorphism (AFLP) analysis 5 individuals were used per population. For the
more detailed work, the Simple Sequence Repeat (SSR) analysis, a minimum o f 20 individuals
were used. A description of the site and sample selection procedure is provided below.

2.1.1 Site Selection
The site selection was based on two main factors, firstly, to obtain a geographical spread across the
island o f Ireland and secondly, to try to obtain native populations. Some sites known not to be
native were also selected for comparison, for example the oaks of Tullynally estate have been
documented as planted from stock in England (Pakenham 1996).

To obtain a geographical spread o f samples across Ireland a scaled 50 km x 50 km grid was placed
over Ireland and a woodland was sampled, where possible, within each square. A map o f the sites
is provided in Figure 2.1.

2.1.1.1 Ancient Woodland
The choice o f sites within this grid was aimed towards selecting putative ‘ancient woodland’ sites defined by Peterken as sites continuously wooded since 1600 A.D. or earlier (Peterken 1981).
Such sites are most likely to contain relict native oak populations. They may also be less likely to
contain introduced, planted stock, though this is difficult to assess without adequate historical
records as stated in Chapter 1 section 1.3.1. The designation o f a site as ancient woodland is based
on historical information, floristics and woodland structure.

In historical information, a significant element is place name (Hadfield 1974; Henry 1914). The
word ‘Derry’ indicates a wood, primarily an oak wood (Henry 1914) and as place names often
derive from their surrounds it is an indication of the past state o f the local environment. Some
examples o f this in the sites chosen are Derryc\mt in Co. Galway and Coolattin wood on the Derry
River.

Certain plants reported from old woodland in Ireland are described as ‘old forest species’ (Praeger
1934) and thus are considered indicators of ancient woodland. These include among other species
the grasses Milium effusum and Festuca sylvatica. These species and others noted as ancient
woodland indicators in English woodlands (Peterken 1981), have been used in the assessment of
ancient woodland status in Ireland (Kelly & Fuller 1988), although their utility has still to be tested
rigorously.

Woodland structure has also been used as an indication o f the age o f the wood (Rackham 1995).
Where there is evidence o f traditional woodland management practice (e.g. old banks at the edges
of the woodland, coppicing and pollarding), this gives an indication that the woodland has probably
been standing for several hundred years. Major developments occurred in many Irish woodlands
during the 17* to 19* centuries (McCracken 1971; Neeson 1991; Neeson 1997). In particular, the
growth in industrialisation led to smelting works resulting in a more rigorous management of
woodland to harness wood for charcoal. The remains of these management practices were evident
at some o f the sites chosen, especially the sites within private estates. Forbes (1933) noted how the
estates o f the eighteenth-century landlords were often established around a nucleus of old relict
woodland (Forbes 1933; Kelly & Kirby 1982), thus selection of such sites for sampling was
appropriate.

As assessment o f sites for their native status is an enormous task in itself and in order to expedite
the project’s main aims, site selection was based on a survey of literature along with some personal
site observations. Some putative ancient sites have already been described in Ireland (Bohan 1997;
Kelly & Fuller 1988; Praeger 1934). These were selected along with some other sites based on
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remoteness and the unhkelihood of planting of external seed. One site in particular in Co. Donegal
(the Devlin River Valley) is approximately 1.5 km from the nearest road and is situated on a steep
narrow ravine. It cannot be approached easily by car or horse and the river which runs through it is
not navigable by boat. This remoteness lessens the possibility of in planting.

2.1.2 Sample Selection
Prior to sampling each woodland a preliminary walk through the wood was undertaken. Sampling
was then carried out on trees at least 20m apart along a transect spanning the woodland. Different
aged specimens were sampled to cover the range o f cohorts within the woodlands, although
sampling was random within each cohort. Very old and ‘named’ trees were sampled. By ‘named’
it is meant, those trees that had developed names locally or/and nationally, such as the Old Oak of
Abbey Leix and the Brian Boru Oak of Tuamgraney (Kelly 1984). Mature trees from the site were
sampled along with seedlings and/or saplings where present. Also, some frees were specifically
sampled because o f their morphological uniqueness. Ten to fifteen mature frees were selected from
each site along with seedlings and/or samplings. Overall, most o f the samples taken represented
mature specimens. Trees were roughly mapped, for possible future visits. Twigs (up to 80cm
long) were pruned from an open, well lit part of the crown, pressed, dried and stored for
morphological analysis. This was accomplished using long handled pruners and in some cases
frees had to be climbed to reach the canopy. Climbing was accomplished using a Willians harness,
a 30m rope and prussick loops. Sampling from a well lit part o f the crown was important as leaf
variation has been shown to be affected by crown position (Baranski 1975; Blue & Jensen 1988).
While simultaneous sampling of all sites was impossible, leaves were sampled during the summer
months and lammas shoots (the secondary flush o f growth in late summer) were avoided (Blue &
Jensen 1988). Young fresh leaves were taken, dried and stored in silica gel for genetic analysis.
All samples were given an individual code consisting of a letter indicating the population sampled
and a number indicating the individual within the population. A more detailed sample was taken
for four sites; Abbey Leix, Co. Laois, Garranon Wood, Cratloe, Co. Clare, the Devlin River Valley,
Poisoned Glen, Co. Donegal and the Gearagh, Co. Cork (Figure 2.1). Both Abbey Leix and
Garranon Wood are well-studied woodland sites considered to be ancient woodland (Bohan 1997;
Kelly & Fuller 1988). The Devlin River Valley and the Gearagh (O'Reilly 1955; White 1985) are
sites difficult to access and more remote from the likelihood of oak planting. For these sites twenty
or more samples were taken. This was to facilitate sampling a sufficiently representative portion of
alleles for a more detailed genetic analysis.

Number
1
2
3
4
5
6
7
8
9
10
11
12
13

Site
Breen
Glenveagh
Devlin River
Crolly
Cullentra
Crom
Pontoon
Brackloon
Eriff
Derryclare
Shannawoneen
St. John’s Wood
Tullynally

Number
14
15
16
17
18
19
20
21
22
23
24
25
26

Site
Charleville
Brian Boru Oak
Garannon Wood
Cappercullin Glen
Glencar
Royal Oak
Glaism na marbh
The Gean^h
Curraghmore
Coolattin
Abbey Leix
Glen of the Downs
Ballymascanlan

Figure 2.1. Map of sites sampled and their locations. See text section 2.2 for individual
descriptions and site details. Sites listed in bold were sampled more extensively.
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b)
Figure 2.2. a) A photograph of the Devlin River site showing a fast flowing river running through
the gorge that maintain the Devlin River population, b) A photograph of the Crolly site situated
along the rocky banks of the narrow fast flowing Gweedore river.
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2.2 Site Descriptions

The site descriptions provided are brief and not meant to be comprehensive. The aim was to
provide a general overview of each site and to show what sort of historical information was
available. In addition, some environmental parameters are provided. The parent rock material of
each site was obtained from the literature (where cited) or from geological maps in the Atlas of
Ireland (RIA 1979). The information from cited references are the most accurate as the scale of the
Atlas maps was only 1:1000 000. Rainfall data are measurements from the nearest weather station
to each site. These are based on annual averages over approximately 50 years and were provided
by Met Eireann (Padraic Carrigan pers. comm.).

The sites are listed alphabetically and the

locations o f each site are shown in Figure 2.1.

Abbey Leix Estate, Abbeyleix, Co. Laois
Grid reference: S 411 834
Altitude: 85-80 m
Parent Material: Stony limestone glacial till
Rainfall: 914 mm

Description
Abbey Leix was a highly managed estate covering 120 ha in Co. Laois. The River Nore runs
through the estate, with part of the woodland along the banks. Management practices were in place
to maintain suitable areas for hunting pheasant. The oak woods sampled had two distinct habitat
types. One (‘Park Hill’) was on higher ground and had sandy soil and was thus well drained. The
other (‘Lowlands’) ran along the edge of the river and was subject to occasional flooding and water
logging and the soil was a heavy clay. While there has been and continues to be planting on the
estate, part of the site is considered ancient woodland (Kelly & Fuller 1988). An individual tree of
significance was “The Old Oak” (at 699 cm gbh) which has been estimated as dating from 13801480 AD (Kelly & Fuller 1988). This was found in the Lowlands. Another tree o f greater status
(727 cm gbh) was sampled in the Park Hill area. Other old oaks on Park Hill have been dated by
ring counts to 1700-1720 (Kelly & Fuller 1988). Most of the oaks were large (-300 to 400 cm
gbh) and there was very little natural regeneration. Many frees showed evidence o f pollarding in
the distant past. Substantial planting of oak had occurred in Park Hill in the 1920’s (verified by
ring counts by Daniel Kelly) and the seed was sourced in Belgium (Peter Feegan pers comm.). The
history of planting before this is unclear.

Ballymascanlan, Co. Louth
Grid reference; J308 310
Altitude: 50-100 m
Rainfall: 819 mm

This site was only used for the chloroplast DNA analysis in order to get an adequate spectrum of
sites sampled across Ireland. It was sampled during winter and so no leaves were available to use
for the morphological analysis. DNA was extracted from buds and used for the molecular analysis.

Brackloon Wood, Brackloon, Co. Mayo
Grid reference: L 970 803
Altitude: 50-133 m
Parent Material: Schist and gneiss
Rainfall: 2617 mm

Description
Brackloon wood has been developed as a prototype site for the Irish Ecological Monitoring
Network (lEMN) site (Little et al. 2001). There was a lot o f disturbance evident at this site. There
are records o f woodland exploitation in this area (Little et al. 1997) and there was evidence of
coppiced stumps. Human disturbance, such as felling for timber and for charcoal making and some
grazing, have been recorded for this site (Little 1994). Recent disturbance to this site includes
felling and planting o f conifers, most of which have been removed. A specimen o f Quercus rubra
(red oak native to North America) was also encountered. The oaks were not very big (the largest
gbh being 215 cm) although many were tall and growing from old stumps. The topography of the
site was rolling to hilly. The ground flora was dominated by Luzula sylvatica, Rubus fruticosus and
Vaccinium myrtillus.

Breen Wood, Co. Antrim, Ireland
Grid reference: D 122 338
Altitude: 130-120 m
Parent Material: Basalt
Rainfall: 1000 mm

Description
Breen wood was a 21 ha woodland about 7 km south of Ballycastle in Co. Antrim. It is a National
Nature Reserve and is thought to represent one o f the few remaining stands o f natural oak wood in
Northern Ireland (Minihan & Rushton 1984). A glass works in the nearby town of Ballycastle
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from 1754-74 used coal as well as timber in glassmaking (McCracken 1971) and would likely have
used wood from here. There are instances of oak clearances evident from pollen analysis of this
site (Cruickshank & Cruickshank 1981). The topography of the site was rolling hills and it was
fraversed by a shallow sfream. The oaks were generally of medium stature (averaging -146 cm
gbh) and some were multi-stemmed suggesting possible damage and even pollarding in the past.
Many of the frees have been aged at between 200-300 years old (Cruickshank & Cruickshank
1981). Other species present included Ilex aquifolium, Sorbus aucuparia and Corylus avellana.

Cappercullen Glen, Glenstal Abbey, Murroe, Co. Limerick
Grid reference: R 739 571
Altitude: 150-120 m
Parent Material: Sandstone glacial till
Rainfall: 977 mm

Description
Cappercullen Glen lay within the land of Glenstal Abbey, a Benedictine monastery on a 500 acre
estate. The Glen was a precipitous ravine formed as a glacial overflow channel from the valley of
the Clare River. On the steep slopes of the Glen movement is difficult and thus planting is very
unlikely. There is some evidence of human influence although there has been no planting in the
glen since the monastery was established. Within the glen there was a Mass rock, which was used
to celebrate mass during Penal times (18* century) and is still used occasionally. There was also an
old wall running lengthwise along the bottom of the glen. The structure of the woodland is quite
diverse. The bottom of the glen is dominated by tall Fraxinus excelsior and oak is mainly found on
the sides.

Other species included Corylus avellana. Ilex aquifolium with the ground layer

dominated by Luzula sylvatica.

Charleville Estate, Tullamore, County Offaly
Grid reference: N 317 239
Altitude: 70-60 m
Parent Material: Limestone glacial till
Rainfall: 823 mm

Description
The woodland in Charleville was part of a managed estate covering 170 ha near Tullamore in Co.
Offaly. This site contained another large oak (843 cm gbh), known as the King Oak. This free has
been estimated at 900 years old (although this is unlikely) and it has been suggested to be possibly
the oldest plant in Ireland (Nelson & Walsh 1993). An upper age limit of 500 years has been put
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on Irish oaks based on dendrochronological work (Baillie & Brown 1995), but even 500 years is a
very respectable age. Once again the woodland structure is highly altered and most of the oaks are
of large stature. Some oaks showed evidence of pollarding. Many of the oaks in the estate have
been estimated through tree coring to be between 350-450 years old (Kelly & Kirby 1982). The
possibility of planting is very likely as counties Offaly and Laois were the first areas under Tudor
rule (Neeson 1997). These counties are known as the Kings’ and Queens’ counties respectively
(Praeger 1901) again indicating their history of occupation. The site is a lowland site nearby the
town of Tullamore and so is very accessible.

Coolattin, Shillelagh, Co. Wicklow
Grid reference: T 017 695
Altitude: 100-50 m
Parent Material: Ordovician-Silurian-Cambrian shale glacial till
Rainfall: 1100 mm

Description
The Coolattin site was part of Tomnafinnoige Wood, a mixed wood dominated by oak. The site
ran along the Derry River and parts of the woodland were susceptible to flooding. The river was
slow running along the area of the site; the terrain sloped gently up away from the river. The site
was part of what was previously a much larger estate on which there are good records of traditional
woodland management in the 18* century (Jones 1986). Other tree species on the site included
Fagus sylvatica, Betula pubescens, Pinus sylvetris and Ilex aquifolium. The exotics such as Fagus
sylvatica are evidence of planting.

Crolly, Co. Donegal
Grid reference: B 832 195
Altitude: 50-30 m
Parent Material: Granite
Rainfall: 1424 mm

Description
The site at Crolly called the Coillin Daragh (‘Little Wood of the Oaks’) was a small remnant of
woodland close to the roadside. The woodland straddles the Gweedore River which was fast
flowing and narrow at the site (Figure 2.2b). The terrain was rough, with many boulders and rocks.
The oaks were quite small and often disturbed (this was evident of young re-growth from larger
stumps); it was used by the local people for firewood up to the recent past (local people pers
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comm.).

Other vegetation in the site included Crataegus monogyna, Betula pubescens. Ilex

aquifolium and Vaccinium myrtillus.

Crom Estate, Newtownbutler, Co. Fermanagh
Grid reference: H 355 242
Altitude: 50 m
Parent Material: Carboniferous limestone glacial till
Rainfall: 942 mm

Description
The site in Crom was on Inisherk a small island lying in Upper Lough Erne. A bridge to the island
was built in 1836. The island contained big parkland oaks (averaging 470 cm gbh) in pasture land
towards the south and a dense wood of smaller oaks towards the north. Samples were taken from
both ends of the island. Some samples were also taken from big trees on the mainland within the
pastures of the Crom Estate. There are good records for Crom being a continuously wooded area
back to at least 1609. Some planting in this estate is also documented with the arrival of the
Balfour family as Planters in 1610, but direct reference to plantations on Inisherk are not present.
There is a record of Inisherk from an oil painting c. 1760, which depicts tall individual trees and
dense woodland on the island. The building of a lodge c. 1810 and the planting of exotics in the
parkland area of Inisherk are also referred to.

(All the historical information for Crom was

obtained from leaflets and notice boards on the site produced by the National Trust for Northern
Ireland).

Cullentra, Lough Gill, Co. Sligo
Grid reference: G 775 333
Altitude: 40-100 m
Parent Material: Carboniferous limestone (mainly)
Rainfall: 1225 mm

Description
This site was composed of a strip of woodland running along the shore of Lough Gill. The
woodland around Lough Gill has been suggested to be ancient woodland (Praeger 1934). Cullentra
wood is remarkable in containing, within a small area, oak populations on 3 contrasting habitats.
a) base-rich soil over carboniferous limestone,
b) podzol over gneiss,
c) alluvium along the Bonet River.
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The part sampled was the acidophilous oak wood. Parts near to the lake and the Bonet River were
susceptible to flooding. The site was surrounded by conifer plantations and much of the oak wood
was disturbed or cut down. Most o f the oaks were quite small in girth, the largest being 205 cm
gbh.

The dominant ground flora was Luzula sylvatica, Vaccinium myrtillus and Lonicera

periclymenum.

Curraghmore, Portlaw, Co. Waterford
Grid reference: S 445 157
Altitude: 80-30 m
Parent Material: Shale glacial till
Rainfall: 1115 mm

Description
This site was a large woodland in the Curraghmore Estate in Portlaw. The woodland is situated on
the side o f a valley along the Clodiagh River, a tributary of the River Suir. The valley was steep in
a few places and the river was relatively slow moving. The oaks were very straight with a notable
lack of epicormic shoots and some were very large (the biggest being 578 cm gbh). McCracken
cites reference to the stature of oaks in the Suir valley in the 18* century literature (McCracken
1971).
century.

She also notes that the woods along the Suir aroxmd Portlaw stood well into the 17*
These were apparently very impressive trees, and still are, although whether their

provenance is the same is difficult to determine. The wood showed evidence of management for
pheasant raring and shooting.

The estate also has a history o f silviculture and woodland

management, so past planting of oak is not unlikely.

Derryclare Wood, Lough Inagh, Co. Galway
Grid reference: L 833 497
Altitude: 40-20 m
Parent Material: Granite
Rainfall: 1650 mm

Description
Derryclare was a 19 ha Nature Reserve (Hickie 1997). The site sampled was a small remnant of
oak wood on the shore of Lough Inagh and was surrounded by conifer plantations. There has been
a history o f human occupation going back at least a few centuries (Ferguson & W esthoff 1987) and
the remnants of walls and houses are still evident. In particular in the early 19* Century the
Martins o f Ballynahinch erected a building made o f local marble in which successive gamekeepers
to the Ballynahinch Estate resided (Ferguson & Westhoff 1987). Despite the human influence it is

considered an ancient wood (Ferguson & Westhoff 1987). The terrain was rocky in places. There
were many large oaks that looked like pollards, although the most of the oaks cored and ring
counted have been less than 150 years old (Janice Fuller pers. comm.). Other species on the site
included Corylus avellana, Betula pubescens and Crataegus mongyna.

Devlin River Valley, Poisoned Glen, Co. Donegal
Grrid reference: B 925 180
Altitude: 200-100 m
Parent Material: Granite
Rainfall: 1783

Description
This site consisted of an oak wood along either side of a steep gorge running along the Devlin
River (Figure 2.2a). It lies just outside the boundaries of Glenveagh National Park. The area was
approximately 1.5 km from the nearest road with access only possible by foot across a river and
bog land. Many of the oaks were stunted in growth with the largest having a gbh of 175 cm. Many
were multi-stemmed, due to disturbance either by falling rocks or grazing. At the top of the valley
the oaks gave way to heathland vegetation. The possibility of planting is low due to the remote and
inhospitable nature of this site. Other woody plants on site included Sorbus aucuparia. Ilex
aquifolium and Rhododendron ponticum.

Eriff, Co. Mayo
Grid reference: L 963 683
Altitude: 50-40 m
Parent Material: Shales
Rainfall: 2617 mm

Description
This site lay along the Eriff River just south of the Eriff bridge. It was part of a much more
extensive wood further north. The oak trees were quite uniform and straight in growth, with no
undergrowth as there was grazing by sheep. The surrounding area was very rocky and there were
spruce plantations nearby.

Garannon Wood, Cratloe, Co. Clare
Grid reference: R 495 605
Altitude: 50-30 m
Parent Material: Sandstone glacial till
Rainfall: 927 mm

Description
The history for this site is relatively well documented with evidence of it being wooded since at
least the 1600s (Bohan 1997). The site lies on a gentle hill. Many of the trees were of medium
stature with a few scattered larger trees that appeared to be pollards (with gbh >300 cm). Much of
the wood was felled and replanted in the early 19* century (Bohan 1997), but a few trees of an
older population survive. Both the old and 19* century cohorts were sampled. The planting efforts
are also evident from exotic species at the site, such as, Fagus sylvatica, Castanea sativa and
Quercus cerris.

The Gearagh, Macroom, Co. Cork
Grid reference: W 298 697
Altitude: 70-60 m
Parent Material: Sandstone, lower Avonian shale glacial till
Rainfall: 1579 mm

Description
The Gearagh site was a 300 ha Nature Reserve lying on the River Lee, west o f Macroom and
owned by ESB (Electricity Supply Board) (Hickie 1997). It is an example o f an alluvial forest and
is thus of conservation interest in both Irish and European contexts (O'Reilly 1955; White 1985).
The Gearagh was flooded by the ESB around 1954 (White 1985) and as a result was much reduced.
The wood o f oak west o f Macroom (which probably represents part o f the Gearagh) was valued at
£4000 in the mid 17* century (McCracken 1971). The site sampled consisted o f small wooded
islands surrounded by water channels.

The channels are navigable by foot only in very dry

weather. The trees are thus susceptible to flooding. Many of the oaks were multi-stemmed, and
they generally did not have large girth (average~145 cm gbh). Other species present included
Fraxinus excelsior, Corylus avellana sad Ilex aquifolium.

Glaisin na marbh, Killarney National Park, Co. Kerry
Grid reference: V 925 845
Altitude; 100-50 m
Parent Material: Mostly Sandstone
Rainfall: 1724 mm

Description
Glaisin na marbh is a remnant of woodland in an isolated area of Killarney National Park. It is
suggested that this wood may never have been cleared or managed until approximately 650 years
ago (Little et al. 1997). The woodlands of Killarney National Park have had considerable human
influence and in places has been clear-felled and replanted (Kelly 1981; Watts 1984).
Derrycunnihy was described in 1776 as a busy wood inhabited by coopers, boat builders,
carpenters and turners (Young 1780). However, Glaisin na marbh was more remote than areas
such as Derrycunnihy, being accessible only by boat and then by foot. Although it was a remote
site there were signs of human habitation, with areas cleared and remnants of low walls evident.
The terrain was undulating and rough and strewn with boulders. The dominant ground cover was
Luzula sylvatica and Vaccinium myrtillus.

Glen of the Downs, Co. Wicklow
Grid reference; O 261 111
Altitude: 200-100 m
Parent Material: Lower Palaeozoic Shales
Rainfall: 1000 mm

Description
The Glen of the Downs site was in a Nature Reserve that was composed of oak woodland growing
on either side of a steep valley running north-south. The terrain was very rocky with block scree in
places. Disturbance was evident from oak and holly suckers growing from larger stumps. Most of
the oaks were small (-150 cm gbh) and there was evidence of some regeneration and variability in
age classes. This woodland has been suggested to be of ancient status due to the woodland
structure and some large oak stools centuries old (Rackham 1986). The wood is on a map of 16557 and this lends weight to the suggestion of antiquity (Rackham 1986). Other tree species present
included Ilex aquifolium and the ground vegetation was dominated by Luzula sylvatica and
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Vaccinium myrtillus.
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Glencar House Hotel, Glencar, Co. Kerry
Grid reference: V 715 864
Altitude: 40 m
Parent Material: Granite
Rainfall: > 1500 mm

Description
The Glencar site was a mixed wood, dominated by oak. The terrain was very rocky and was
drained by the Glencar River, one tree sampled in fact straddled a part of the river. The site
showed evidence of management with small walls and trenches bordering sections of the wood.
An iron works in Blackstones Bridge, Glencar from 1670 to 1754 (Watts 1984). Bog iron ore was
collected at various places in the Iveragh Peninsula and brought by boat and horse up to Glencar
for processing (Watts 1984). The woods were most likely used in the smelting process, and pollard
oaks were evident at the site. Other species included Ilex aquifolium, Betula pubescens, Sorbus
aucuparia and Corylus avellana.

Glenveagh National Park, Co. Donegal
Grid reference: C 030 228
Altitude: 80-40 m
Parent Material: Granite
Rainfall: 1547 mm

Description
The site is in Glenveagh National Park, along a nature trail close to Lough Beagh. The oaks
sampled were old oaks standing isolated from surrounding woodland. There is evidence and
records for planting in parts of Glenveagh (Telford 1977) but direct reference for the samples was
not found. Glenveagh is a remote inland part of Donegal and is inaccessible by boat. The site was
located on the opposite side of the lake from Glenveagh castle. There was no regeneration of oak
and the undergrowth was grass.

Pontoon, Lough Conn, Co. Mayo
Grid reference: G 197 045
Altitude: 40-10 m
Parent Material: Granite
Rainfall: 1341 mm

Description
The site was located around the south-western comer of Lough Conn.

There is very little

information on this site, although it has been suggested as being ancient woodland (Praeger 1934).
The oak wood extended along the shore and was well developed in places but scattered and
sometimes broken by conifer plantations and exotic planting such as Fagus sylvatica. The terrain
was rolling with some rocky parts and a gentle slope further south. The trees were mainly of
moderate stature with only one tree sampled being over 200 cm gbh. The ground vegetation was
dominated by Luzula sylvatica and Rubus fruticosus.

Royal Oak and surrounds, Lough Leane, Killarney National Park
Grid reference: V 923 876
Altitude: 30 m
Parent Material: Mostly Sandstone
Rainfall: 1724 mm

Description
This site was chosen as it contained the Royal Oak, which is one of the tallest oaks in Killarney
National Park (Scully 1916, p.260). It was measured in 1901 as 13.5 feet girth (-411 cm) at three
feet from the ground (Scully 1916), in 1999 the gbh was measured to be 512 cm. The Royal Oak
was situated near a small stream on the edge of Lough Leane and is surrounded by other oaks of
lesser stature. Some surrounding oaks were sampled in this site along the edge of the lake.

Shannawoneen Wood, Spiddal, Co. Galway
Grid reference: M 126 245
Altitude: 60-40 m
Parent Material: Granite
Rainfall: 1287 mm

Description
Shannawoneen wood was situated in the valley of the Owenboliska River to the north of Galway
Bay. The terrain of the site was rocky, strewn with granite boulders and the valley had a gentle

slope. In parts, the wood was susceptible to flooding and was waterlogged in one particular patch.
The oaks were not very large (the biggest sampled being 190 cm gbh). Towards the north of the
site there was evidence of planting as Fagus sylvatica and some conifer species were present.
Towards the south the oak wood also contained Corylus avellana, Sorbus aucuparia and Ilex
aquifolium.

St. John’s Wood, Lough Ree, Co. Roscommon
Grid reference: M 997 564
Altitude: 40 m
Parent Material: Carboniferous limestone
Rainfall: 1000 mm

Description
St. John’s Wood covers an area of 150 ha and lies on the western shore of Lough Ree. The wood
has well-marked boundaries and pollarded oaks which are obvious remnants of a managed past.
There were also dense stands of coppiced hazel present. There is a notable decline in oak pollen
since approximately 2800 BP and this can be partially explained by woodland management through
coppicing (Budd & von Engelbrechten 1999). It is considered ancient woodland and has species
that are considered ancient woodland indicators, such as Neottia nidus-avis and Lathraea
squamaria (Kelly & Fuller 1988).

Tullynally Estate, Castlepollard, Co. Westmeath
Grid reference: N 440 700
Altitude: 70 m
Parent Material: Limestone
Rainfall: ~ 950 mm

Description
This site was chosen because it holds what are classed as elite trees (Lefort et al. 1998; Pakenham
1996).

These trees are known to have been planted around 1745 (Pakenham 1996) and are

renowned for their straightness and height. The estate is highly managed and many of the trees
were planted. The elite trees and also some of the trees growing along the track leading into the
estate were sampled.

Chapter 3

An Investigation of the Geographic Genetic Structure of Oak in Ireland Using
Chloroplast DNA Analysis

3.1 Introduction

3.1.1 Organelle Genomes
While the sporophyte of most higher-plants is relatively immobile (excluding the seed), this is not
true for the male gametophyte, pollen. Pollen dispersal distance is dependent on the medium of
dispersal - insect, animal or wind - and the pollen in wind pollinated plants such as grass and tree
species can travel great distances (Richards 1997).

When studying the dispersal and distribution o f plants and animals by DNA analysis it is of
advantage to have a marker that is not subject to the stochastic event of recombination and thus
allows more simplistic physical modelling through space and time.

It is comparably more

simplistic to study dispersal of asexual or clonal organisms. Organelles such as chloroplasts and
mitochondria are essentially asexual systems (Birky 1988); they are considered to have derived
from eubacteria being incorporated into other cells to form eukaryotic cells (Margulis 1970; Palmer
2000) - cyanobacteria in the case o f chloroplasts and purple nonsulphur (PNS) bacteria in the case
of mitochondria (Gray 1991). Organelles are mainly uniparentally inherited (Gillham 1991) and
their genomes are much smaller than the nuclear genome (Birky 1988). Thus, chloroplasts and
mitochondria offer a more simplistic genetic system through which to study aspects of higher
organisms such as distribution, dispersal, population structure and kinship. Mitochondria have
been used extensively for animal phylogeography (Avise 1998), the most famous case being that of
the “Mitochondrial Eve” or “African Eve” hypothesis where mitochondrial DNA (mtDNA) was
used to infer a recent (150,000 to 250,000 years ago) African ancestor common to all modem
humans (Dawkins 1995). Mitochondria are maternally inherited in most plants and animals and
thus can be used to trace mafrilineal histories. The utility o f mtDNA in animal studies is enhanced
due to its rapid rate of evolution (Brown et al. 1979), which allows for the potential o f informative
mutations for phylogeographic or phylogenetic study. Mammal mtDNA evolves 5 times faster
than nuclear DNA (nDNA) (Wolfe et al. 1987).

Plant mtDNA evolves more slowly than animal mtDNA in terms o f nucleotide substitution rate
alth o u g h it can u n d e rg o frequent sequence rearrangement and recombination (Palmer et al. 2000;
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Palmer & Herbon 1987). The rate of silent substitutions for plant mtDNA is less than one-third
that in chloroplast DNA (cpDNA), which in turn is in general only half as fast as plant nuclear
DNA (nDNA) (Wolfe et al. 1987). Chloroplast genomes are relatively conservative in size, gene
content and gene order; in fact, the chloroplast genome of land plants is the most evolutionarily
conservative genome known in eukaryotes (Palmer 1991). Chloroplasts can be considered a single
non-recombining unit of inheritance since recombination is either very rare or non-existent (Palmer
1991). Thus, in plants the chloroplast genome is a very useful target for molecular studies as it
evolves sufficiently fast to be able to detect species and sometimes population differences while
being sufficiently conserved to allow meaningful comparison (Palmer 1991). Chloroplasts are
predominantly maternally inherited in higher plants, although some are patemally inherited in
gymnosperms (Vendramin et al. 1996) and others are biparentally inherited such as in the genus
Pelargonium (Gillham 1991). As such they provide the potential of specific markers for seed
dispersal and thus aid in the study of gene flow and biosystematics in plants (Harris & Ingram
1991; McCauley 1995).

3.1.2 Chloroplast DNA Analysis'

The use of chloroplast analysis in phylogenetic, phylogeographic and population studies is
extensive (McCauley 1995; Schaal et al. 1998; Taberlet et al. 1998). The main methods used are
DNA sequence analysis and Restriction Fragment Length Poljonorphism (RFLP) analysis (Palmer
et al. 1988).

The chloroplast rbcL sequence from the gene encoding RUBISCO - Ribulose

Bisphosphate Carboxylase Oxygenase - has been used along with other sequences to investigate
the overall classification of flowering plants (Angiosperm Phylogeny Group 1998; Chase et al.
1993). Many other sequences such as the transfer RNA ^r«L-F intron and intergenic spacer have
also been used in taxonomic studies (Small et al. 1998). RFLP on the entire chloroplast genome or
on a PCR product from the genome (PCR-RFLP) has been shown to be useful in many plant
studies, especially those attempting to retrace colonisation routes (Comes & Kadereit 1998).
Chloroplast genomes have been used in tracing postglacial histories of many species such as, Alnus
glutinosa, Plantago media, Saxifraga oppositifolia, Senecio menziesii and Quercus spp. (Comes &
Kadereit 1998).

Chloroplast restriction site analysis has also been used in conjunction with

sequence analysis of the internal transcribed spacer (ITS) and the 5.8S coding region of nuclear
ribosomal DNA for phylogenetic reconstruction in Quercus (Manos et al. 1999).

Relatively recently there has been considerable interest in the possibility of using Simple Sequence
Repeats (SSRs) in the chloroplast genome (Bryan et al. 1999; Lefort et al. 1999; Powell et al.

* The term chloroplast has been favoured here over plastid because in this study DNA was extracted from
leaves where the dominant plastids are chloroplasts.

34

1995; Weising & Gardner 1999). SSRs in the nuclear genome are used extensively in population
(Jame & Lagoda 1996), kinship (Queller et al. 1993) and also some phylogenetic (Muir et al. 2000)
studies. A more thorough discussion of nuclear SSRs and their utility will be given in Chapter 5.
Chloroplast SSRs have been used to study population structure and genetic diversity in conifers,
such as red pine (Echt et al. 1998) and have also been used in angiosperms, such as in the
Solanaceae family (Bryan et al. 1999). Some primers have been developed which show potential
for universal amplification of angiosperm chloroplast SSRs (Weising & Gardner 1999) although
the utility of these has yet to be tested fully. One other study has used chloroplast SSR loci in
Quercus (Bruschi et al. 2000). One set of the primers developed by Weising et al. (1999) was used
in the present study and the results are presented in Chapter 5 along with the other SSR analyses.

3.1.3 Chloroplast DNA Analysis in Oak

Both chloroplasts and mitochondria have been shown to be maternally inherited in oaks (Dumolin
et al. 1995) and their genetic lineages were shown to coincide (Dumolin-Lapegue et al. 1999a;
Dumolin-Lapegue et al. 1998). The chloroplast genome has been used in a number of studies on
oak to investigate population genetic structure and more specifically postglacial migration routes.
In earlier studies, digestion of the entire chloroplast genome with specific restriction enzymes was
used to reveal the genetic structure and gene flow between oak species and populations (Burg et al.
1993; Kremer & Petit 1993; Petit et al. 1993; Whittemore & Schaal 1991). Two independent
studies on oak populations, one in northern America (Whittemore & Schaal 1991) and the other in
Europe (Kremer et al. 1991) showed similar results in the genetic structure of the chloroplast types
or haplotypes found. The main findings ii-om both of these studies were that the chloroplast
haplotypes showed a clumped geographical pattern and that they were not species specific. The
apportionment of diversity was unequal, between-population differences being much greater than
within-population differences. This is congruent with the fact that oak seed is heavy and dispersal
is limited, except through animal mediates such as squirrels and jays (Carter Johnson & Webb
1989). In comparative studies of gene flow mediated through seed and pollen, the gene flow
through seed was consistently less than that through pollen (Ennos 1994; Oubourg et al. 1999) and
dramatically so in oak with a ratio of 1:196 (Ennos 1994; Kremer et al. 1991). The cpDNA study
in Europe (Petit et al. 1993) revealed a highly significant geographic pattern of haplotypes and this
was further developed on by later work.
The technique of RFLP on PCR fragments rather than on the whole chloroplast genome was used
along with DNA sequencing to reveal a genetic partitioning in oaks across Europe (Ferris et al.
1993).

Ferris et al. (1993) recognised two distinct chloroplast types that were distributed

geographically as eastern and western forms and thus showed a divide across Europe, which they
suggested to be a result of postglacial migration of oak from at least two separate glacial refugia.
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Using a similar PCR-RFLP technique the postglacial history of oak recolonisation was investigated
(Petit et al. 1997). A number of different loci were amplified from the chloroplast genome and
then digested with specific restriction enzymes to identify restriction fragment size differences.
These RFLP profiles were then used to classify a number of haplotypes (this technique is described
further in section 3.2 below). These haplotypes were used to investigate distribution patterns,
genetic structure and to infer postglacial recolonisation routes of oak across Europe (DumolinLapegue et al. 1997a; Petit et al. 1997). Dumolin-Lapegue et al. (1997a) recognised 23 haplotypes
within European oak species and showed that these haplotypes corresponded to different
geographical lineages. The different lineages of oak corresponded to recognised southern glacial
refugia (Figure 3.1).

A similar technique combined with sequencing was used to study oak

migration routes in Britain and Finland (Ferris et al. 1998; Ferris et al. 1995). These studies
revealed the utility of cpDNA in identifying geographical patterns of dispersal of oak and also its
utility in identifying potentially planted material. Ferris et al. (1998) also identified three principal
haplotypes across Europe, which again corresponded to the proposed southern glacial refugia.

These studies of haplotype distribution have confirmed previous findings reporting the existence of
southern refugia during the last ice age (Bennett et al. 1991).

These southern refugia are

considered to have maintained much of the present day northern European flora and fauna during
the last glaciation (Bennett et al. 1991; Taberlet et al. 1998) and it is from them that the present day
oak has migrated. The refugia for northern European tree species are recognised to have been in
the Iberian Peninsula, Italy and the Balkans (Bennett et al. 1991). The haplotypes identified in
European oak have been allocated to lineages emerging from these refugia and the subsequent
routes of migration have been deduced from their present distribution patterns (Dumolin-Lapegue
et al. 1997a) (Figure 3.1).

The results of these studies have been combined under the EU

FAIROAK project to provide a synthetic map of oak recolonisation routes across Europe (Petit et
al. 2001). A number of other detailed studies on oak cpDNA have been completed in Europe
adding to the detail of the pattern originally identified (Cottrell et al. 2001; J0hnk & Siegismund
1997). Johnk et al. (1997) showed two haplotypes were present in Denmark, which they referred
to as western and eastern haplotypes. In Britain three predominant haplotypes were found and
three other subsidiary haplotypes found much less frequently (Cottrell et al. 2001). Recently,
amplification of one of the chloroplast regions was undertaken on DNA exfracted from wood of
ancient oak samples and was successful in amplification of the DT region in a sample 600 years old
(Dumolin-Lapegue et al. 1999b).
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Figure 3.1.

A map of western Europe showing possible postglacial colonisation routes of

haplotypes inferred from their distribution throughout Europe (Dumolin-Lapegue et al. 1997a).
The lines represent the different lineages and the numbers refer to the haplotypes that correspond to
those lineages.

The most dominant lineage in the far west is the solid line, which contains

haplotype 10, 11 and 12.

Until now, there has been no comprehensive wide-ranging geographical study of oak genetics or
cpDNA in Ireland. In the European wide study by Dumolin-Lapegue et al. (1997a) they only
included four sampling sites from Ireland. One study in Ireland focused on variation of oaks
selected for provenance trials (Martin et al. 2000) and it presented preliminary indications of the
haplotype structure. The study was followed by a more thorough investigation involving putative
native populations and the pattern o f the genetic structure obtained was used to deduce postglacial
migration routes into Ireland, the results of which are presented herein (Kelleher et al. submitted).
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3.1.4 Aims

This chapter aims to provide the methods used in the cpDNA analysis and the results. It will also
discuss these results in the light of oak genetic structure and distribution within Ireland and in
relation to Britain and Europe. The results will be used to discuss the postglacial migration of oak
into Ireland.

3.2 Methods

A PCR-RFLP (PCR-Restriction Fragment Length Polymorphism) technique was used in the
chloroplast analysis (Dumolin-Lapegue et al. 1997a; Petit et al. 1997). Two regions around
transfer RNA (tRNA) gene sequences were amplified and then subjected to a digestion using
specific restriction en2ymes (Figiire 3.2).
TF Region

DT Region

Tobacco
plastid genome
156 kb

oo

o

Figure 3.2. A diagram of the chloroplast genome of tobacco illustrating the location of the regions
utilised for the PCR-RFLP protocol (Lea & Leegood 1993).

A more detailed diagram of the TF region is presented in Figure 3.3. The region amplified covers
both coding and non-coding regions.
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Figure 3.3. Diagram showing the TF region of the chloroplast DNA amplified for PCR-RFLP (after
Taberlet 1991). Coding regions are in blocks, non-coding regions are represented by the line.

To determine the haplotype, first the DT region, which is approximately 1213 base pairs (bp) long
(Demesure et al. 1995; Dumolin-Lapegue et al. 1997b) was amplified using: forward primer =
triiD (tRNA-Asp (GUC)) and reverse primer = trriT (tRNA-Thr (GGU)) (Demesure et al. 1995).
This PCR product was subjected to restriction digestion by the Taql enzyme and the subsequent
restriction profiles were used to identify haplotype 7, haplotypes 10 or 11 (these are appear
identical) and haplotype 12 (haplotype assignment was according to Petit et al. 2001) (Figure 3.4).
The restriction profiles obtained from the DT-7a^I digest were also sufficient to identify other
haplotypes if present.

Second, to distinguish between haplotypes 10 and 11 the TF region

(approximately 1754 bp) was amplified using forward primer = tm T (tRNA-Thr (UGU)) and
reverse primer = trnV (tRNA-Phe (GAA)) (Dumolin-Lapegue et al. 1997b; Taberlet et al. 1991).
The TF PCR product was then subjected to restriction digestion using the H in fl enzyme and the
resulting restriction profiles were observed after electrophoresis (Figure 3.5).

3.2.1 DNA Extraction
The DNA extraction and clean up procedure was common to all genetic analysis techniques.

DNA was extracted from leaves that had been dried in silica gel and in one case (the
Ballymascanlan samples) from leaf buds. Initially, the QIAGEN® DNeasy™ Plant Mini Kit
(Catalogue number 69106) was used but the resulting DNA was found to be inadequate for
Amplified Fragment Length Polymorphism (AFLP) reactions as a minimum of 45 ng|il ' was
necessary and sometimes the concentrations using the kits were not high enough. As a result of
these failed reactions a modified hot CTAB (Cationic Hexadecyl Trimethyl Ammonium Bromide)
extraction was used thereafter (Doyle & Doyle 1987). The protocol for the hot CTAB extraction
was as follows.
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3.2.1.1 Hot CTAB Extraction Protocol

1. 10 ml of 2 X CTAB extraction buffer was preheated in a 30 ml centrifuge tube to 65 C in a
water bath. Pestles and mortars were also preheated to 65 C. Prior to grinding 40 ^1 of 2mercaptoethanol was added to the buffer.
2. Between 0.2-0.3 g o f silica dried leaf material was weighed in a weighing boat.
3. The leaf material was then ground in the extraction buffer and sterile sand with a pestle and
mortar.
4. The slurry was poured back into the 30 ml tube and incubated at 65 C for at least 10 min with
occasional mixing.
5. 10 ml of 24:1 chloroform isoamyl alcohol was added to the hot slurry and mixed.
6. After releasing gas build up, the tubes were placed on a horizontal shaker for approximately 30
minutes.
7. The tubes were then centrifuged at 4,000 rpm for 10 min in a MSE Harrier 15/80 centrifuge.
8. After centrifugation the upper (aqueous) layer was removed and put into a fi'esh polypropylene
tube.
9. An equal volume o f ice-cold isopropanol was added and the samples were stored overnight at 20C.
10. The samples were centrifuged at 2,000 rpm for 10 min to precipitate the DNA.
11. The supernatant was poured off and 3 ml o f 70 % ethanol was added to clean the DNA
precipitate.
12. The samples were centrifuged at 2,000 rpm for 5 min to pellet the DNA.
13. The supernatant was removed and the samples were air dried for up to an hour in a fume
cupboard.
14. The samples were then dissolved in 0.5 ml of 1 x TE (Tris (10 mM) HCl and Ethylenediaminetetra-acetic acid disodium salt (1 mM) at pH 8) and stored at -7 0 C until they were used.

3.2.2 DNA Clean Up and Quantification
It was necessary to clean samples for PCR reactions. DNA samples were cleaned using the Gibco
BRL® Concert™ Rapid PCR Purification System.

The manufacturer provided the following

information on the solutions used in the kit. Binding solution (HI) contains concentrated guanidine
hydrochloride, EDTA (Ethylenediaminetetra-acetic acid), Tris-HCl and isopropanol. Wash Buffer
(H2) contained NaCl, EDTA and Tris-HCl. TE buffer (TE) contained lOmM Tris-HCl (pH 8.0)
and 0.1 mM EDTA. The protocol was as follows.

1■An aliquot o f TE Buffer was preheated to 67 °C.
2. A total of 100|a1 crude DNA extract was mixed with 400 ^1 of Binding solution (HI).
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3. A spin cartridge was labelled and put into a 2ml wash tube. The DNA and Binding solution
mixture was then added to the cartridge and centrifuged at 13,000 rpm for 1 min in an lEC
Micromax mini-centrifuge. The flow-through was discarded.
4. The spin cartridge was placed back in the wash tube and 700 ^il of Wash Buffer was added. The
tube was centrifuged at 13,000 rpm for 1 min. The flow-through was discarded and the tube was
spun for a further 1 min at 13,000 rpm to dry the membrane of the spin cartridge.
5. The spin cartridge was placed in a 1.5ml eppendorf tube, 40 ^1 o f the warm TE was added
directly to the centre o f the cartridge and left for 2 min at room temperature. The tube was then
centrifuged at 13,000 rpm for 2 min to elute the DNA. Where samples needed to be concentrated,
they were eluted with less TE.
6. The tube was labelled and kept in at -70 °C until used.
7. To quantify the DNA concentration a 5 ^,1 aliquot was mixed with loading dye (40% sucrose and
0.25% bromophenol blue) and ran on an agarose gel along with standards o f known concentrations.
The concentration was estimated by the intensity after staining with ethidium bromide and viewing
over an ultraviolet light box using a digital camera and Kodak ID 2.0.2 image analysis software.

3.2.3 Polymerase Chain Reaction (PCR)
Between 10 and 20 ng o f DNA were used in a 50 |j,l reaction. The protocol varied slightly for each
set of primers. PCRs were run on a MJ Research PTC-200 thermal cycler.

The reaction mixture for a 50 |xl reaction was as follows:

Volumes

Amounts

Sterile ultrapure water

39.75 fil

-

10 X Promega Buffer*

5.0 jil

1X

Magnesium chloride

3.0 fil (stock at 25mM)

1.5 mM

dNTPs

0.5 |o,l (stock at lOmM)

0.1 mM

Forward primer (D or T)

0.25 |a1(stock at ~15.5mM)

0.08 mM

Reverse primer (T or F)

0.25 |il (stock at ~15.5mM)

0.08 mM

Tag DNA Polymerase

0.25 ^1

0.5 Units

DNA

1.0 jil

10-20 ng

* 10 X Promega Buffer has a composition of 50mM KCl, lOmM Tris-HCl (pH 9.0 at 25 °C) and
0.1% Triton® X-100.
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PCR conditions used for amplification o f the trriD - tm T region of the chloroplast DNA.

Denaturing

Annealing

Extension

Number of Cycles

94 °C for 4 min

_

_

1

94 °C for 45 sec

57 °C for 45 sec

72 °C for 2 min

30

-

-

72 °C for 10 min

1

PCR conditions used for amplification o f the trnT - tmV region o f the chloroplast DNA .

Denaturing

Annealing

f'.xtension

Number of Cycles

94 °C for 4 min

_

_

1

94 °C for 45 sec

60 °C for 45 sec

72 °C for 2 min

40

72 °C for 10 min

1

-

3.2.4 Restriction Digestion Reactions
A total o f 5 |il o f PCR product were used in the restriction digestion reactions. Restriction enzymes
and buffer were fi’om Gibco BRL®. The mixture for a 30 )il reaction was as follows:

Amounts
Buffer lOx React 2

X

Enzyme: Taql or H in fl

10 Units Taql OR 2 Units H in fl

Sterile ultrapure water

made up to final volume o f 30 fil

PCR Product

5 |i.l

1

I

The DT region was subjected to restriction digestion for 2 hr at 65 °C with the enzyme Taql.
Tag I cuts at the following site:

5’-TCG A-3’
3’-A GCT-5’
The TF region was subjected to restriction digestion for 5 hr at 37 °C with the enzyme H in fl.
H in fl cuts at the following site:

5’-GANT C-3’
3’-C TNAG-5’

3.2.5 Gel Electrophoresis
The restriction digestion reactions were stopped by adding loading dye (0.25% bromophenol blue,
40% sucrose) and cooling to 4 °C. The entire reaction was loaded on an 8 % non-denaturing
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polyacrylamide gel on a Gibco BRL® vertical gel rig Model V I5.17. The polyacrylamide solution
used was National Diagnostics AccuGel™ 29:1.

The DT reactions were run at 200 V for

approximately 4.5 hr (Figure 3.4). The TF reactions were run at 200 V for approximately 2 hr
(Figure 3.5). The gels v^^ere run vk^ith standards and sized using a Gibco BRL® Ikb ladder, stained
with ethidium bromide and viewed over a UV light box using a digital camera and Kodak ID 2.0.2
image analysis software. The scoring and nomenclature of haplotypes was according to Petit et. al.
(2001). A sample o f a gel is presented in Figure 3.6.

3.2.6 Data Analysis and Mapping
The results were compiled in Microsoft® Excel 2000 and the haplotype proportions in each
population were calculated.

3.2.6.1 Diversity Measurement and Population Structure
The computer program HaploDiv (Petit 1995) was used for calculation of the diversity within
populations, hs, total diversity, hr, and the apportionment of diversity among the populations, Gst
(Pons & Petit 1995). The equations used by HaploDiv are given below.

Diversity measurements were based on the equitability of the relative proportions of haplotypes in
the populations. The intra-population calculations were based on the estimate

where

n* = number of individuals in population k
Xki = proportion of i alleles in the population k

and the total diversity measurements were obtained from

where xj = average proportion of i alleles
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The Gst then uses the values o f diversity within populations and total diversity to estimate what
level o f population differentiation exists.

GsT=\-h-

/v

The Gst gives an estimate o f the partitioning of diversity. A large Gst value suggests a large degree
of differentiation between populations and that the population structure is dominated by inter
population differences rather than intra-population differences.

Similarly a small Gst value

indicates a large intra-population diversity component compared to total diversity.

3.2.6.2 Standard Diversity Measurement
In order to directly compare the results across all o f the molecular techniques a standard diversity
index was also employed, the Simpson diversity index (Simpson 1949). This index was calculated
as follows

where

the proportion o f each unit i (haplotype, fragment, allele)

This diversity index can be used at the different hierarchical levels, from the level of individual to
sub-population, to all populations, and the components of the diversity of each hierarchical level
can be calculated. As with the calculations above, the total diversity is composed of the overall
diversity and the sub-population diversity. The partitioning of the diversity can be calculated to
indicate the proportion of diversity accounted for by the subpopulation diversity as

DiVr - D iv .
D iv s T =■

^

DiVj.
where Divr = the total diversity
Divs = average diversity of the subpopulations

Thus, the higher the value the greater the proportion of the diversity between populations rather
than within populations.
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This calculation is analogous to Wright’s F statistics, which are used in the assessment of
population structure from levels of heterozygosity (Hartl & Clark 1997). It can be calculated at the
different hierarchical levels o f the population(s) being investigated.

Morphological species designation was based on the results of a Neighbor Joining (NJ) analysis of
a distance matrix o f the morphological variables. These analyses are described and discussed in
Chapter 6 on the morphological analyses. ArcView GIS version 3.1 was used to map the haplotype
proportions.
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Figure 3.4. A diagram illustrating the restriction fragment electrophoresis profiles obtained on
digestion of the DT region with Taq\ (from Petit et al. 2001). Haplotype 7 is clearly distinguished
from all others. Haplotypes 10 and 11 can be distinguished from haplotype 12 by the difference in
size o f the third largest fragment, indicated by the arrow. Haplotypes 10 and 11 appear identical
using this locus and are described further using the TF locus.

1 kb Ladder
TFG el

Haplotype
7,10 or 12

Haplotype
11

396 bp
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298 bp

220 bp
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154 bp
134 bp

Figure 3.5. A diagram illustrating the restriction fragment electrophoresis profiles obtained on
digestion of the TF region with Hinf[ (from Petit et al. 2001). From the profiles o f these restriction
digests haplotypes 7, 10 and 12 can be distinguished from haplotype 11 by the difference in size of
the eighth largest fragment, indicated by the arrow.

3.3 Results
A total of 150 individuals were analysed from 26 sites across Ireland. A photograph of the
polyacylamide gel for a DT-digestion is presented in Figure 3.6. The differentiating fragment in
the DT-digestion was very small (approximately 5 base pairs), so where the scoring was unclear
samples were re-run to confirm the profiles. The third largest band shows the variation, all others
are identical in size.
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7

8

9

10

11

Figure 3.6. A gel photograph of the DT restriction digest. The arrow on the left mdicates the band
used for identification of the different haplotypes. This band distinguishes haplotypes 10 and 11
from haplotype 12. The sample in lane 2 after the ladder is Q. cerris. The samples in lanes 6 and
11 are haplotype 10 or 11 and all other samples are haplotype 12. The ladder is the Gibco BRL® 1
kb ladder.
Three haplotypes (7, 10 and 12) were detected although two haplotypes (10 and 12) predominated
(Figures 3.4, 3.5 and 3.6). Haplotype 7 was found in one individual in the Glencar population
(Figure 3.7).

I

A total o f 34 individuals contained haplotype 10 and 115 individuals contained
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haplotype 12. Haplotype 10 was found mainly in the south and the centre of the country, whereas
haplotype 12 was found mainly in peripheral and northern regions (Figure 3.7). The populations
containing both haplotypes together were found mainly in central regions.

The two haplotypes did not correspond to the two oak species although the proportions varied
significantly between the two (x^ = 62.28, df = 3,

< 0.0001). Both haplotypes occurred at a

greater frequency in Q. petraea than in Q. robur but the distribution o f haplotype 10 across the
species was more equal than that of haplotype 12 (Table 3.1 and Figure 3.8). Haplotype 12
predominated in Q. petraea with considerably fewer instances in Q. robur (Table 3.1).

Table 3.1. The distribution o f haplotypes across the different morphological types. Proportions
presented are o f overall haplotype numbers.

Haplotype

Numbers in
Q. petraea

Q. robur

Others

10

21

13

0

12

93

13

9

Haplotype

Proportions in
Q. petraea

Q. robur

Others

10 (n = 34)

0.62

0.38

0

12 (« = 115)

0.81

0.11

0.01

The distribution o f haplotj^jes within the species was asymmetric for Q. petraea but symmetric in
Q. robur (Table 3.2). In Q. petraea haplotype 12 occurred more frequently (x^ = 188.23, df = \ , p
< 0.0001) than haplotype 10, whereas both haplotype 10 and 12 occurred equally in Q. robur
(Table 3.2). A plot of the data from the first two axes of the principal coordinate analysis, with an
overlay o f the haplotypes in each individual reveals this also (Figure 3.8). The first axis accounted
for 46 % of the variation and the second for 16 %. The technique of Principal Coordinate Analysis
(PCoA) is dealt with in Chapter 4, section 4.2.2.1.
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O

Haplotype

10

O

Haplotype

12

Figure 3.7. A map of Ireland illustrating the proportions of the different haplotypes found in each
population. The size of the pie chart represents the sample number, the smallest (equal to the
symbol in the legend) representing one individual and the largest representing 12 individuals.

Q. robur

Q. petraea

•c
First Axis

□□

Second Axis

Figure 3.8. A plot of the data obtained from the Principal Coordinate Analysis of morphological
data with an overlay of the haplotypes of the individuals (see Chapter 6 for details on
morphological analysis). The ellipse mainly contains Q. petraea type individuals whereas the
circle mainly contains Q. robur type individuals. The Q. petraea samples contain more haplotype
12 than 10, whereas the distribution o f haplotypes in the Q. robur samples is comparably more
equal. The first principal axis accounted for 46 % o f the variation and the second for 16 %.

The levels o f intra-population diversity (h^) and total diversity (hj) were low for all populations
analysed together and for the Q. petraea-domimXed and Q. roZ^wr-dominated populations analysed
separately (Tables 3.3 and 3.4). The levels of intra-population diversity {hs) were extremely low
(Table 3.3 and 3.5) and thus most of the diversity was accounted for by inter-population
differences. Most populations were fixed for one or other haplotype as was indicated by the high
Gsr value {G$t = 0.73) (Table 3.3). Twenty populations were fixed for one haplotype (seventeen Q.
petraea dominated and three Q. robur dominated) and five populations were mixed for the two
haplotypes (Table 3.6, Figure 3.7). Q. petraea shows a lower diversity than Q. robur (Table 3.3)
and has a greater proportion of populations which are fixed for one haplotype (Table 3.6).
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Table 3.2. The proportions o f haplotypes within the different morphological groups. Proportions
presented are o f occurrences within each morphological group.
Morphological group

Proportions of
Haplotype 10

Haplotype 12

Q. petraea

0.18

0.82

Q. robur

0.5

0.5

Others

0
'

Table 3.3.

The intra-population diversity (hs), total diversity (hr) and the apportionment of

diversity among the populations {Gst) for all populations, in Q. petraea and in Q. robur (standard
errors are provided in brackets). Values calculated using data from haplotypes 10 and 12.
hs

Ht

Gst

Both species {n = 149)

0.101 (0.042)

0.374 (0.079)

0.730(0.115)

Q. petraea (n = 114)

0.077 (0.042)

0.274 (0.098)

0.716(0.159)

Q. robur {n = 26)

0.194(0.131)

0.577 (0.055)

0.664 (0.258)

Table 3.4.

The intra-population diversity Qis,), total diversity {hj) and the apportionment of

diversity among the populations

{G

st ) ,

for all populations (standard errors are provided in

brackets). Values calculated using data from hapIot)TJes 7, 10 and 12.

All populations {n = 150)

hs

Ht

Gst

0.11 (0.043)

0.376(0.081)

0.705 (0.110)

Table 3.5. The Simpson diversity index values for intra-population diversity {Divi), total diversity
{DI vt )

and the apportionment o f diversity among the populations {Divsi) for all populations, in Q.

petraea and in Q. robur. Values calculated using data from haplotypes 10 and 12.
Divs

DivT

D ivst

Both species (« = 149)

0.074

0.38

0.81

Q. petraea (« = 114)

0.056

0.37

0.85

Q. robur {n = 26)

0.144

0.48

0.71
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Table 3.6. The numbers and proportions of populations fixed for one haplotype and mixed for both
haplotypes 10 and 12.
Populations

All

Number

Proportions

Fixed

Mixed

Fixed

Mixed

20

5

0.80

0.20

3

0.85

0.15

2

0.6

0.4

16 haplotype 12
4 haplotype 10
Q. petraea dominated

17
15 haplotype 12
2 haplotype 10

Q. robur dominated

3
1 haplotype 12
2 haplotype 10

Overall the diversity of the populations was very low and the distribution of the haplotypes showed
a clumped non-random geographic distribution. The implications of these results are discussed in
section 3.4 and also in the final discussion in Chapter 7.

51

3.4 Discussion

3.4.1 Diversity Measurements
The diversity m easurements obtained from the cpDNA results show a low level of diversity both
within and between populations (Table 3.3 and 3.5).

Overall diversity is a measure of the

combined diversity values between and within populations. The Gst statistic is a measure of the
relative apportionment o f both diversities. It estimates the proportion o f the total diversity that
resides within the populations. A large value for Gst indicates that within-population diversity
accounts for m uch less o f the total diversity than that between populations. This is the case with
the Irish populations {Gsr= 0.73) and this value is consistent with studies o f cpDNA o f oak in other
European countries (Table 3.7). A study across all o f Europe including m any different oak species
and a total o f 23 haplotypes also resulted in a high Gst o f 0.83 (Dumolin-Lapegue et al. 1997a).

Table 3.7. Values o f intra-population diversity {h^, total diversity {h-^ and the apportionment of
diversity among the populations {Gst) for oak populations in Ireland, Denmark, Britain and France.
hs

hf

Gst

Reference

Ireland

0.101

0.374

0.730

This study

Denmark

0.130

0.335

0.611

(J0hnk & Siegismund 1997)

Britain

0.162

0.629

0.742

(Cottrell et al. 2001)

France

0.125

0.729

0.828

(Dumolin-Lapegue

a/. 1999a)

These large Gst values are a result o f the nature o f dispersal o f acorns. As the chloroplast is
maternally inherited in oak (Dumolin et al. 1995) its dispersal corresponds to that o f the seed. Oak
seed is heavy and has limited dispersal ability except through the aid o f external media such as jays
and pigeons (Carter Johnson & Webb 1989). The pattern o f dispersal will be reflected in the
pattern o f haplotype distribution. The haplotype distribution is predominantly clumped with the
majority o f populations being fixed for one haplotype (Figure 3.7 and Table 3.5). The low levels of
total diversity in Ireland compared to Britain and France can be explained by the paucity of
haplotypes in Ireland. There are only two main haplotypes found in Ireland (10 and 12), whereas
Britain contains three dominant haplotypes (10, 11 and 12) and three other subsidiary haplotypes
(1, 7 and a new haplotype) (Cottrell et al. 2001) and France contains twelve haplotypes (1,1 bis, 7,
10, 10 bis, 11, 11 bis, 12, 21, 24, 25, 26) (Dumolin-Lapegue et al. 1999a). The values from
Denmark are m ore comparable to the Irish values as they have similar total diversities (the Danish
populations contained just two haplotypes, although the methods and thus nom enclature differs for
the Danish study) (Johnk & Siegismund 1997). However, the Danish populations contained more
mixed haplotype populations than in Ireland and as a result the intra-population diversity was
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greater. The low level of diversity in Ireland is consistent with an overall depauperate flora in
Ireland in comparison to mainland Europe and Britain (Webb 1982). There is a trend of decreasing
diversity across western Europe from France to Britain to Ireland (Table 3.7). This supports the
general hypothesis of diversity reducing with distance from the centre of origin or in this case from
postglacial refiigia (Birks 1989; Hewitt 1996; Hewitt 1999), since the oak in northern Europe
originated from refugia in southern Europe during the last glaciation (Bennett et al. 1991; Birks
1989). The areas of these refiigia have a greater diversity and this is considered to be because the
longer continuity of populations has allowed diversity to be maintained. This contrasts to the
periodic range expansion and contraction into northern Europe during warming and cooling of the
climate. This discontinuous migration resulted in populations being affected by “bottlenecks” and
so loss of diversity and increased levels of fixation and homozygosity (Hewitt 1996).

3.4.2 Species Diversity
A comparison of the diversity levels in the different species shows that Q. petraea populations have
lower inter- and intra-population diversities than Q. robur (Table 3.8). This is evident from the
Irish values, the British and the French values, although it is much more pronounced in the Irish
values. In comparison to the British and French values the total diversity for Irish Q. petraea
populations is much less than the Irish Q. robur populations.

Table 3.8. Values of intra-population diversity {h^, total diversity (hj) and the apportionment of
diversity among the populations (Gsr) for Q. petraea and Q. robur populations in Ireland and
Britain (Cottrell et al. 2001) and France (Dumolin-Lapegue et al. 1999a)
Q. robur

Q. petraea
hs

hf

Gst

hs

Ht

Gst

Ireland

0.077

0.274

0.716

0.194

0.577

0.664

Britain

0.088

0.569

0.844

0.224

0.660

0.661

France

0.110

0.643

0.829

0.153

0.699

0.782

The low levels of total diversity can be explained by the reduced numbers of haplotypes and the
limited dispersal of seed, however, the difference in diversities between Q. petraea and Q. robur is
more complicated. The difference is greatest in the Irish populations, is also marked in the British
populations but is less so in the French. This is possibly due to the recolonisation history of both
species (section 3.4.1). The recolonisation would have been affected by long distance dispersal and
thus a few individuals would have founded a population resulting in a bottleneck and the loss of
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alleles (Hewitt 1996). Some o f the diversity of the Q. robur populations can be accounted for by
planting, as some mixed populations are known to have been planted. Also, the lower number of
Q. robur populations

(Table 3.6) creates a bias.

However, the situation is confounded by a

multitude of possibilities and an explanation remains elusive.

3.4.3 Haplotype distribution across the species
Although none o f the haplotypes are species specific, the proportions in the individual species in
Ireland (Table 3.2) show Q. petraea having more haplotype 12 than 10 and Q. robur containing
almost equal amounts o f both haplotypes. In Britain the situation is similar for haplotype 12 as
approximately 43 % o f all haplotype 12 individuals were Q. petraea and 36 % were Q. robur (the
remainder being o f intermediate or unknown morphology) (Cottrell et al. 2001). However, in
Britain the relative proportions of haplotype 10 individuals was 30 % Q. petraea and 47 % Q.
robur (Cottrell et al. 2001). The fact that both species contain both haplotypes is an interesting
phenomenon in that it suggests that at least two migration events (or one multiple event) into
Ireland were necessary to form the present day haplotype complement. The time frame since
arriving in Ireland would allow for chloroplast capture but mutation of the haplotypes since their
arrival is highly unlikely.

3.4.4 Geographic distribution
The distribution map o f the haplotypes shows that haplotype 10 predominates in the south and
central regions o f the countiy while haplotype 12 predominates in more northern and peripheral
regions (Figure 3.7). There is also a north-south pattern in the central regions as the number of
populations containing haplotype 10 give way to those o f haplotype 12 further north. The majority
of the fixed populations are also in the peripheral regions and the mixed populations are mainly
found in the central regions. The distribution does suggest a geographically clumped pattern
consistent with a gradual recolonisation as opposed to a scattered pattern with mixed haplotypes
which would be expected in populations being planted from external stock. While exact histories
of the sites sampled are at best scanty (Chapter 2), there are records of plantations in the central
parts o f Ireland (McCracken 1971), where the populations of Abbeyleix and Charleville are located
(Figure 2.1). The mixed haplotype populations of the Abbeyleix (Co. Laois) and Tullynally (Co.
Westmeath) sites can possibly be due to planting from external stock (see section 2.2).
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3.4.5 Postglacial history

3.4.5.1 Postglacial migration o f oak in Europe
The last glacial maximum was c. 18000 years before present (BP). Most of northern Europe was
covered in ice and once the climate warmed there was a northward expansion of biota into ice-free
areas. This progressed but was halted and reversed during the Younger Dryas which was a cold
period that lasted for about 1000 years from approximately 10500 years BP, after which the climate
stabilised roughly to present day conditions (Hewitt 1996). The present distribution of vegetation
zones is broadly similar to the distribution approximately 6000 years BP (Bennett 1989; Hewitt
1996). It has been established that southern refugia maintained much o f the present day northern
European flora and fauna during the last glaciation (Bennett et at. 1991; Taberlet et al. 1998). It is
from these refugia that the northern European biota have migrated; there are considered to have
been three main refugia in the Iberian Peninsula, Italy and the Balkans that maintained stocks of the
present day northern European tree species (Bennett et al. 1991). The haplotypes identified in the
oak cpDNA analyses across Europe have been allocated to three main lineages that emerged from
these refugia and subsequent routes of migration have been suggested (Dumolin-Lapegue et al.
1997a) (Figure 3.1).

The haplotypes found in Ireland (10 and 12) are only those linked to the Iberian Peninsula refugium
(Figure 3.1). There are none from other refugia frirther east such as are found in Britain (Britain
contains two haplotj^jes from the Italian refugium). Considering the distribution of the haplotypes
in Ireland (Figure 3.7) a general north-south gradient is evident with the possibility of two or more
separate invasions o f oak corresponding to the two different haplotypes. The restricted number of
haplotypes, from the southern Iberian refugia only, and their distribution within Ireland suggest that
the entry route o f oak into Ireland was from the south rather than from the east as has been
previously suggested (Figure 3.9). From pollen studies Quercus is shown to have been present in
Ireland from approximately 9400 years BP and to have migrated from south to north (Birks 1989;
Mitchell in press).

This haplotype disfribution shown in Figure 3.7 is in agreement with this

pattern o f migration. Therefore, in contrast to the east-west migration routes into Ireland suggested
by Dumolin-Lapegue et al (1997), this study, with its greater level of resolution and comparison to
pollen data, supports the view of a different route of colonisation, namely from the south
northwards (Figure 3.9). An east-west invasion of oak into Ireland from Britain is not ruled out by
the cpDNA data but is not consistent with the pollen record (Mitchell in press) or the putative
initial development of land bridges to the south of Ireland (Wingfield 1995).
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Figure 3.9. A map o f western Europe indicating the proposed route o f oak migration into Ireland.
The proposed route is indicated by the solid line and that previously suggested (Dumolin-Lapegue
ef al. 1997a) by the broken line.

3.4.S.2 Dynamics o f oak migration into Ireland
To elucidate the dynamics of this colonisation we need to consider the general biogeography of
Ireland. There has been much debate about certain plant distributions in Ireland, especially in the
west and south-west. There are some curious anomalies with disjunct species distributions, some
being found in Ireland and not in Britain (Praeger 1939; Webb 1982). For example, Pinguicula
grandiflora and Saxifraga hirsuta are both found in the southwest o f Ireland with the nearest
station outside Ireland being in north Spain, a minimum disjunction of 950 km (Webb 1982).
While arguments have been made for refugia in or close to Ireland for some plants this is
considered improbable (Coxon & Waldren 1995) and is certainly not possible for oak due to the
low temperature that prevailed. Suggestions of land-bridges have also been put forward to explain
colonisation o f Ireland, but their accuracy was hampered by the lack o f reliable sea-level data
(Devoy 1985) and were thus suggested as ‘possibility rather than probability’ (Devoy 1995).
However, recent modelling of sea-level changes as the ice retreated at the end o f the last glaciation
has suggested the existence of a series of temporary and mobile land-bridges from the south east of
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Ireland to Britain across the Celtic Sea (Wingfield 1995). These land-bridges are proposed on the
basis o f two points; first that the sea-levels would have been lower due to water being locked up in
ice sheets and thus more land would have been exposed than at present; second, that the movement
of the ice mass as it retreated caused an undulating effect on the land. Along the western coast of
Europe the seabed is relatively shallow, being seldom over 150 m deep (McNally 1993). While
these land bridges would have been temporary on a geological time scale they would have been
sufficient to allow for migration of many species.

Some direct evidence from late glacial

freshwater pollen floras lying 60m below present sea level off the southwest of Ireland confirms
that lowered sea levels existed (Watts 1977). It is estimated that the sea level was up to 160m
below present sea level from 12,000 to 9,000 years BP (Wingfield 1995). This, along with rapid
warming (Coxon 1997) would have exposed much o f the Atlantic coast and could have provided a
corridor for oak migration northwards from the Iberian Peninsula.

Taking these observations into account, along with substantial migration rates for oak between 150500 m yr ' on mainland Europe (Birks 1989) and between 150-400 m yr ' in Ireland (Mitchell in
press), a feasible route for oak migration would be a progression northwards along the Atlantic
seaboard and across land that is now submerged.

This would explain the limited number of

haplotypes in Ireland and the predominance of haplotypes from the Iberian Peninsula refugium.

As stated in section 3.4.3 the distribution of the haplotypes across the species suggests that there
were at least two (or one multiple) invasions of oak into Ireland. Both species are present and the
two haplotypes are in each species. The haplotypes must have arrived independently as mutation
since the arrival of oak is highly unlikely. It is possible that haplotype 12 arrived prior to haplotype
10 as it has a greater preponderance and wider distribution, however, the species distinction is
unclear. It is possible that Q. petraea arrived before Q. robur, although Petit et al (1997) consider
Q. robur to be more a pioneer species than Q. petraea. However, the recolonisations o f taxa in
general hold very few common trends or routes as each case has a unique series of events (Birks
1989). A palaeoecological study on trees o f northern Europe revealed a different rate and route of
migration for each taxon studied (Birks 1989). While the two oaks have similar life forms and
dispersal mechanisms, the processes of migration are heavily influenced by long distance events,
which are unpredictable and irregular. An earlier arrival and proliferation o f Q. petraea could
possibly give rise to the lower diversity levels observed in this species as this is considered a
symptom of bottlenecking where a population is founded on a small group of individuals (Hewitt
1996). With a limited number o f individuals transported into Ireland the populations would have a
limited gene pool from which to establish and thus diversity would be reduced (Petit et al. 1997).
The subsequent spread of Q. robur could have been impeded by the established populations of Q.
petraea (Hewitt 1996). However, this remains speculative until a greater number of both Irish and
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British populations are studied and mapped for haplotype. Unfortunately, although there is a
significant size difference the pollen from Q. petraea cannot be distinguished from Q. robur on an
individual pollen grain basis (Rushton 1976) and so no direct evidence is available fi-om
palynological studies to investigate this hypothesis.

3.5 Conclusions

Two main haplotj^jes were found in the Irish populations and their distribution was shown to have
a significant geographic pattern with haplotype 10 located mainly in the south and centre of the
country and haplotype 12 more in northern and peripheral regions.

The haplotypes were not

species specific although the proportions varied significantly, with haplotype 12 predominant in Q.
petraea. The overall diversity was shown to be low and intra-population diversity was very low.
The diversity o f Q. petraea populations was far lower than Q. robur populations. The levels of
diversity and the distribution patterns o f the haplotypes and species within Ireland and across
Europe were used to hypothesise postglacial migration routes into Ireland. A south-north migration
route, consistent with pollen data was inferred from the haplotype distribution, although this
hypothesis lacks firm evidence, until further studies are completed to add to the haplotype maps of
Ireland and Britain.
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Chapter 4

The Use of AFLP Analysis for Determining Levels of Diversity in Irish Oak
Populations

4.1 Introduction
4.1.1 Amplified Fragment Length Polymorphism
Amplified Fragment Length Polymorphism (AFLP) is a relatively new multi-locus genetic
fingerprinting technique (Vos et al. 1995). This technique is universally useful for analysis of
genetic variation in populations as it does not require a priori sequence knowledge o f the target
genome. The AFLP technique creates many markers dispersed throughout the genome that are biparentally inherited (Oubourg et al. 1999). As the nuclear genome far exceeds the plastid or
mitochondrial genome in size, it will predominate among the fragments produced in the genetic
fingerprint.

The AFLP results have also been shown to be highly reproducible across many

laboratories in Europe (Jones et al. 1997).

The multitude o f markers produced and the

reproducibility o f the technique has resulted in an increased use o f AFLP in a variety o f molecular
studies (Mueller & Wolfenbarger 1999; Oubourg et al. 1999; Ridout & Donini 1999).

4.1.2 The Uses o f AFLP
As so many markers are produced by AFLP, it has proved very useful for mapping studies and
Quantitative Trait Loci (QTL) analysis (Mueller & Wolfenbarger 1999; Ridout & Donini 1999),
where it can be used to saturate the genome with markers. Studies on mapping of rice (Cho et al.
1996) and other cereals (Ridout & Donini 1999) have used AFLP extensively. The genome of Q.
robur is being screened with AFLP markers to try to add to a preliminary genetic linkage map
already created from numerous other molecular markers (Barreneche et al. 1998).

AFLP markers have also been used for studies on relatedness and phylogenetics. Their utility was
shown in a phylogenetic study o f the woody bamboo genus Phyllostachys, where they were found
to be more useful than nuclear ribosomal ITS (Internal Transcribed Spacer) sequences for
phylogenetic reconstruction especially for hybrids between species (Hodkinson et al. 2000). AFLP
has been used to investigate diversity and phylogeny in lentils (Sharma et al. 1996) and its potential
use in taxonomy is considerable (Mueller & Wolfenbarger 1999).

59

Population genetic structure has also been studied using AFLP. Species, hybrids and geographical
varieties of Populus were distinguished along Dutch rivers (Arens et al. 1998). The rate of outbreeding in a population o f Eucalyptus species was estimated using both RAPD and AFLP (Gaiotto
etal. 1997).

The most common use o f AFLP has been for diversity estimates. AFLP has often been shown to
provide many more markers and thus more accurate diversity measures than RAPD (Sharma et al.
1996). The use for diversity estimates is particularly useful in the case o f rare or endangered plants
where material may be limited (Qamaruz-Zaman et al. 1998). With developments in the technique,
the amount of DNA necessary for the analysis is reducing. In the reaction described by Vos et al
(1995) 0.5 |ig o f DNA were used, but in this analysis 250 ng was sufficient, although this amount
of DNA is still considerably more than required by other PCR techniques (where on average
between 10 and 20 ng are often used).

Very few studies on oak have used AFLP. It is being used for the production of a more detailed
genetic linkage map of Q. robur (Barreneche et al. 1998). It has also been used in the assessment
of intra-specific variation in Q. petraea (De Greef et al. 1998) and for parentage analysis (Gerber et
al. 2000). It was shown to be less useful than microsatellites for estimating the level o f gene flow
from outside the study stand used by Gerber et al. (2000). This is to be expected as AFLP markers
are dominant whereas microsatellite markers are co-dominant and thus more accurate in
determining allele frequencies and levels of heterozygosity (see section 4.1.3).

4./.S Drawbacks o f the A F LP Technique
The most common criticism of AFLP is that the markers produced are dominant, that is, the plusallele (the presence of a fragment) dominates over the null-allele (absence of a fragment)
(Zhivotovsky 1999).

Therefore, heterozygous genotypes having a given fragment cannot be

directly distinguished from homozygous genotypes o f the same fragment. Methods have been
developed for determining heterozygosity in dominant marker systems, although they are based on
the assumptions o f homology of fragments and cannot take into account the non-amplification of
alleles or fragments (Lynch & Milligan 1994). In addition, the shared presence o f a fragment does
not necessarily mean the existence of a homologous band in both individuals, because two alleles
from separate fragments may have the same size and thus co-migrate. However, some studies have
shown that co-migration is rare and that AFLP bands are virtually free o f PCR artefacts (Krauss
2000).
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A more recent technique, SAMPL (Selectively Amplified Microsatellite Polymorphic Loci) uses a
combination of AFLP and microsatellite primers and thus obtains numerous markers that are
considered co-dominant (Mueller & Wolfenbarger 1999). SAMPL was shown to be useful for
intraspecific rather than interspecific comparisons in cultivars and wild species of lettuce
(Witsenboer et al. 1997), however, the utility of this technique has still to be comprehensively
assessed.

4.1.4 Aims
In Chapter 3 the genetic diversity of all populations was studied using chloroplast markers that are
only maternally inherited. In this chapter the genetic diversity is investigated using markers
throughout the nuclear and organelle genome, both biparentally and maternally inherited. This
chapter provides the results obtained from the AFLP analysis of the same populations used in the
chloroplast analysis in Chapter 3. The aim was to complement the chloroplast haplotype data with
markers derived from the entire genome, nuclear and organellar. The utility of the AFLP technique
will be assessed for identifying diversity levels, genetic structure of the populations and for
distinguishing between Q. petraea and Q. rohur.
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Restriction Digestion

ESMA cut into fiagments with restriction
B la m e s M e l and £coRI.

\/

Ligation of adaptors to genomic fragments.

Ligation o f Adaptors

& 0 RI adaptors

V

Preselective PCR

V

Msel adaptors

Preselective anpliiication o f prepared template. The
preselective primers consist o f sequences
conplementaiy to the adaptor oligonucleotides and
the restriction en2yme recognition site and also
contain an extra base, A in the case of£coRI and C
in the case ofM eL Ihis results in a reduction in the
number o f fragments iiomthe original digestion.

Selective PCR

\1
/

Selective primers compose o f the binding site,
three extra bases and a fluorescent tag o i the
£coRl primers. This results in a small subset of
the fragments being amplified.

Electrophoresis

Figure 4.1. A diagram illustrating the steps involved in the AFLP process. The restriction and
ligation steps are illustrated separately although they take place in the same reaction.

The

preselective amplification reduces the number o f restriction fragments. The selective amplification
further reduces the number o f fragments and introduces a fluorescent tag on some fragments thus
allowing detection on electrophoresis on the ABI 310 (see Figure 4.2 for electropherogram).

4.2 Methods

The methods and analyses were initially carried out on a small subset of samples (12 samples)
before proceeding to apply the method to the remaining samples. A total of 123 samples were used
in the analysis, with approximately 5 individuals per population.

In AFLP analysis total genomic DNA is digested with restriction enzymes, the fragments are
modified and PCR is used to selectively amplify a subset of the overall fi’agments (Figure 4.1).
The initial restriction enzymes cut in specific places, thus the ‘sticky ends’, the ends left by the
restriction reaction are of known sequence. Adaptors of known sequence are ligated to these ends
to prepare blunt ended fi:agments flanked by these adaptors. As these adaptors are of known
sequence, then primers can be used to amplify the regions in between. The initial digestion with
restriction enzymes results in a large amount of fragments, as the whole genome is cut, so the
number of fi-agments is reduced by a preselective PCR reaction to make them more manageable.
The preselective amplification primers contain, along with sequences complementary to the
adaptors, one additional nucleotide. This results in a reduction in the number of possible fi'agments
amplified. Finally, a further selective PCR reaction is completed on the remaining fragments. The
primers for the selective amplification contain an additional three nucleotides and some contain a
fluorescent tag. Thus the number of fragments amplified is further reduced and the products can be
visualised after electrophoresis due to the fluorescent tags. The result is a series of fragments that
represent different lengths of DNA. The fragment pattern is indicative of the underlying DNA
sequence. If the DNA sequences are identical then they will be cut identically. If not, then they
will be cut at different sites, giving a specific pattern or genetic fingerprint. Thus differences in
genetic fingerprints can be used to find polymorphisms between and within populations.

4.2.1 AFLP Protocol
AFLP reactions were carried out using the Applied Biosystems AFLP™ Plant Mapping kit. The
kit was composed of three modules.
a. Ligation and Preselective Amplification module containing EcoRX and Mse\ adaptor pairs,
preselective primers and preselective amplification mix.
b. Core Mix module which was composed of a mix of buffer, nucleotides and AmpliTaq® DNA
polymerase.
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c. The Selective Amplification module which contained a set of primers complementary to the
EcdK\ adaptor sequence and labelled at the 5’ end with a fluorescent dye (either FAM (blue), JOE
(green) or NED (yellow) and a set of primers complementary to the Mse\ adaptor sequence.

The AFLP protocol was a modified version of that suggested by the manufacturer as follows.

1. The adaptor pairs were aimealed by heating to 95 °C for five minutes and allowed to cool over a
ten minute period. The tube was then centrifuged at maximum speed for 10 sec.

2. An enzyme master mix was prepared to contain the following for each restriction ligation
reaction;

10 X Promega T4 DNA Ligase buffer

0.05 |xl

0.5M NaCl

0.05 ^1

BSA (at Img/ml)

0.025 |il

Mse\

0.5 Units

EcoR\

2.5 Units

Promega T4 DNA Ligase

0.5 Units

Sterile distilled water

To make up to a reaction volume o f 0.5 p,l

3. Restriction-ligation reactions were prepared to contain the following for each reaction:
Promega T4 Ligase buffer

0.5 p.1

0.5M NaCl

0.5 jil

BSA (at 1mg/ml)

0.25 ^1

Mse\ Adaptor

0.5 nl

£'coRl Adaptor

0.5 |a1

Enzyme master mix (fi-om step 2 above)

0.5 [il

DNA template

250 ng

Sterile distilled water

To make up to a reaction volume of 5.5 )il

4. The restriction-ligation reactions were carried out at 37° C for 2.5 hr in a PTC 100 MJ Research
Thermal Cycler (the heated lid option was used) (Figure 4.1).

5. A total of 94.5^1 of TEo.i were added to the reactions and the reactions were stored on ice or at 20°C until used.
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6.

A preselective amplification was carried out using the preselective primers (Figure 4.1). The

reactions contained:
AFLP Preselective Primers

8.0 [il

Core Mix

7 .5

Diluted restriction-ligation product

2.0 ^,1

(from step 5 above)

The preselective primers composed of the adaptor sequence and one additional nucleotide. These
primers effect the reduction in the number of the DNA fragments originally produced by the
restriction digestion.
The reaction specifications for the PCR amplification were as follows:

Denaturing

Annealing

Extension

Number of Cycles

_

_

72°C for 2 min

1

94°C for 1 sec

56°C for 30 sec

72°C for 2 min

20

60°C for 30 min

1

-

—

A 4°C soak ended the reaction. All ramp times were set at one degree per second.

7. A total o f 5 |j,l o f the PCR product were diluted in 95 jil TEo.i and the reactions were stored on
ice or at 2-6°C until used.

8.

A selective amplification reaction was performed for each primer pair with each reaction

containing:
EcoRl labelled primer

0.5 |.il

Ms e l primer

0.5 jil

Core Mix

7.5 fil

Diluted PCR product (from step 7 above)

1.5 fil

A number of trials were run and the primers used in the final analysis were:
FAM (blue) labelled jE'coRI-ACA and Myel-CAC
JOE (green)

la b e lle d

NED (yellow)

J^coRl-ACG and Msel-CTC

la b e lle d

^coRl-AAC andM sel-CTG
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The reaction specifications for the selective amplification PCR are much more strict than those for
the preselective amplification. The conditions are set out below:
Denaturing

Annealing

Extension

Number of Cycles

94°C for 2 min

65°C for 30 sec

72°C for2m in

1

94°C for 1 sec

64°C for 30 sec

72°C for 2 min

1

94°C for 1 sec

63 °C for 30 sec

72°C for 2 min

1

94°C for 1 sec

62°C for 30 sec

72°C for 2 min

1

94°C for 1 sec

61°C for 30 sec

72°C for 2 min

1

94°C for 1 sec

60°C for 30 sec

72°C for 2 min

1

94°C for 1 sec

59°C for 30 sec

72°C for 2 min

1

94°C for 1 sec

58°C for 30 sec

72°C for 2 min

1

94°C for 1 sec

57°C for 30 sec

72°C for 2 min

1

94°C for 1 sec

56°C for 30 sec

72°C for 2 min

23

-

-

60°C for 30 min

1

A 4°C soak ended the reaction. All ramp times were set to one degree per second.

The three PCR products for each sample were combined as follows; 0.6 |i,l of FAM product, 0.8 ^.1
JOE product, 1.3 jj.1 NED product, 0.5 |li1 ROX 500S size standard and 24 |j.l of formamide. This
was heated to 95 °C for five minutes and then stored on ice until ready. The samples were then run
on an ABI PRISM® 310 Genetic Analyzer.

Electropherograms (Figure 4.2) were read and

fi'agments sized using GeneScan® Analysis Software Version 3.1 and then processed using the
Genotyper® Software Version 3.7. Each peak of the electropherogram represents a PCR fragment.
Only peaks above a threshold intensity of 50 (arbitraiy units of intensity) were scored and
ambiguous peaks were ignored. A table of fragment sizes was automatically output for each
individual. These tables were manual checked and then converted into a presence/absence mafrix.

4.2.2 Data Handling and Analysis

The data were formatted to create a presence/absence matrix and this was then converted to a
symmetrical distance matrix. One of the disadvantages of the AFLP technique is the dominance of
the markers and thus heterozygotes cannot be readily distinguished from homozygotes. Further,
the shared absence (“double zero”) of a fi-agment cannot be inferred as an identical genetic state.
The existence of many shared absences in any dominant marker data set such as AFLP presents a
problem in obtaining a true estimate of similarity/distance of individuals to/from each other
(Legendre & Legendre 1998). Thus, a similarity measure that allows for more weight to shared

65

presence and not to shared absence was used in the analysis. The similarity distance used was the
S0rensen-Dice measure (Legendre & Legendre 1998);

Sim ilarity

= ------- ^ -------

2a + b + c

where
a = number of shared fragments
b and c = numbers of fragments for which the individuals are scored differently

The resulting similarity measures were converted into distances and used for Principal Coordinate
Analysis (PCoA) using the software The R Package version 4.0 dl (Casgrain et al. 1999).

4.2.2.1 Principal Coordinate Analysis (PCoA)
PCoA is a method of ordination that condenses the dimensionality of a multivariate data set, thus
allowing complex relationships to be observed typically in a 2 or 3 dimensional scatter plot. PCoA
works on a distance matrix of all the samples and combines these values to give a representation of
the data in n dimensional space (where n = the number of taxa).

Thus, the dimensions are not

reduced but are condensed because generally the first few dimensions account for a greater
proportion of the overall variation and dominant patterns in the data are reflected in these first few
dimensions (Digby & Kempton 1987). The samples can then be plotted in this condensed space to
show any relationships between the different individuals.

4.2.2.2 Cluster Analysis
The distance matrix obtained was also subjected to cluster analysis using PAUP 4 (Swofford 1999).
Clustering is a form of multidimensional analysis that involves partitioning objects/individuals into
groups or clusters. The form of clustering used was the ‘Neighbor-joining’ (NJ) method (Saitou &
Nei 1987). The principle of this method is to find neighbours that minimise the total branch length
at each stage of clustering. The two individuals closest to each other are joined and then the
clusters develop by an additive procedure resulting in a final group of clustered objects. The boot
strap values were obtained using the original 1/0 data matrix and the Nei distance measure in
PAUP.
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4.2.2.3 Heterozygosity and Population Structure
Dominant markers carmot strictly be used for measuring heterozygosity, as the heterozygote
condition cannot be measured directly. However, there have been some attempts at using dominant
markers to estimate levels of heterozygosity (Lynch & Milligan 1994; Zhivotovsky 1999).
Calculations were based on the following formulas obtained from Lynch and Milligan (1994) and
were calculated using an Excel spread sheet and also using the software TFPGA version 1.3 (Miller
1997). The main equations are given below, those for variance and covariance of the different
measures were as laid out by Lynch and Milligan (1994).

The frequency of each ‘allele’ was estimated from
A

^1/2

q -x

^

Var{x)

where x = the proportion of N sampled individuals that do not exhibit the marker (null
homozygote) and Var(x) is the sampling variance of the null homozygote

N

Once allele frequencies are obtained, the heterozygosity at fragment i within population j can be
estimated by a modified version of the heterozygote element (2pq) of the Hardy-Weinburg
principle, which states that the genotype proportions for two alleles in a population of infinite size
remain constant as p \ 2pq,

where the allele frequencies are p and q, and p + q= l. The

heterozygosity, based on the frequency of the null homozygote is estimated as

The total heterozygosity within population j across all loci, L, can be estimated as
1

^

L, ,=i

The mean within population heterozygosity can be estimated over n populations by

n j.x

The sampling variance of this estimate is a function of the sampling of a finite number of
populations, loci, and individuals.
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Heterozygosity differences between populations j and k at the i* locus can be estimated as follows
H'jk= qj

(0 + q, (0 -

2q j (i)q, (i)

A more accurate method o f estimating between-population diversity, suggested by Lynch and
Milligan (1994), was calculated as the heterozygosity in excess o f that observed within populations
as
H.{i) + H M )

Averaging over all loci and all populations gives the mean between population diversity
Z

-

n{n-\)

Finally, a variant o f Wright’s F st can be used to estimate population subdivision as

A = H,1.

p

^ST

»

1+

H , Var{H„ ) -

Var{H, ) +

) Co v { H, ,

)

X X rr

where H r is the total diversity across all populations.

This Forgives a measure o f the population differentiation, similar to the G^rused in the chloroplast
analysis. It measures the deficiency in heterozygosity/diversity at the population level relative to
the heterozygosity/diversity over all populations. A high value indicates a greater differentiation
between the individual populations.

An important point in all these calculations is that they are based only on fragments that show an
observed frequency of l-(3/A0 (Lynch & Milligan 1994). In the case of the present study, this
equates to fragments that occur in less than 120 individuals.

4.2.2.4 Diversity Measures
The Simpson diversity index as presented in Chapter 3, section 3.2.6.2, was used to estimate levels
of diversity for the markers within populations and over all of the populations. The partitioning of
the diversity was also calculated.
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10 Yellow

A portion from electropherograms obtained for eight individuals from the AFLP

analysis. The units at the top are base pairs and those at the side are arbitrary units o f fragment
fluorescence intensity.

4.3 Results

4.3.1 AFLP Fragments
A total 147 fragments obtained from 3 primer sets were used in the analysis of 123 individuals
across 24 populations.

Many more fragments were produced, but the scoring reliability of

fragments below 50 bp and above 150 bp was questionable. On average, each fragment was shared
by 35 individuals, although the distribution of the fragments was skewed with many more
fragments having very few occurrences (Figure 4.3). There were 7 fragments common to all
samples (leaving a total of 140 polymorphic fragments).
fragments (Table 4.1).

There were 17 individual-specific

Twenty species-specific fragments were observed, although these

corresponded to the 20 population-specific markers and no species-diagnostic fragments were
observed (fragments in different populations but of only one species) (Table 4.1).

0
o
c
CO

■O

c

60
50
40
30

n
-

10

-

13

n

<

n'b

Fragment frequency

Figure 4.3. A plot showing the skewed distribution of the AFLP fragment frequencies. Abundance
is plotted per frequency grouping. Most fragments occur at low frequency, and fewer at higher
frequencies. The most common frequency was between 1 to 10 occurrences.
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Table 4.1. The populations that contained population-specific markers (all individuals of the
population) and the number of those markers that were specific to one individual within the
population.
Population

No. Population-Specific Markers

No. Individual-Specific Markers

Abbey Leix

4

3

Charleville

9

7

Crolly

1

1

Curraghmore

1

1

Gearagh

1

1

Cappercullen Glen

3

3

Derryclare

1

1

Totals

20

17

4.3.2 Population Genetic Structure
4.3.2.1 Ordination and Cluster Analyses
The Principal Coordinate Analysis and the Neighbor-joining cluster analysis both reveal a grouping
of individuals from populations, but no overall meaningful Island-wide geographic structure
(Figure 4.4, 4.5, 4.6 and 4.7).

For example, the populations grouped in the lower left-hand

quadrant of Figure 4.4 are from the east (Glen of the Downs), south-east (Curraghmore), south
(Gearagh), south-west (Royal and surrounds), west (Shannawoneen) and also contain both species.
The tendency for grouping of the individual samples into their respective populations is evident in
Figure 4.4, although it lacks boot-strap support in Figure 4.5. Only a few clusters in the NJ
analysis are supported by bootstrap values (Figure 4.5).

Table 4.2 shows the proportion of

variation accounted for by the first ten axes of the PCoA. The first axis only accounts for 20% of
the variation and the second accounts for only 10% of the variation and by the tenth axis only 54%
is accounted for (Table 4.2). Thus, much of the variation is not accounted for in the groupings
observed in Figure 4.4.

In addition, the AFLP results did not elicit a grouping of individuals according to the species
(Figure 4.8). Many of the Q. robur individuals are clustered to the right of the main axis, but there
are also some in the other groups (Figure 4.8).
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Table 4.2. The proportion of the variation accounted for by the first ten axes of the PCoA of the
AFLP data.
Axis

% Variation accounted for

Cumulative % Variation

1

20
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Figure 4.8. A scatter plot of the first two axes of the PCoA of the AFLP data from all individuals,
with an overlay of species designation. The first axis accounts for 20 % of the variation and the
second one accounts for 10 %.
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4.3.3 Diversity Measurements
4.3.3.1 Heterozygosity Estimates
Heterozygosity estimates were calculated for all populations and for Q. petraea and Q. robur
dominated populations separately (Table 4.3). The coefficient o f variation values indicate large
differences between the populations (Table 4.3).

The F st values suggest a high degree of

population differentiation, although this is contradicted by the levels o f differentiation estimated
from the Simpson index (Table 4.4).

Table 4.3. The total diversity, H t, average sub population diversity, H s , and the

values for all

populations, Q. petraea populations and Q. robur populations. Coefficients o f variation are shown
in brackets.
Ht

H s{cy)

F st

All populations («=123)

0.18

0.1 (0.26)

0.44

Q. petraea («=93)

0.20

0.1 (0.24)

0.48

Q. robur (n=30)

0.21

0.13 (0.25)

0.29

4.3.3.2 Simpson Diversity Estimates
The Simpson measurements showed high levels o f diversity with no notable differences between
populations or species (Tables 4.4 and coefficient o f variation values).

The low Divsr value

suggests that the majority o f the diversity observed can be accounted for by the within population
diversity and very little can be accounted for by the between population differences (Table 4.4).

Table 4.4. The Simpson diversities obtained for all populations, for Q. petraea populations and for
Q. robur populations. The average population diversity, Divs, the total diversity, Divr, and the
partitioning o f the diversity between the populations, Divsj, are shown. Coefficient o f variation
values are given in brackets for the averaged sub-population diversity.
Species

Divr

Divs (cv)

DivsT

All populations (n = 123)

0.83

0.77 (0.003)

0.07

Q. petraea (n = 93)

0.83

0.77 (0.003)

0.07

Q. robur {n = 30)

0.81

0.78 (0.003)

0.03
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4.3.3.3 Diversity Estimates o f the Four Populations Used in the SSR Analysis
Diversity estimates are shown for the four selected populations (Abbey Leix, Garrannon, The
Gearagh and the Devlin River Valley) in order to allow comparison with estimates obtained from
the co-dominant SSR (Simple Sequence Repeat) markers in Chapter 5 (Table 4.5). Although the
absolute values differ, the trend is similar for both methods.

Table 4.5. Diversity measurements for the four populations based on a) Lynch and Milligan (1994)
estimates and b) the Simpson diversity index.
Lynch and Milligan

Ht

Abbey Leix

0.20

Garannon

0.15

Gearagh

0.22

Devlin River Valley

0.16

Simpson

DIvt

Abbey Leix

0.78

Garannon

0.75

Gearagh

0.81

Devlin River Valley

0.77
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4.4 Discussion

4.4.1 Geographic Pattern and Species Distinction

From the results it is evident that there is no obvious geographic pattern to the molecular variation
obtained from the AFLP analysis. While the individuals tend to cluster into their respective
populations (Figure 4.4), there is no geographically meaningful pattern to the clustering of
populations beyond this local scale. An exception to this is the grouping of individuals A l, A14
and A 14a. These samples are known to have been planted from Belgium stock and they cluster
together in the overall cluster analysis (Figure 4.5). The clustering of individuals from the same
populations suggests a level of kinship. The absence of a meaningful Ireland wide geographic
pattern is in contrast to the results in Chapter 3 where the chloroplast analyses revealed a marked
geographic pattern across Ireland (Figure 3.7). The chloroplast markers are strictly of maternal
inheritance (Dumolin et al. 1995), however, this in confrast to the AFLP markers. AFLP markers
are distributed throughout the genome and are both maternally and paternally inherited. Thus,
AFLP markers will be dispersed through both the seed and the pollen. As oaks are out-breeders
(Bacilieri et al. 1996c), there will be a greater dispersal rather than an accumulation of alleles and
so the clumped geographic pattern observed in the chloroplasts would not be expected.

The failure of the AFLP markers to elucidate geographic structure on an Island wide scale can
possibly be explained by the large overall diversity measures and the uneven distribution of the
fragment abundance (Figure 4.3). The diversity (Simpson diversity) within the populations is very
large and that of the total is also large (Table 4.4). The proportion of diversity accounted for by the
between-population differences is very small in comparison to that within the populations (Table
4.4). There are many fragments that are found in only a few individuals (Figure 4.3) but there are
very few population-specific markers (Table 4,1). Thus, the markers are not congregating to form
meaningful clusters on an Island wide scale, but are suggesting distinct clusters at a local scale.
Many of the population-specific markers are only found in one individual of the population. Thus,
with very little similarity and large variability in the data set, even a few shared occurrences of
fragments will group individuals together. This is possibly what is happening in the PCoA plot
(Figure 4.4). The first axis of this plot accounts for only 20 % of the variation and the second for
10 %, so all of the other variation (70%) within the data set is unaccounted for. However, this
explanation is speculative and further study is needed (see section 4.4.3 below).

The Fst values suggest that heterozygosity between populations is much greater than that within
populations (Table 4.3). This contradicts the results obtained by the Simpson diversity index
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(Table 4.4).

This discrepancy can be attributed to the small sample sizes of the individual

populations (approximately five individuals per population). The heterozygosity levels in the
different populations were very variable (Table 4.3, coefficient of variability values). Small sample
sizes can introduce large errors to fixation indices (Nei & Chesser 1983) and have been shown to
upwardly bias the F st values when using dominant markers (Mariette et al. 2001). The small
sample sizes introduce a greater potential for error when dealing with such a variable out breeding
species as oak. Ideally, 30 individuals per population should be sampled for more accurate Fst
estimates (Mariette et al. 2001).

AFLP markers did not distinguish the two Quercus species (Figure 4.8). No markers were found
that were species-diagnostic, although a total of 147 markers were used in the analysis. This is
consistent with other studies that have failed to identify molecular markers which are speciesdiagnostic for either Q. petraea or Q. robur, although some suggestions have been put forward
(Samuel 1999). Samuel (1999) suggests some RAPD fragments could be used to distinguish the
species, but further experiments on more samples are necessary to confirm this. Another study
attempting to find genomic regions differentiating the species screened 2800 PCR amplification
products from Q. petraea and Q. robur obtained by RAPD (Random Amplified Polymorphic
DNA) primers. Only 2 % of the amplified fragments exhibited significant frequency differences
between the two species and none of them was specific to either species (Bodenes et al. 1997a).
RAPD was also used to investigate geographical groupings of Q. petraea, but the cluster analysis
obtained did not correspond to the spatial distribution of the populations sampled or the structure of
their haplotype disfribution (Le Corre et al. 1997). The lack of separation of the species using
AFLP suggests that very little distinct genomic differences exist between them (Figure 4.8). This
is a common theme of most studies on oak, even when large samples are used and extensive work
is undertaken (Kremer et al. 1999; Kremer & Petit 1993). The main outcome from the studies on
oak and the present study on AFLP is that the molecular techniques used seem not to be targeting
the genomic regions that reflect the morphological differences of the species. There is an apparent
duality within oak between the macro and sub-microscopic scales.

The species can be

distinguished at a morphological level (macro) but not at the molecular level (sub-microscopic).
The phenotypic variation between the species may be restricted to very specific regions of the
genome and so using random markers such as AFLP and RAPD may not detect such variation.

4.4.2 Diversity Measures
The heterozygosity/diversity estimates are not directly comparable to those of the chloroplast DNA
analysis, as a different marker system was used, however, they do compare with other estimates in
oak using dominant markers (Le Corre et al. 1997). The diversity measurements obtained show
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high diversity in all populations and similar measures in both species (Table 4.4). The terminal
branch lengths of the NJ tree are large, indicating high levels of diversity (Figure 4.5). The
diversity of oak has been shown to be great through many marker systems (Kremer & Petit 1993),
including dominant markers such as AFLP and RAPD (De Greef e? al. 1998; Le Corre et al. 1997).
In addition, the differentiation of diversity was shown to be very low for nuclear markers, with
diversity mainly accounted for by the levels within populations rather than between populations
(Kremer et al. 1991). The results presented here suggest similar trends in the Irish populations
when using Simpson diversity estimates (Table 4.4). This high variability is partially due to the
out-breeding nature of the two species and is fijrther complicated by the fact that the species do not
form fully isolated biological species and gene flow and hybridisation is possible (Kleinschmit &
Svolba 1996).

While the use of dominant markers for heterozygosity levels are strictly incorrect as the two alleles
are assumed rather than observed, the values obtained from the diversity index and the overall level
of heterozygosity across all populations and within either species (Table 4.3) are good estimates
{Ht =0.18 for total diversity). No comparable study has been completed on oak elsewhere in
Europe but estimates of heterozygosity using RAPD markers and the Lynch and Milligan (1994)
calculations have given similar, but higher values {H j- 0.24) (Le Corre et al. 1997). These levels
of heterozygosity are not directly comparable to the chloroplast and SSR levels, as they are all
based on different markers with different mutation rates. Little is known about the nature and
mutation rate of AFLP markers and it is likely that the rates will be heterogeneous due to the multi
locus nature of AFLP. However, the Simpson indices can be used for a crude comparison across
all techniques. Heterozygosities show a similar trend to the Simpson diversity measurements,
although absolute values are very different due to the nature of the different methods of calculation
(Table 4.5). The diversity measurements are based on presence of a fragment and include all data,
whereas the heterozygosity estimates are based on the absences of a fragment and do not take into
account very frequent fragments (section 4.2.2.3).

4.4.3 Problems with the Data

While the AFLP data do show high levels of diversity, the pattern of this diversity becomes
confused when the PCoA analysis (Figure 4.4) is compared with the diversity allocation
measurements (Table 4.4). The measurement of diversity is a measure over all loci, of how equal
the frequencies of the fragments are distributed.

The results from the PCoA are based on

similarity/distance measures and so are related to fragment sharing or lack thereof. The pattern
obtained from the PCoA could be an artefact of a few rare alleles that show some cohesion within
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the populations, and thus are more similar. Further study with more discriminating markers is
necessary to confirm or reject this hypothesis.

The PCoA shows that individuals do cluster together into their respective populations, and the Fst
values suggest a similar pattern (Table 4.3). However, the diversity allocation based on the
Simpson index suggests that the differences between populations is much smaller than the
differences within populations (Table 4.4). This is potentially a result of the different techniques
used, and the sensitivity of the

measures to low sample numbers. More samples are needed for

each population (~30) to be able to estimate the Fst values with a greater degree of confidence.
The F st values in fact suggest a level of inbreeding that is highly unlikely in the case of oak
populations with substantial numbers of individuals in each population. The SSR analysis in
Chapter 5 allows for more accurate estimates of heterozygosity and thus allows for a better
assessment of the population structure.

4.4.4 The Utility o f AFLP
The AFLP technique can be used to provide many polymorphic markers for population genetic
studies of oak. However, a more careful analysis of the allocation and distinction of these markers
is necessary to be able to use this technique to determine geographical patterns. The AFLP
technique was useful for identifying of in-planted individuals in the population of Abbey Leix. The
technique was used initially on a small number of individuals, as a screening procedure, however, it
is suggested that this screening procedure needs to be more rigorous due to the high variability of
the markers. The primers chosen need to be tested on many more individuals than were done in the
initial trial of the present study, to find discriminating fragments. While the geographic pattern
revealed did not show a similar pattem to the chloroplast DNA analysis, it did indicate kinship
among the populations. The results highlight the variability of the two species of oak and also the
lack of species distinction using molecular markers.

This said, the AFLP technique is certainly useful in oak for determining levels of diversity and also
shows potential for determining population-specific markers (Table 4.1) that could be useful in
conservation management plans (Petit et al. 1998).
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4.5 Conclusions

The levels of diversity observed were much higher than those in the cpDNA analysis presented in
Chapter 3 (Table3.5). This is suggested to be a result of the different nature of the markers and due
to the breeding system and mode of inheritance of the each marker assessed. Insufficient sample
numbers were used to obtain a confident estimate of population structure in Ireland, but the
indication from the Simpson diversity index is that levels o f diversity vary little between
populations and are high within populations. This corresponds to the findings of other studies
completed on oak in Europe. The lack of a meaningful geographic pattern markedly contrasts with
the pattern obtained from the chloroplast analysis. The indications from the PCoA are that there is
kinship between members of the same population, and thus an element of inbreeding. This kinship
could be a result of population fragmentation across Ireland. The small sample numbers are
thought to have exaggerated this and the SSR analysis should clarify the situation further. Further
study on larger sample numbers for each population are necessary to obtain a more concrete idea of
the population structure across Ireland.

No species distinction was obtained from the AFLP analysis.

Although some markers were

species-specific none were species diagnostic.

The AFLP markers suggest some potential for identifying population-specific markers and for
distinguishing native from planted stock. This could be of considerable use for foresters and
conservationists alike.
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Chapter 5
Simple Sequence Repeat (SSR) Analysis of Four Irish Oak Populations
5.1 Introduction

Simple Sequence Repeat analysis of four selected oak populations was carried out to further
elucidate patterns of genetic diversity and structure in Ireland.

5.1.1 Simple Sequence Repeats
Simple Sequence Repeats (SSRs), also known as microsatellites and Variable Number Tandem
Repeats (VNTRs), have been defined as tandem nucleotide repeats up to 100 repeats long with a
repeat motif of between 1 - 6 bases long (Queller et al. 1993). The term microsatellite comes from
the fact that first, the repeats are small (micro) and second that the repeat DNA separates from
other genomic DNA during ultracentrifugation to form what is known as a satellite band (Snustad
et al. 1997). SSRs can be pure repeats such as mono-, di-, and tri-nucleotide repeats, or can be
more complex, such as compound repeats made up of two or more repeat types, or can be even
more cryptic consisting of scrambled arrangements of repetitive motifs (Jame & Lagoda 1996;
Tautz 1989; Tautz et al. 1986). SSRs occur as highly repetitive elements in all eukaryotic genomes
and to a lesser extent in prokaryotes and eubacteria (Tautz 1989). In eukaryotes, there is on
average one SSR for every 10 kb of DNA sequence (Tautz 1989) and the ends of eukaryotic
chromosomes (the telomeres) are composed of cryptic repeat sequences, which differ depending on
the species (Snustad et al. 1997).

Although SSRs are extremely common throughout eukaryotes, their function, if any, remains
elusive (Tautz & Schlotterer 1994). In fact, in humans they are known to be disruptive and the
causal agents of some genetic disorders due to the expansion of the repetitive element in the coding
region, which results in a nonsense sequence with no expression of the protein (Patel & Isaya 2001;
Valdes et al. 1993). They have been implicated in a range of functions including gene regulation,
signals for gene conversion and recombination and the replication of telomeres (Tautz et al. 1986).
However, the frequency of their occurrence has yet to be correlated with an equivalent biological
significance.
SSRs are highly polymorphic and this is one of the properties that has attracted much interest and
use in population genetic studies (Tautz & Schlotterer 1994). The repeat units are thought to
accumulate by polymerase slippage and DNA mispairing during replication and also by
recombination or extension of single-strand ends (Tautz et al. 1986; Valdes et al. 1993). The
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slippage model suggests a stepwise addition or subtraction of repeat units along the sequence,
whereas the recombination model can account for larger insertion/deletions (Tautz & Schlotterer
1994). Little is known about the mutation rates of SSR loci except that they are relatively high and
the rates that have already been estimated (between 10'® and 10'^ per generation in mammals) are
not homogenous across loci (Rosenbaum & Deinard 1998). Although the mutation rate is high,
there is considerable evolutionary stability, at least across moderate evolutionary distances (Tautz
& Schlotterer 1994). This property allows primers developed in one organism to be used in other
related species, and has also resulted in attempts at the development of conserved primers for plant
chloroplast genomes (Weising & Gardner 1999).

SSRs are distributed throughout the genome although their distribution is not uniform; some
regions have lesser abundances than others and the allocation of the different repeat types vary
(Tautz & Schlotterer 1994). Overall, SSRs show great potential as selectively neutral, highly
polymorphic and easily analysed markers (Tautz & SchlStterer 1994). This potential has been
utilised in many population genetic and kinship studies, where the SSRs can be easily amplified
and analysed by PCR and electrophoresis (Jame & Lagoda 1996; Powell et al. 1996; Queller et al.
1993). Automated genotyping methods have also facilitated the accurate sizing of alleles.

5.1.2 SSRs in Plants
The extensive occurrence of SSRs in plant genomes has been well established (Condit & Hubbell
1991; Depeiges et al. 1995; Kubis et al. 1998; Tautz 1989; Wang et al. 1994). A study carried out
by searching EMBL and GenBank DNA sequence databases for plant, nuclear and organelle,
sequences revealed an extensive amount of SSRs in plant genomes (Wang et al. 1994). Based on
these results an estimate of one SSR every 62 kb was given. Over three times more SSRs were
found in dicotyledons compared to monocotyledons, and they were much more rare in organelle
than in nuclear DNA (4 SSRs were found in 1268 kb of organelle DNA). The most common repeat
found in nuclear sequences was the dinucleotide repeat (AT)„. Mono-, di- and tetranucleotide
repeats were all located in non coding regions, but many trinucleotide repeats resided in coding
regions (Wang et al. 1994).

Chloroplast SSRs have been developed for some plant species and are purported as potentially
useful markers for genetic studies (Lefort et al. 1999; Powell et al. 1996; Powell et al. 1995;
Provan et al. 1999). Chloroplast SSRs have been used for studying the population structure in red
pine, Pinus resinosa Ait. (Echt et al. 1998) and have also been used for the study of angiosperms
(Bryan et al. 1999). A number of conserved PCR primers have been developed for potential use
across a variety of angiosperms (Weising & Gardner 1999). One of these conserved primer pair
sets was used in the present study.
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5.1.3 Uses o f SSR Markers
SSRs are very useful for DNA fingerprinting tests (Beyermann et al. 1992). Their ubiquity is
complemented by their co-dominant nature, because, unlike the AFLPs discussed in Chapter 4,
SSRs can be used to identify both the homozygote and heterozygote state, thus allowing matching
of genotypic fingerprints at the allelic level. From this standpoint, they have been used for kinship
and parentage analyses (Lexer et al. 2000; Lexer et al. 1999) and for pollen and gene flow studies
within and between populations (Queller et al. 1993; Streiff et al. 1998). They were shown to be
far more useful and accurate than AFLP for paternity analysis (Gerber et al. 2000). Their use as a
paternal marker complements the use of chloroplast markers to track seed dispersal (Kremer et al.
1999).

SSRs have been used to estimate levels of seed contaminants in seeds of Q. robur (Lexer et al.
1999).

This has been necessary for conservation and commercial planting operations, where

distinct species are required (Lexer et al. 1999). The large numbers of SSR loci distributed
throughout the genome have proven very useful for mapping projects (Dean & Schmidt 1995;
Weissenbach et al. 1992). They are also useful as diagnostic markers for important traits in plant
breeding programs (Powell et al. 1996).

The highly polymorphic nature of SSRs is not conducive to their use in phylogenetic studies
(Rosenbaum & Deinard 1998), although they have been applied successfully to some phylogenetic
studies, for example in European oak species (Muir et al. 2000). Loci developed in Q. petraea
have been shown to be useful across a number of other Quercus species, and their utility decreased
with increased genetic distance (Steinkellner et al. 1997b). A similar group of markers ,inter-SSRs,
which span or are adjacent to SSR regions, has also shown to be useful for phylogenetic
relationships in rice (Joshi et al. 2000).

The use of SSRs in this thesis is for the assessment of diversity levels and population structure.
SSRs allow direct estimates of heterozygosity and thus diversity of groups and descriptions of
diversity allocation and population structure. SSRs are useful for studying diversity due to their
highly polymorphic nature (Powell et al. 1996). They compare favourably against other unilocus
techniques, such as allozymes and also multilocus techniques such as RAPD and AFLP (Degen et
al. 1999; Mariette et al. 2001; Russell et al. 1997).

The use of SSRs is extensive, and with ease of amplification and reduced scoring ambiguity, they
are being used more and more regularly. The only cautionary aspect to the use of SSR loci is the
potential for non-amplification of alleles. Non-amplifying alleles have been detected through
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mismatches between known mother-offspring pairs, where an allele expected in the offspring was
not present (Pemberton et al. 1995). This can be due to changes in the sequence to which the
primer aimeals, although this is relatively rare and further study of this phenomenon is necessary to
understand the mechanisms involved (Pemberton et al. 1995).

5.1.4 SSRs in Studies on Oak

The most prominent use of SSRs in studies on oak has been in pollen flow and parentage studies
(Dow & Ashley 1996; Streiff et al. 1999). They have proven very useful for determining levels of
gene flow within a stand of mixed oak species.

Streiff et al. (1999) found that very high

percentages (65 % for Q. robur and 69 % for Q. petraea) of offspring were sired by pollen outside
of the study area (5.76 ha). SSRs have also been used in the production of a genetic linkage map
for Q. robur (Barreneche et al. 1998). Genetic diversity measures and population genetic structure
have also been investigated using SSRs (Streiff et al. 1998). SSRs have also been used to assess
the species status of Q. petraea and Q. robur (Muir et al. 2000). Using 20 SSR loci in 162
individuals in populations across Europe, the populations were shown to cluster by species rather
than by geographic location.

A group of ‘elite’ trees in Tullynally in Ireland, have been studied using SSRs (Lefort et al. 2000;
Lefort et al. 1998). These trees were assessed for relatedness, as their provenance was unknown
and were found not to be closely related based on the similarity of the SSR alleles (Lefort et al.
1998).

5.1.5 Aims

In order to provide a more thorough representation of the diversity status of oak in Ireland it was
considered important that some populations be studied in further detail.

To this end, four

populations (Abbey Leix, Garannon Wood, the Gearagh and the Devlin River Valley) were studied
using the more powerful molecular technique of SSR analysis. These populations represented the
two species and contrasting management histories. Abbey Leix and the Gearagh are Q. robur
dominated woods and the Devlin River Valley and Garannon are Q. petraea dominated woods
(Chapter 6, Table 6.10). Abbey Leix and Garannon are known to have had considerable human
interference and management, while the Devlin River Valley and the Gearagh are considered to
have been relatively unmanaged (Chapter 2 section 2.2).

The aim was to assess the diversity within the populations and to try to infer population structure
within the populations and across the populations. These results will be useful in the overall
comparison of all techniques for these four populations and to elucidate the wider biodiversity
status of Irish oak.
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5.2 Methods

In order to obtain sufficient data for SSR analysis a greater number of individuals per population
were selected than in the other molecular analyses. A minimum o f 21 individuals were sampled
from each population (Table 5.1). The majority of individuals sampled were mature trees. The
DNA was extracted as previously described in section 3.2.1.1 of Chapter 3. One chloroplast SSR
locus, located around the trnS region of the chloroplast genome, was used (Weising & Gardner
1999). Five nuclear SSR loci were used, three that were developed from Q. petraea (Steinkellner
et al. 1997a) and two that were developed from Quercus macrocarpa Michx. (Dow et al. 1995)
(Table 5.2).

Table 5.1. The number of samples, dominant species and general location of each site sampled for
the SSR analysis (see Figure 2.1 for map).
Population

Number of Samples

Predominant Species

Location

Abbey Leix

29

Q. robur

Midlands

Garraimon

25

Q. petraea

Mid-west

Gearagh

21

Q. robur

South-west

Devlin River Valley

22

Q. petraea

North-west

Table 5.2. The loci and primer sequences used for the SSR analyses of the four populations of oak.
ZAG refers to loci originally developed from Q. petraea and MSQ refers to those from Q.
macrocarpa.
Forward Primer (5’-3’)

Reverse Primer (5’-3’)

Reference

ZAG3/64

tagaaagcccaaaaccaaaacc

ctttttggaagccgcttccgta

(Steinkellner et al. 1997a)

ZAG9

gcaattacaggctaggctgg

gtctggacctagccctcatg

(Steinkellner e? a/. 1997a)

ZAGl/5

gcttgagagttgagatttgt

gcaacaccctttaactacca

(Steinkellner ef a/. 1997a)

MSQ4

tctcctctccccataaacagg

gttcctctatccaatcagtagtgag

(Dow et al. 1995)

MSQ13

tggctgcacctatggctcttag

acactcagacccaccatttttcc

(Dow et al. 1995)

gatcccggacgtaatcctg

atcgtaccgagggttcgaat

(Weising & Gardner

Locus
Nuclear

Chloroplast
ccmp2

1999)
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5.2.1 PCR and Electrophoresis
The SSRs were amplified in 25 jaI PCR reactions composed of the following:

♦

Sterile ultrapure water

Added to make up to 25 ^l

Buffer*

Ix

Magnesium chloride

2.5 mM

Bovine Serum Albumin

0.2 M.g/(il

dNTPs

0.1 mM

Primer (forward)

0.2 |iM

Primer (reverse)

0.2 nM

Taq Polymerase

0.5 Units

DNA

10-20 ng

10 X Promega Buffer has a composition of 50mM KCl, lOmM Tris-HCl (pH 9.0 at 25 °C) and

0.1% Triton® X -100.

The reverse primers were labelled as listed below:
Locus

Label

ZAG3/64

TAMRA

ZAG9

JOE

ZAGl/5

FAM

MSQ4

JOE

MSQ13

FAM

ccmp2

JOE

The reaction specifications were kept consistent except for annealing temperature, which varied for
the primer pair being used as shown below.

The reaction conditions were (where x = the annealing temperatures given below)
Denaturing

Annealing

Extension

Number of Cycles

94 °C for 3 min

_

_

1

94 °C for 1 min

x °C for 1 min

72 °C for 1 min

35

72 °C for 3 min

1

—

-
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Locus

Annealing temperature (x)

QpZAG3/64

60 °C

QpZAG9

65 °C

QpZAGl/5

60 °C

QpZAG36

60 °C

MSQ4

60 °C

MSQ13

65 °C

ccmp2

60 °C

The products were diluted 1 in 30 and combined as follows; 0.6 fil of FAM product, 0.7 |j.l JOE
product, 0.8 ^.1 TAMRA product, 0.5 |j,l ROX 500S size standard and 24 )li1 of formamide. This
mixture was then denatured at 95 °C for 5 minutes and stored on ice until it was run on an ABI
PRISM® 310 Genetic Analyzer.

Electropherograms (Figure 5.1) were read and sized using

GeneScan® Analysis Software Version 3.1 and then processed using the Genotyper® Software
Version 3.7.

5.2.2 Data Handling and Analysis

The data were compiled in Microsoft® Excel 2000 and were analysed using the computer package
FSTAT version 2.9.3 (Goudet 2001).

5.2.2.1 Heterozygosity and Population Parameters
A number of population genetic parameters were calculated to investigate the heterozygosity and
population structure within the sites sampled.

The main equations used in the analysis are

presented below. More details of the analyses involved in heterozygosity and population structure
estimates are available in FSTAT and from reviews and the original sources (Goudet 2001; Nei
1987; Petit et at. 1998; Weir & Cockerham 1984).

The estimate of average heterozygosity of individuals was estimated by

where

= the frequency of the homozygous genotype AiAi, in the population k
ns = number of samples
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The heterozygosity across all individuals in each subpopulation was estimated by

n -

r

®

J

/ ns , the mean of the squared allele frequencies

where

n = the harmonic mean of
~
n =

ns

The total heterozygosity was estimated from

(nns)

where x^ =

{Inns)

, the mean of the allele frequencies across all samples

The amount of gene diversity among samples was estimated by
A

A

A

DgT ~ H f ~ H g

and a correction of D^j. for sample size was calculated thus

D 's t = —

^ D st

ns-\

To assess the population structure Wright proposed a number of F - statistics or fixation indices
(Hartl 1988). These are the reduction in heterozygosity expected with random mating at any one
level of a population hierarchy relative to another, more inclusive level of the hierarchy. The
fixation index was used as an index of genetic differentiation as it measures the proportion of gene
diversity at the different hierarchical levels. The fixation index is defined by the subscript, so ST is
the deficiency of the average population heterozygosity/diversity relative to all populations, IS is
the deficiency of average individual diversity relative the that of the population and IT is the
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deficiency of average individual diversity relative to the total diversity in all populations. The
fixation index relating to individual populations within all populations together was estimated as

n.

_

Hr - H
“

'^ S T

5 _

^

D
^sT

i/j.
an estimate which corrected for sample sizes was calculated as
A I

c'

ST

_

^ST -

a

j*

The Gst value is used in this project to assess differences between the populations (Nei 1973). This
is equivalent to W right’s F^t- As it is only based on four populations, it is used to give a
preliminary indication o f population structure of Irish oak populations.

Nei’s (1987) equivalent to W right’s inbreeding coefficient can be estimated by

G/5 equates to Wright’s Fjs, and is the inbreeding coefficient o f a group o f organisms relative to the
population to which they belong.

The value is the reduction in heterozygosity of the inbred

organisms. The less the value the less inbred the population and thus greater the gene flow.

Weir and Cockerham (1984) derive similar parameters for assessing population structure (F sr~ Gsr
and Fis ~ G/s, although they take into account different sample sizes. The equivalent F -statistics
calculated by Weir and Cockerham (1984) are shown below.
F/G -statistic

Weir and Cockerham (1984)

G si/F ST

&

Frr

F

G IS /F is

f
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An important addition to diversity measures is the estimate o f allelic richness for each population,
Rs, 2 nd for the total, R t- Allelic richness is a measure o f the number of alleles independent of
sample size, hence allowing comparison between different sample sizes. Allelic richness estimates
the number of alleles in a sub-sample of 2n genes, given that 2N genes have been sampled. It is
calculated as:

where Ni is the number o f alleles o f type i among 2N genes. Each term under the sum corresponds
to the probability o f sampling allele / at least once in a sample of size 2n. In FSTAT, n is fixed as
the smallest number o f individuals typed for a locus in a sample. For R t, the same sub-sample size
n is kept, but

is the overall sample number of individuals genotyped at the locus being assessed.

5.2.2.2 Simpson Diversity Measures
The Simpson index was used, as described in section 3.2.6.2, to provide a directly comparable
measure o f diversity on the basis o f proportional presence o f alleles.
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Figure 5.1. Electropherograms obtained from the SSR analysis of 8 individuals at locus ZAGl/5.
Peaks indicate the respective alleles. The units at the top are base pairs and those at the side are
arbitrary units of intensity.

5.3 Results

A total of 97 individuals from 4 populations were used in the SSR analysis.

Diversity

measurements and population structure parameters were calculated for each population and for the
separate species.

5,3.1 The SSR Loci

Only one allele, identified by a fragment length of 234 bp, was present at the cpSSR locus (ccmp2)
in all samples examined and thus no diversity was observed at this locus.

Analysis of the nuclear loci showed a large number of alleles (Table 5.3), an average of
approximately 54 alleles being found per population across all loci. On average, more alleles were
found in the SSR loci developed from Q. petraea (ZAG) rather than from Q. macrocarpa (MSQ)
(Table 5.3). Many more homozygotes were observed in the loci developed for Q. macrocarpa than
Q. petraea (Table 5.4). A number of alleles were found to be species specific, although none were
species diagnostic (Table 5.5).

Table 5.3. The number of alleles observed at each locus, in the individual populations and in total.
Locus

Number of alleles in
Abbey Leix

Garannon

Gearagh

Devlin River

(n = 29)

(n = 25)

(n = 21)

(n = 22)

Total

ZAGl/5

10

13

8

12

21

ZAG36

12

15

15

19

26

ZAG9

10

11

10

12

15

MSQ13

10

7

6

8

13

MSQ4

10

12

11

10

17

Total

52

58

50

61

92

'
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Table 5.4. The number of homozygotes observed for each population at each locus.
Locus

Number of Homozygotes in
Abbey Leix

Garannon

Gearagh

Devlin River

(n = 29)

(n = 25)

(n = 21)

(n = 22)

Total

ZAGl/5

6

4

5

6

21

ZAG36

3

3

4

5

15

ZAG9

6

4

3

2

15

MSQ13

15

12

8

17

52

MSQ4

12

11

7

10

40

Total

42

34

27

40

Table 5.5. The numbers of alleles found overall, the average number of alleles per individual and
the number of species-specific alleles for each species. The number of species-specific alleles
found in more than one individual are given first and the number in brackets represents speciesspecific alleles including individual-specific ones.
Q. petraea

Q. robur

Number of alleles

77

63

Average per individual

0.84

0.68

Species specific alleles

12 (29)

8(15)

To assess the distribution of alleles on the basis of allele size, histograms of allele abundance were
prepared. The distribution of alleles varied across loci and populations and there was no single
distribution pattern. Some distributions were bimodal, others were skewed (for example, Figure
5.2). The frequency of each allele in each population is presented in Appendix 1.

Allelic richness, a measure of the number of alleles independent of sample size showed large
values for all populations across all loci (Table 5.6).

91

0.16
2 0.14
«
3
Q. 0.12
O
O.
(1)
Q.

0.1

□ Abbey Leix

<0

Q)

OJ

□ Garannon

0.08

□ Gearagh

15
4—

o 0.06

■ Devlin Ri\^r Valley

(U
o

c 0.04
CO
T3
C
3 0.02

fl JL D 1
A lleles from the MSQ13 locu s

a)

0.16
c

g

ro
3
Q . 0.12
O
Q.
L-

□ Abbey Leix

CD
Q.

(/)
0)
^ 0.08

□ Garannon
□ Gearagh

CD

■ Devlin Rl\«r Valley

0)
O
ro 0.04
T3
C

lUl fsmill piillli

J11

Alleles at the MSQ4 locus

b)
Figure 5.2.

Histograms o f allele abundance showing variability in distributions, a) skewed

distribution and b) bimodal distribution. The alleles for each locus are plotted by size, with the
smallest to the left o f the x-axis and the largest to the right o f the x-axis. The bars are in blocks o f
four for each allele, although some alleles are absent from some populations. The histograms also
illustrate the variability of allele abundance between different populations.

Table 5.6. Allelic richness per locus in each population, R$, the total allelic richness in each locus,
R t, and the means across all loci. Range = 6.0 - 18.5.
Locus

Population
Rs Abbey Leix

Rs Garannon

Rs Gearagh

Rs Devlin River

Rf

ZAGl/5

9.4

12.5

8.0

11.9

12.8

ZAG36

11.0

14.4

15.0

18.5

15.5

ZAG9

9.4

10.4

10.0

11.9

11.2

MSQ13

9.1

6.9

6.0

7.9

9.1

MSQ4

9.6

11.4

11.0

9.8

11.8

Mean

9.7

11.1

10.0

12.0

12.1

5.3.2 Heterozygosity and Diversity
High levels of diversity were measured for each population (Table 5.7 and 5.8) and across all
populations (Table 5.10). High levels of diversity, based on the Simpson index, were also observed
for all populations (Table 5.9).

The diversity varied between the loci used, with the lowest

diversity estimated in the loci developed from Q. macrocarpa.

Table 5.7.

Average heterozygosity of individuals. Ho, at each locus in each population and

averaged across loci. Range = 0.520 - 0.909.
Locus

Population heterozygosity, Ho
Abbey Leix

Garannon

Gearagh

Devlin River Valley

ZAGl/5

0.793

0.840

0.762

0.727

ZAG36

0.896

0.880

0.809

0.773

ZAG9

0.793

0.840

0.857

0.909

MSQ13

0.483

0.520

0.619

0.227

MSQ4

0.586

0.560

0.666

0.545

Mean

0.710

0.728

0.743

0.636
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Table 5.8. Nei (1987) estimates of population diversity per locus and averaged overall. Range =
0.765-0.910.
Locus

Population heterozygosity, H$
Abbey Leix

Garannon

Gearagh

Devlin River Valley

ZAGl/5

0.863

0.904

0.832

0.897

ZAG36

0.889

0.915

0.907

0.910

ZAG9

0.852

0.879

0.905

0.896

MSQ13

0.853

0.765

0.831

0.838

MSQ4

0.855

0.889

0.881

0.897

Mean

0.86

0.87

0.87

0.88

Table 5.9. Simpson diversity estimates of the separate species and for each population. Diversity
for each population, Divs , over all populations together, Divr, and the partitioning of the diversity
between populations, DivsrPopulation

Divs

D ivj

DivsT

Q. petraea (« = 50)

0.975

0.980

0.005

Q. robur {n = 47)

0.975

0.978

0.003

All populations (n = 97)

0.975

0.98

0.005

Abbey Leix (« = 29)

0.98

_

_

Garranon (« = 25)

0.97

Gearagh (n = 21)

0.97

_

_

Devlin River Valley {n = 22)

0.98

—

-

_

5.3.3 Population Structure
The high levels o f heterozygosity in the individuals {Ho) were also observed in the average
and the four populations taken as a whole (Hj) (Table 5.10).

heterozygosity of the populations

These high values at each hierarchical level resulted in low differentiation o f the populations
reflected in the low F-statistic estimates (Table 5.10).

The Gts values indicate that the levels o f differentiation of the individuals relative to the
populations are low, and the
(Table 5.10).

D

st

and

G$t

values show low differentiation between populations

However, the G/s values are higher at the two MSQ loci due to an excess of

homozygotes at these loci (Table 5.4) and this in turn raises the overall G/s value (Table 5.10).
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The Fjs values, which are analogous to the Gis values, were calculated for each population across
all the loci (Table 5.11).

Overall, the fixation index relative to the individuals within the

populations is low except for loci MSQ4 and MSQ13 (Table 5.10 and 5.11). The Devlin River
Valley population showed the largest value.

Table 5.10.

Population genetic parameters based on N ei’s (1987) calculations across all

populations. Averages o f individual heterozygosity, Hq, subpopulation heterozygosity, Hs, total
heterozygosity, Hj, and the fixation indices obtained, D

’ ,G
st

’s t

and Gjs.

Locus

Ho

Hs

Ht

D^st

G ’st

Gjs

ZAGl/5

0.78

0.87

0.87

0.016

0.018

0.107

ZAG36

0.84

0.91

0.92

0.017

0.019

0.072

ZAG9

0.85

0.88

0.89

0.006

0.006

0.037

MSQ13

0.46

0.82

0.83

0.016

0.019

0.437

MSQ4

0.59

0.86

0.89

0.037

0.041

0.318

Overall

0.71

0.87

0.88

0.019

0.021

0.19

Table 5.11. The fixation index, F®, of each locus per population. Negative values occur when the
average level of diversity o f the individuals is greater than the average across all alleles in the
population.

Locus

Population
Abbey Leix

Garannon

Gearagh

Devlin River

ZAGl/5

0.08

0.07

0.08

0.19

ZAG36

-0.01

0.04

0.11

0.15

ZAG9

0.07

0.05

0.05

-0.01

MSQ13

0.43

0.32

0.25

0.73

MSQ4

0.32

0.37

0.24

0.34

Across all loci

0.17

0.16

0.14

0.27

The Weir and Cockerham (1984) estimates o f the F - statistics, take into account sample size and
were also calculated for comparison (Table 5.12). These values compare well with the equivalent
values obtained using Nei’s (1987) estimates (Table 5.10).
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Table 5.12. Population genetic parameters based on Weir and Cockerham’s (1984) estimates, at
the levels of individual within the total diversity, F, subpopulation within the total, 6, and
individual within each population, /.
Parameter

F

0

/

Over all loci

0.206

0.022

0.189

5.3.4 Species Differentiation
Estimates were made for the different parameters at the species level also (Table 5.13).
Differences between the species are noticeable, especially for allelic richness, which is higher in Q.
petraea compared to Q. robur, however, these values are not significantly different (significance
tests were based on 1000 randomisations in FSTAT). The proportions of alleles differed in each
species and some alleles were present in only one species (for example. Figure 5.3). Using alleles
found in more than one individual and assuming that the expected proportion of each allele in each
species should be 0.5 of the total, a

test over all alleles does not give a significant value (x^ =

13.2, 68 df).

Table 5.13. Heterozygosity and differentiation parameters of the each species separately. No
values showed significance based on 1000 randomisations.

Q. petraea
Q. robur

Rj

Ho

Hs

Fis

fsT

11.57

0.72

0.86

0.165

0.023

9.8

0.68

0.87

0.214

0.011
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Figure 5.3. A histogram showing the allele abundance at the locus ZAGl/5 for Q. petraea and Q.
robur.

Some alleles are completely absent from each species, whereas others show varied

abundances.
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5.4 Discussion

5.4.1 Locus Diversity
The SSR loci examined mainly occur in different genetic linkage groups, and so the alleles detected
are potentially unlinked markers (Barreneche et al. 1998). Those found in the same linkage group
are ZAGl/5 and ZAG9. Many alleles occur at each locus in each population (Table 5.3). The
highest number o f alleles and, on average, the largest allelic richness was observed for loci
developed from Q. petraea (ZAG loci) rather than from Q. macrocarpa (MSQ loci) (Table 5.3 and
5.6). The number o f homozygotes was much greater for the MSQ loci (Table 5.4). This could be
explained by the genetic distance between the species examined (Q. petraea and Q. robur) and the
species used for development o f the MSQ loci {Q. macrocarpa), because the utility o f the SSR loci
across species reduces with genetic distance (Steinkellner et al. 1997b). While loci developed from
two evolutionarily close species such as Q. petraea and Q. robur are equally suitable for use in
both species (Steinkellner et al. 1997b), the same may not be the case for loci developed in more
distantly related species. Another alternative is the existence of null alleles, addressed in section
5.1.3, but it would be necessary to examine sequences of the primer sites in order to determine if
this was the case. The disfribution of alleles at each locus (Figure 5.2, Appendix 1) varied as has
been shown elsewhere (Lefort et al. 2000). However, there was no specific distribution pattern for
SSR alleles.

5.4.2 Population Diversity and Structure
The levels of heterozygosity were high at all hierarchical levels, from individual, Ho, to
populations, H$, to the total over all populations, Hr (Table 5.7, 5.8 and 5.10). This was also
reflected in the high levels of diversity obtained through the Simpson method (Table 5.9). The
levels of heterozygosity obtained correspond with other measurements from the same loci in
France (Streiff et al. 1998) and Britain (Cottrell et al. submitted), although the values are lower in
the Irish populations. Using the same loci, Streiff et al. (1998) obtained an average Ho value of
0.81, whereas in this study Ho = 0.71 (Table 5.10). A notable difference to these other studies is
the large number o f homozygotes and thus low level o f heterozygosity observed in the MSQ4 and
MSQ 13 loci (Table 5.3 and 5.10).

In the study by Cotfrell et al. (submitted), an excess of

homozygotes, and thus a reduction in diversity was veiy pronounced in the MSQ4 and MSQ 13 loci
in one o f the populations they sampled (a population dominated by Q. petraea) and less so in
another population (dominated by Q. robur). The same pattern does not hold for the present study.
The two populations showing greatest number of homozygotes for MSQ 13 are Abbey Leix (Q.
robur dominated) and Devlin River Valley (Q. petraea dominated) (Table 5.4). The two showing
greatest number o f homozygotes fro MSQ4 are Abbey Leix {Q. robur dominated) and Garannon
{Q. petraea dominated).
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A previous study on oaks (Lefort et al. 2000) in Ireland using two of the same loci (ZAG 1/5 and
ZAG9) obtained similar values for total heterozygosity (Table 5.14). The differences between the
studies are small, but can possibly be accounted for by the greater number of individuals sampled
in the present study and also the different populations used. It is interesting to note the similarity,
as it shows that lower sample numbers (~ 20 samples (Lefort et al. 2000)) can give reasonable
estimates of diversity using SSR markers.

Table 5.14. Comparing levels of diversity obtained from studies using SSRs in oak in Ireland.
Locus

Ht

Reference

ZAGl/5

0.87 (n = 97)

Table 5.10

ZAGl/5

0.76 (n= 17)

(Lefort et al. 2000)

ZAG9

0.89 (n = 97)

Table 5.10

ZAG9

0.88 (« = 17)

(Lefort et al. 2000)

The high levels of heterozygosity at each hierarchical level resulted in low fixation indices (Table
5.10 and 5.11). The level of differentiation between populations is very low {Gst = 0.021), with
most of the diversity accoimted for by within population differences (Table 5.10). The values
obtained from the Divsr also suggest a similar pattern (Table 5.9). However, the overall Gis value,
which is a measure of the heterozygote deficiency within the individuals of a population, is larger
than the Gst value, which measures the heterozygote deficiency of sub-populations compared to the
whole (Table 5.10). The Fjs /Gjs values for each population show the values for each population
are similar, although the Devlin River Valley population is greater than the others (Table 5.11).
The overall F/y values are heavily influenced by the MSQ loci (Table 5.11). The

values (0.14 -

0.27) in all populations are larger than those obtained for Britain (Fjs = 0.131 - 0.136) (Cottrell et
al. submitted). This shows a greater inbreeding effect is evident in the Irish woods due to an
increase in homozygosity. The higher Fjs values in the British woods were suggested to have been
due to management practices such as coppicing, thus restricting gene flow within and outside of the
woodland. However, here the population with greatest Fis (The Devlin River Valley) is in a remote
part of Ireland and is unlikely to have been planted and has had little if any management such as
coppicing (section 2.2). The large fixation index could represent an isolation of populations and
thus the restricted gene pool available would result in a higher fixation index. The majority of
samples for this study were mature oaks and a study on the different age cohorts within the
populations would be of considerable use in elucidating any potential effects of inbreeding.
Seedlings and saplings could be tested against the mature stand to assess the levels of
differentiation and the dynamics involved. Further work on more woodlands would be necessary
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to see if the fragmented nature of woodlands in Ireland is significantly impacting the genetic
structure and gene flow between populations. The populations studied were spatially isolated, but
there are fragments of woodland across Ireland, which may perhaps still act as connecting elements
for an overall gene pool.

The overall Fjs /Gis value (Table 5.10) is also reflected in the value given for F (equivalent to Frr),
which is a measure of the heterozygote deficiency of individuals compared to the total diversity
{F= 0.206, Table 5.12). As the

value is much lower than that of the Gjs value (Table 5.10), the

overall level of population differentiation is very low, most of the diversity can be accounted for by
the heterozygosity of the individuals within each population. These values agree with values
obtained from the studies cited above in France and Britain. The same loci were used in all these
studies and so values are directly comparable. The overall pattern reflects the outbreeding nature
of the two species; there is very little partitioning of diversity but rather it is spread across its range
more evenly.

The allelic richness, Rs, shows a similar trend to diversity, with all populations showing high levels
and thus numerous alleles at the loci (Table 5.7). This indicates that not only is the heterozygosity
very large but also that alleles are numerous at the loci.

The pattern obtained using the SSR markers is more accurate than that of the AFLPs, as the
measurement of heterozygosity and thus subsequent calculations are based on observed allelic
frequencies, rather than assumed and estimated frequencies. The pattern obtained from the SSR
markers suggests less population differentiation compared to that suggested from the AFLP
analysis (Table 4.3). However, the fixation indices do corroborate with the possibility of an
inbreeding effect in the populations sampled. The sampling was very low for the AFLP analysis (5
individuals per population), but the sampling for the SSR markers was greater (Table 5.1) and gave
better estimates of population structure. In short, the SSR markers allow for greater resolution but
reflect a similar trend to that obtained from the AFLP analyses.

5.4.3 Species Differentiation
The overall trend from the data was that Q. petraea was more diverse than Q. robur, however, this
was not statistically significant (Table 5.9 and 5.13). Quercus petraea dominated populations
(Garannon and the Devlin River Valley) had more alleles in each population (Table 5.3), more
alleles overall and a greater average number of alleles per individual (Table 5.5). The allelic
richness (/?r) was greater in Q. petraea and levels of heterozygosity were approximately equal in
both species (Table 5.13). Although the abundance of different alleles varied in the species (Figure
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5.3), and some alleles were species specific (Table 5.5) a

test showed that the overall difference

in abundance was not significant. This is not surprising, considering the results obtained from
other studies (Bodenes et al. 1997a), and the fact that no species diagnostic molecular marker has
yet been found. This also concurs with the lack of species separation from the AFLP data (Figure
4.8).

One study, using cluster analysis on the abundance of specific SSR alleles, showed that the species
cluster regardless of geographic location (Muir et al. 2000). Their study used 20 loci and 162
individuals, which illustrates the intensity of sampling necessary to differentiate the species at the
molecular level.

The estimates for population differentiation in both species also differed slightly, but again there
was no significant difference (Table 5.13). Streiff et al. (1998) found that while there was only a
trend of weak spatial genetic structure, there was a difference between Q. petraea and Q. robur,
with Q. petraea showing stronger spatial patterns with Fst values. The value of Fst for Q. robur (=
0.011) is of a similar magnitude to results obtained from other studies on Q. robur in Europe { G $ t 0.046) (Kremer & Petit 1993). A greater Fst value obtained for Q. petraea has been shown to be
the case in other studies also (Streiff et al. 1998). It would be of interest to do further studies on
more populations across Ireland to assess if this spatial structure holds across Ireland. In addition,
calculations that take into account the stepwise mutation model of SSR loci (Tautz & Schldtterer
1994; Valdes et al. 1993), could be applied across Ireland to test for any evidence of geographic
patterns.

5.4.4 Utility ofSSRs
The diversity observed at the SSR loci in the oak populations studied suggests that they are a very
useful marker for assessing biodiversity. They can be used to calculate levels of diversity that have
biological meaning in terms of heterozygote number and population structure. They also show
potential for population specific markers, although no diagnostic markers were observed. A further
investigation of more populations at this level would be of greater use than fiirther AFLP analysis
as the resolution is far greater.
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5.5 Conclusions

High diversity levels were revealed in all the populations studied. Most of the diversity was found
to be accounted for by the individuals within the populations, and very little could be accounted for
by differences between populations.

Levels of differentiation o f individuals relative to the

population were higher than found in Britain and France, and these could possibly be due to the
fragmentation of woodland increasing the level of inbreeding. One population in particular (the
Devlin River Valley) showed higher levels of inbreeding in comparison to the other populations
and this is potentially due its remoteness. The level of structure associated with the SSR loci
markedly contrasts with the structure obtained from the chloroplasts and once again, substantiates
the dramatic differences in the spread of nuclear versus organellar DNA.

No significant

differences were found between the species, despite a general trend showing Q. petraea to be more
variable. The SSRs are considered to be much more useful than the AFLP markers for assessing
diversity levels and population structures of oak across Ireland. This technique would be the
preferred method for further study. Increased sample and population numbers would be useful in
obtaining greater resolution of the spatial pattems within and between oak populations.

101

Chapter 6

M orphological A nalysis

6.1 Introduction

It is through observation and comparison that we ordinate ourselves in the world. We describe,
classify and catalogue continually in order to understand our environment and communicate our
ideas. Vision is perhaps the most immediate of our senses and thus from this bias classification has
been heavily based on morphology.

Morphology is at the foundation o f early classification

systems such as that o f Linnaeus, which is based on floral morphology (Briggs & Walters 1997).
Thus morphology has been used in describing our biota as it provides the most accessible and
obvious o f characteristics.

However, as technology extends our perception other methods of

classification are becoming more important. Chemical characteristics (Brookes & Wigston 1979)
and even classification based on biological processes such as host specificity in insects
(Abrahamson et al. 1998) are o f considerable interest in oak taxonomy.

6.1.1 Morphological Descriptions o f Oak
A review o f the taxonomic status of oak, in particular of Q. petraea and Q. robur has been
presented in Chapter 1 section 1.2.4, so here it will be dealt with more briefly and with particular
relevance to the analysis undertaken.

The most obvious characteristic that defines the species is evident from the common names given
to the individual species: Quercus petraea (sessile oak) has either a very short or no peduncle
(Figure 6.1), while Q. robur (pedunculate oak) has a longer peduncle (Figure 6.2) (Stace 1991;
Tutin et al. 1964; Webb et al. 1996). As well as the peduncle characteristics, there are a number of
other characters o f acoms and leaves that are used in the designation of species. Acoms o f each
species can be differentiated on the basis o f colour and longitudinal striping pattern, although the
reliability of this marker has been questioned (Jones 1959; Rushton 1977). Acom shape and size
have been investigated but proven to be too variable and indiscriminant for species designation
(Brookes & Wigston 1979; Rushton 1977). Acom size varies greatly on a geographic and temporal
basis. For example, acoms in Ireland and Scotland are considered to be on average smaller than in
southem England due to difference in length of summer (Jones 1959). As acoms are not always
available there has been considerably more emphasis on the study of leaf morphology in
description o f the species.
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The leaf morphological variables used range from micro-morphological characters such as stellate
hairs (Bruschi et al. 2000), to macro-morphological characters such as length and width of various
parts of the leaf Different authors have preference for different morphological characters in their
assessment of the morphological variability and taxonomic status of oak. The main leaf characters
that distinguish between the species are summarised in Table 6.1.

The only leaf character

considered species-specific is that of stellate hairs, which are present in Q. petraea but not in Q.
robur (Aas 1995). The other characters are not species-specific but rather tend towards either Q.
petraea or Q. robur (Aas 1995).

Table 6.1. The main leaf characters used in the designation of species status (see Figures 6.1 and
6.2 for photographs of each and Figure 6.3 species for a diagram of the characters).
Character

Q. petraea

Q. robur

Length of petiole

Long (>10 mm)

Short (<10 mm)

Stellate hairs

Present

Absent

Auricle

Absent or poorly developed

Well developed

Numbers of lobes

More than 5

5 or less

Depth of lobes

Shallow < Vi way to midrib

Deep > ’/a way to midrib

Veins to sinus of leaf

Up to two

More than two

Shape of leaf

Broadest around the middle

Broadest well above middle

6.1.2 Studies on Oak Morphology
One of the most striking points arising from a review of the literature on morphological studies of
oak is that few authors use exactly the same characters or methods in their analyses. This in itself
is an indication of the taxonomic difficulty presented by oaks. Studies on oak morphology have
varied from studies on the taxonomic status and the levels of hybridisation in individuals to studies
on stands of oak and the associated ecological distribution (Aas 1993; Aas 1995; Carlisle & Brown
1965; Cousens 1963; Cousens 1965; Kelly 1996; Kleinschmit et al. 1995; Minihan & Rushton
1984; Rushton 1993). Carlisle and Brown (1965) studied the taxonomic status of mixed oak stands
in Lancashire and revealed a distribution pattern consistent with the ecological preferences of each
species, Q. petraea on poorer more acidic soils and Q. robur on more nutrient rich soil. Cousens
(1965) provided a population assessment of the status of the species in Britain and Ireland.
Quercuspetraea from Ireland was shown to form a ‘good’ species (morphologically distinct from
Q. robur), and introgression was considered to be less extensive than that in Scottish samples
(Cousens 1965). A number of studies in Europe have also focused on the taxonomic status of the
species (Bacilieri et al. 1995; Eisner 1993; letswaart & Feij 1989; Kleinschmit et al. 1996;
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Kleinschmit & Svolba 1996). On continental Europe the situation is more complex, because Q.
petraea is also known to hybridise with Q. pubescens (Bruschi et al. 2000; Dupouey & Badeau
1993). While there are many different methods of analysis, there is a general consensus in the
findings, first that the species are taxonomically distinct over much of their range and second that
there are hybrids.

Among the most successful methods for dealing with hybrids are those of multivariate analyses
(Dupouey & Badeau 1993; letswaart & Feij 1989; Rushton 1978; Rushton 1979). Multivariate
analysis has been used successfully to differentiate oak populations in Ireland into the respective
species and their hybrids (Rushton 1978). A number of other studies in Ireland have focused either
on the taxonomic integrity of the species (Cousens 1965; Minihan & Rushton 1984), or on the
distribution and ecology of oak woodland types (Kelly 1981; Kelly 1984; Kelly 1996; Kelly &
Fuller 1988; Kelly & Kirby 1982; Kelly & Moore 1975). Other studies have shown that Q. petraea
and Q. robur form good species in Ireland along with some hybrids (Carlisle & Brown 1965;
Cousens 1965; Minihan & Rushton 1984). The distribution of the species in Ireland has also been
investigated to reveal a general trend of Q. petraea on peripheral more mountainous regions and Q.
robur in central areas (Kelly 1996).

A morphological phenotype is a result of an underlying molecular genetic complement expressed
through interaction with the environment. From this standpoint it is of interest to compare both the
underlying genetic complement and the resulting phenotype. Thus a morphological description of
leaves analysed using the molecular analyses was undertaken to identify morphological groups and
allow comparison with the molecular data (Chapters 3 to 5). This chapter aims to determine,
through morphological analysis, the extent of the species separation in Ireland, to assess the levels
of hybridisation and introgression and to discuss the problems involved in species designation. The
results were used to identify morphological groupings in the analyses presented in other chapters
and will be combined with all the other data in the final discussion in Chapter 7.
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Figure 6.1.

Photographs of Q. petraea illustrating the leaf morphology and lack of peduncle

characteristic for this species.

Figure 6.2.

Photographs of Q. robur illustrating leaf morphology and si2® of peduncle

characteristic of this species.

6.2 Methods

Leaf samples were collected from open grown canopy branches. This minimised variation in leaf
morphology due to environmental factors such as exposure and aspect (Baranski 1975; Blue &
Jensen 1988). A minimum of five well-developed leaves per tree were collected and analysed.
Fruiting shoots were also collected where available. Leaf samples were labelled and pressed. Most
of the measurements used here have been employed previously and have successfully distinguished
species (Rushton 1978), and populations (Carlisle & Brown 1965).

6.2.1 Character Measurements
The measurements taken and derived characters used in the analysis are given in Table 6.2 and
represented in Figure 6.3.

Lamina length
Width

Distance to
widest part

Stellate hairs
on
undersurface

Length
of petiole

Auricle
development

Figure 6.3. A schematic diagram of an oak leaf with illustration of the measurements taken and
used in the analysis (see Table 6.2 also).
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Table 6.2. Leaf measurements and calculated ratios used in the morphological analysis.

Leaf measurements

1. LL (Lamina Length). The length in mm of the leaf lamina from the petiole to the tip of the leaf.
2. LW (Lobe Width). The width of the lobe at the widest point o f the leaf.
3. SWa (Sinus Width above). The width of the sinus above the widest part of the leaf.
4. SWb (Sinus Width below). The width of the sinus below the widest part o f the leaf.
5. DW (Distance to Widest part). The distance from the begiiming o f the lamina to widest part of
the leaf.
6. LP (Length of Petiole).
7. Lob (Number of Lobes).
8. Aur (Auricles). Auricle development on a scale of 0 to 5, 0 being non-existent, 5 being very
well developed (Kelly 1996).
9. H (Stellate Hairs). Stellate hairs on the under surface o f the leaves. On a scale of 0 to 5, 0
being none, 5 being present in profusion.
10. V (Venation). Number of veins going to the sinuses.

Ratios

1. LP/LL. Ratio of petiole length to lamina length.
2. DW/LL. Ratio o f distance to widest point and lamina length - describes the obversity of the
leaf.
3. LW/LL. Ratio of lamina width to length.
4. SWb/LW. Ratio o f lobe width to sinus width - describes the level o f dissection of the leaf.
5. SWb/SWa. Ratio o f Sinus width below and above the widest point. Gives a measure of leaf
shape uniformity.
6. V/Lob. Ratio of sinus venation to lobe number.

All measurements were done by eye and ruler with the exception that a hand lens with a
magnification of 10 times was used for viewing the stellate hairs.
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6.2.2 Data Handling and Species Analysis

Values were recorded and input to Microsoft® Excel 2000 for organisation and analysis. The data
were analysed using a variety of methods and the choice of computer packages and analyses was
influenced by those used in the molecular analyses, in order to facilitate comparison between
results. As it was necessary to compare both results, techniques were used that are applicable both
for binary data (in the case of the molecular results) and continuous quantitative data (in the case of
the morphological results).

6.2.2.1 Species Identification
The data were analysed to see how distinct the species were in Ireland and what relationships, if
any, there are between populations of the same species. To do this ordination and clustering
techniques were employed. As the data contained many informative zero values it was important
to use an appropriate distance measures in the analysis. Thus, methods using distance matrices
were used as they give results based on relatedness. The ordination techniques of Principal
Component Analysis (PCA) (Manly 1986), Non-metric Multidimensional Scaling (NMS)
(Legendre & Legendre 1998) and Principal Coordinate Analysis (PCoA) (Digby & Kempton 1987;
Gower 1966; Legendre «fe Legendre 1998) were investigated for utility. PCoA was chosen for the
analysis as this was to the most appropriate from two standpoints: first, the resulting principal axes
accounted for more of the variation than in PCA and it resulted in more consistent results than
NMS; second, it is a technique that is capable of handling zero values via the production of a
distance matrix, both informative zeros and non-informative ‘double-zeros’ (Legendre & Legendre
1998) and thus comparable plots can be obtained by using it on both the continuous morphological
data and the binary molecular data. A description of PCoA has been given in Chapter 4, section
4.2.2.1. PCA cannot be used for 1/0 matrices as it only calculates Euclidean distance, which is
insufficient for presence/absence data. A variety of different distance measure can be used for the
preliminary matrix in PCoA (Legendre & Legendre 1998).

6.2.2.2 Principal Coordinate Analysis
Characters were standardised by z-scores, i.e. all values were divided by the highest record to
obtain a range from 0 to 1. This was performed to avoid bias in the analysis due to scale
differences in the measured variables (Legendre & Legendre 1998; Sneath & Sokal 1973). A
distance matrix was obtained using Euclidean distance in the R Package version 4.0 dl
Development Release (Casgrain et al. 1999). The R Package was also used for the Principal
Coordinate Analysis.
Ordination methods are suitable to illustrate continuous variation but are not always statistical
appropriate for assigning samples to discrete groups (Legendre & Legendre 1998), and this is
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necessary for determining species identity. Thus a number of methods were used and assessed for
assigning morphological type. Firstly, a hybrid index method was employed (Anderson 1949) and
secondly a method of clustering was used.

6.2.2.3 Hybrid Index
The hybrid index has been used in previous studies on oak to determine species designation and
degree of hybridisation (Carlisle & Brown 1965; Dupouey & Badeau 1993; Kelly 1996). The
hybrid index involves designating character states to one or other species and scoring them
accordingly, with or without weighting of characters (Anderson 1949). Adding these scores gives a
measure of the individual, ranging from extreme Q. robur to extreme Q. petraea on a scale of 0 to
6. A number of characters were chosen for the assessment of the hybrid index on the basis of their
diagnostic utility and the ability to objectively designate the species states. All characters were
equally weighted except stellate hairs which has been shown to be species specific (Aas 1995) and
so was double weighted (Table 6.3).

The methodology of the hybrid index has been questioned because of the subjective nature of trait
designation and thus species assignment (Dupouey & Badeau 1993). Thus this was compared with
other more objective methods, namely cluster analysis.

Table 6.3. Characters used in the determination of the hybrid index and the score assigned. Scores
of 0 for Q. robur and 1 for Q. petraea were given to all characters except that of stellate hairs
which was double weighted as 0 for Q. robur and 2 for Q. petraea.
Character

Q. petraea

Q. robur

Stellate hairs

Present

Absent

Auricles

0.9

>0.9

Lobe numbers

6

<6

Venation

<1

1

LP/LL

0.1

<0.1

6.2.2.4 Cluster Analysis
Clustering is a form of multidimensional analysis which involves partitioning objects into groups
or clusters. It creates mutually exclusive groups based on similarity or distance measurements and
can be used in conjunction with ordination techniques to investigate multivariate data sets (Lessa
1990). The form of clustering used was the ‘Neighbor-joining’ (NJ) method (Saitou & Nei 1987)
and the distance measure was Euclidean. The principles and procedures involved in this method
have already been presented in Chapter 4, section 4.2.2.2.
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6.2.2.5 Discriminant Analysis
The utility o f the hybrid index and the NJ clustering analysis at identifying meaningful groups was
assessed using ‘Discriminant Analysis’ in SPSS for Windows, release 10.0.5. For discriminant
analysis, the data are input and groups are defined a priori. Discriminant analysis proceeds by first
testing for differences in the variables among the predefined groups, second, if the test supports the
differences among the groups, the analysis proceeds to find linear combinations (discriminant
functions) o f the variables that best discriminate the groups (Legendre & Legendre 1998). The
discriminant analysis method used was the Wilks’ lambda stepwise method. W ilks’ lambda is a
multivariate test for significance. This method adds traits stepwise to the analysis on the basis of
the Wilks’ lambda test (at each step the variable that minimizes the overall W ilks’ lambda is
entered). Thus it can be used to identify those traits most important in discriminating the groups.
The SPSS output gives the percentage of cases that match the predefined groupings and from this
the utility o f these groupings can be assessed.

6.2.3 Measuring Variability
In order to compare results between the genetic and morphological data a method of diversity or
variability measurement needs to be used for the morphological data. Diversity is a measure of
equitability and is based on frequencies (Legendre & Legendre 1998), thus diversity measurements
are difficult to obtain for continuous data. To get an estimate of levels of diversity (or more
accurately variability) a technique was developed whereby the slope was calculated over the range
o f a set of ordered values. The slope gives a rough estimate of variability of the trait or group
being assessed and thus gives concrete numbers to compare with actual diversity measurements
from the genetic data (Chapters 3, 4 and 5). The procedure for calculating the slope was to order
the individuals on the x-axis according to their size, going from lowest to highest value from left to
right. The frait measurements were then plotted on the y-axis, thus obtaining an approximate
straight-line relationship.

The slope was obtained from a best-fit regression line in Excel and the

results tabulated. The larger the slope the greater the variability. This method is strictly only
suitable for normal linear data, and so values for asymmetrically distributed data are treated with
caution. It was used as an illustrative technique rather than a definitive investigation o f the data.
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6.3 Results

A total of 309 samples (1545 leaves) from 25 sites across Ireland were analysed using the
measurements and methods outlined in section 6.2 above (all sites except Ballymascanlan, site 26,
Figure 2.1).

6.3.1 Species Separation and Hybrids

6.3.1.1 Cluster Analysis - Neighbor-joining
The neighbor-joining tree was rooted at the mid-point to split the data at its maximum divergence.
The cluster analysis resulted in a clear distinction between some Q. robur and Q. petraea
individuals, however, all the putative hybrid and introgressed individuals are grouped closer to the
Q. petraea grouping (Figure 6.4). The Q. robur and Q. petraea groups were defined by the mid
point split. The Q. petraea grouping was taken as the most inclusive cluster farthest from the Q.
robur group. These results are plotted onto the PCoA scatterplot below (Figure 6.5). The resulting
morphological types were classified as Q. robur, Q. petraea and Others (representing putative
hybrid and infrogessed individuals) (Table 6.4).

Table 6.4. The numbers and percentages of the different morphological types according to the NJ
cluster analysis.
Morphological Group

Number of Individuals

Percentage of Total

Q. robur

83

27%

Q. petraea

195

63%

Others

31

10%

6.3.1.2 Hybrid Index
The hybrid index results are given in Table 6.5 and a plot of the results over the PCoA is shown in
Figure 6.6.

These results show the diversity of the morphological groups and indicates a

continuum of variation from Q. robur to Q. petraea rather than clear divisions.
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Figure 6.4. A neighbor-joining tree o f the morphological data o f all samples. The tree is mid-point
rooted. Three clusters are indicated, Q. robur, Q. petraea and Others (putative hybrids and
introgressed individuals).

Table 6.5. The breakdown of individuals in the different hybrid index categories.
Hybrid Index Value

Number of Individuals

Percentage of Total

0 {Q. robur)

46

15%

1

22

7%

2

17

6%

3

14

5%

4

60

19%

5

104

33%

6 {Q. petraea)

46

15%

6.3.1.3 PCoA with Neighbor-joining
The Principal Coordinate Analysis results are given in Table 6.6. There was a reasonably good
separation of the samples across the first principal axis which accounted for 48% of the total
variation (Figure 6.5).

Table 6.6. The percent variation accounted for by the first nine axes in the principal coordinate
analysis.
Axis

% Variation

Cumulative variation

1

48

48

2

15

63

3

11

74

4

9

83

5

7

90

6

4

94

7

3

97

8

2

99

9

100

The results show that Q. petraea and Q. robur can be partially separated by PCoA in the
populations analysed, although there is a continuum of morphological types extending between the
two species (Figure 6.5). The samples labelled ‘Others’ represent possible hybrid and introgressed
individuals.
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Figure 6.5. Scatter plot of the individuals on the first two principal axes of a PCoA. The overlays
are the morphological designations according to the Neighbor-joining cluster analysis. The first
axis accounts for 48 % and the second axis 15 % of the variation.

6.3.1.4 PCoA with Hybrid Index
A scatter plot of the individuals on the first two principal coordinates with an overlay of the hybrid
index for each sample shows the relationship between these techniques.

A comparison of the species designations plotted on the PCoA scatter plots reveals that none of the
techniques completely agree although similar salient patterns are evident.
1. There is a separation of many Q. robur and Q. petraea individuals.
2. There are ‘intermediate’ individuals that fall between the species and within the species.
3. Fully intermediate individuals are relatively uncommon.

112

0.8 1

XO.3 -

□□ □

• HI=0
• HI=1
•

HI=2

XHI=3
A

HI=4

O

HI=5

□ HI=6

Figure 6.6. Scatter plot of the individuals on the first two principal axes of a PCoA. The overlays
are the designations according to the hybrid index (HI), from 0 = 2- robur to 6 = g. petraea. The
first axis accounts for 48% and the second axis 15% of the variation.

6.3.1.4 Discriminant Analysis
As noted in section 6.2.2, PCoA is not entirely suitable for defining the species, but is rather more
suitable for showing overall relationships. Classification into taxonomic entities was necessary to
determine levels of diversity within and between the groups. Thus the two methods used for
morphological designation (cluster analysis and the hybrid index) were assessed for their utility in
this respect.

A discriminant analysis was undertaken using, first, the cluster groupings as

predefined groups and then the hybrid index groupings as predefined groups. The results from the
SPSS output revealed the most important discriminating variables to be those listed in Table 6.7.
From this table it is evident that the groupings obtained from the NJ method are more meaningfiil
than those from the hybrid index method. Thus, the NJ groupings were used in subsequent
analyses. The most diagnostic character from the discriminant analysis using both the NJ and the
Hybrid index groupings was V/Lob (venation to intercalary lobes).
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Table 6.7. The percentage of samples classified correctly in the a priori classification for each
grouping method, the variables used in the discriminant analysis and the Wilks’ lambda statistics at
each step. Values are given for the discriminant analysis using the groupings from the Neighborjoining (NJ) and the hybrid index designations.
For NJ Groupings

For Hybrid Index Groupings

93.5 % correctly classified

63.4 % correctly classified

Character

Wilks’ lambda

Character

Wilks’ lambda

V/Lob

0.397

V/Lob

0.342

Auricles

0.279

V

0.227

Stellate Hairs

0.209

Auricles

0.165

DW

0.176

Stellate Hairs

0.123

LP/LL

0.153

LP

0.101

LW/LL

0.147

6.3.2 Morphological Variability
The neighbor-joining analysis was chosen as the method to cluster the morphological variation into
categories. These clusters were used in analysing the variability of the different groups. Table 6.8
indicates the levels o f variability in the different traits within each morphological grouping (the
larger the value the greater the variability). It is evident that a similar trend was present in all
groups. The most variable traits were stellate hairs, auricle development and intercalary venation
and these are also the most diagnostic traits (Table 6.7). The most variable ratio was length of
petiole to lamina length. The morphological grouping ‘Others’ was overall the most variable,
although levels o f variability are relatively similar throughout.

114

Table 6.8. Variability measures of the traits in the different morphological tj^jes. Measures are
obtained from the slope of a graph of the ordered variables (see section 6.2.2 Measure of
Diversity). ^ Indicates that the r-squared value was below 0.95.

Indicates that the r-squared was

very low meaning there was no straight line relationship and thus these values are less reliable.
Characters

Q. petraea (« = 195 )

Q. robur (n = 83 )

Others (n=31)

LL

0.3418

0.3119

0.2965

LW

0.3537

0.3403

0.3502

SWa

0.4089

0.4414

0.4345

SWb

0.3975

0.3739

0.4376

DW

0.3656

0.3445

0.3841^

LP

0.4717

0.536

0.605

Lob

0.2766^

0.3325^

0.3473^

Aur

0.6003^

0.6005^

0.853^

H

0.6785^

0.3096^^

0.9882^

V

0.6469^

0.572^

0.9412

LP/LL

0.5171

0.6029

0.6574

DW/LL

0.2024

0.2272^

0.3084^

LW/LL

0.2403

0.2722^

0.2849^

SWb/LW

0.326

0.4862

0.2809^

SWb/SWa

0.2264

0.3433^

0.2634^

V/Lob

0.1015^^

0.5825

0.9675^

Total

6.16

6.68

8.40

Average

0.385

0.417

0.525

6.3.3 Population Differentiation
A PCoA with an overlay of the populations (Figure 6.7) shows that the populations do not form
tight clusters but they are grouped in dispersed clusters across the first two axes. This is also
evident from the NJ tree in Figure 6.4. The individuals from each population are scattered and are
not clustering together into their respective population groupings.
Table 6.9 shows a breakdown of the populations according to morphological type.

Most

populations contain a mixture of morphological groups and very few have just one species. Table
6.10 gives a detailed list of the breakdown within the populations and the distribution of the
morphological types is presented in Figure 6.8.
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Figure 6.7. A plot o f fte individuals on fte t a t two axes of the PCoA with an overlay of the different populations. While the populations do not form tight
groups, they do gather together as more or less dispersed clusters.

0 Q
0

i
•

Q. petraea

e

Q.

G

Others

robur

Figure 6.8. The proportions of the different morphological groups in each population sampled.
Morphological groupings were designated according to the NJ analysis.

Pie charts are sized

according to the number of samples at each location, ranging from 1 to 33 samples. The size in the
l^end is equivalent to one individual.

Table 6.9. The number of populations that are exclusively Q. petraea or Q. robur and those that
are of mixed morphological groups.
Morphological Type

Q. petraea

Q. robur

Mixed

Numbers

6

1

17

Table 6.10. The numbers of individuals in each population assigned to each morphological group
based on the NJ analysis.
Population

Q. petraea

Q. robur

Others

Abbey Leix

5

27

1

Royal

6

0

1

Glencar

7

0

0

Glaisin na marbh

16

0

3

Charleville

1

9

0

Glen of the Downs

9

0

2

Coolattin

9

0

2

Tullynally

0

11

1

Crom

10

3

0

Crolly

6

0

0

Glenveagh

7

0

3

Devlin River Valley

14

0

7

St. John’s Wood

0

10

0

Cullentra

9

2

0

Pontoon

10

0

0

Eriff

4

0

1

Brackloon

7

0

2

Cappercullen Glen

13

1

1

Garranon Wood

20

1

1

Derryclare

10

0

0

Curraghmore

10

0

0

Gearagh

0

18

3

Shannawoneen

11

0

0

Breen

10

0

3
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6.4 Discussion

6.4.1 Species Identity and Separation in Irish Oak
6.4.1.1 Species Status
It is evident from the results that there is some degree o f separation between the Quercus species in
Ireland.

All the techniques used showed groups of some individuals and a continuum of

intermediate individuals extending between the extremes (Figures 6.4, 6.5, 6.6). It is interesting
that the hybrid index reveals only 30% of the individuals analysed show either extreme Q. petraea
or extreme Q. robur characters, the remaining 70% show different levels of intermediacy. This
shows an extensive variability in Irish oak leaf morphology. Quercus petraea-typc individuals are
the most dominant morphological group in Ireland (Table 6.5). While the dominance of Q. petraea
reflects the particular populations sampled, it is a true reflection of the relative proportions of the
species in Ireland as a whole because Q. petraea is more common than Q. robur.

The

morphological designation according to the NJ analysis reveals a similar pattern, with a large
proportion of Q. petraea individuals - 63 % (Table 6.4).

The distribution o f Q. petraea and Q. robur confirms the pattern already outlined by Kelly (1996).
The topography of Ireland is described as being similar to a saucer, with lowland regions in the
centre and more mountainous regions on the periphery.

The midland regions sampled were

dominated by Carboniferous limestone substrata and the peripheral regions by siliceous rock (RJA
1979).

Quercus petraea individuals were found mainly in peripheral regions and Q. robur

individuals in more central lowland regions (Figure 6.8).

This corresponds to the ecological

preference of each species, Q. petraea being more common on upland acidic soils and Q. robur on
lowland, more lime rich soils (Jones 1959; Kelly 1996).

6.4.1.2 Hybridisation andIntrogression
The level o f hybridisation suggested by this study is comparable to that revealed in other studies in
Europe (Table 6.11). The studies from Northern Ireland and Germany agree closely with that
revealed in this study, although the French values differ considerably. Dupouey et al. (1993)
consider the level of hybridisation to be overestimated in general, however, most of the evidence
suggests that hybridisation is considerable, under both natural (Bacilieri et al. 1996b; Rushton
1993) and artificial conditions (Kleinschmit & Kleinschmit 1996; Rushton 1977). Aas (1993) adds
to the debate by saying that because of the level of variability within the species, the level of
hybridisation will be over-estimated.
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Table 6.11. Levels o f putative hybridisation determined from studies in continental Europe and
Ireland.

Country

% Hybridisation

Reference

Ireland

10

This study (Table 6.4)

Ireland (Northem Ireland)

13

(Rushton 1993)

France

3.5

(Dupouey & Badeau 1993)

Germany

11

(Eisner 1993)

The level o f introgression is more difficult to determine as the probability o f co-occurrence of
characters becomes more uncertain with successive events o f segregation and recombination in
sexual reproduction. Hybrids and the resulting introgressed individuals are not mixtures o f equal
proportions o f their parents (Anderson 1949), they are more a mosaic o f attributes o f the parents
(Anderson 1949; Rieseberg 1995; Wilson 1992b) and can also contain characters not evident in
either parent (Rieseberg 1995). The Fj hybrid (interspecies) generation has been shown to be
relatively stable and more predictable in many species (Anderson 1949; Rieseberg et al. 1995) than
successive mixed offspring. The F2 (F, with Fj) generation or an Fi individual backcrossed with
either parent has less likelihood o f being similar to the original parent. Thus a mosaic pattern
develops, rather than a progressive dine of intermediates. In fact, Wilson (1992b) considers that
hybridisation cannot be inferred accurately from multivariate morphological intermediacy at all.
This mosaic is evident in the analyses presented in this chapter (Figures 6.5 and 6.6). While there
are truly intermediate individuals there are also many individuals that contain characters at either
extremes o f intermediacy, tending towards Q. petraea or Q. robur. From the hybrid index data
(Table 6.5) it is clear that the numbers of distinct species are quite low (30%), so this suggests
either a large variability within each group or a considerable amount o f gene exchange between the
morphological groups.

A point o f interest from the NJ tree in Figure 6.4, is that all the intermediate individuals are
grouped closer to Q. petraea.

This tree was rooted at the mid-point of divergence, thus this

suggests an asymmetiy in the morphological distribution.

Quercus robur is more clearly

differentiated than Q. petraea as Q. petraea is closer to the putative hybrid and introgressed
individuals than Q. robur. Asymmetric hybridisation and gene exchange has been observed in
other studies (Bacilieri et al. 1996a; Bacilieri et al. 1996b; Bacilieri et al. 1993). The fertilisation
i-gp]-o(Juctive success o f inter-specific crosses has been shown to be asymmetric with Q. robur
accepting pollen from Q. petraea more readily than vice-versa, and Q. petraea will more readily
accept pollen from individuals with exfreme Q. petraea morphology

(Bacilieri et al. 1996b;

Bacilieri et al. 1996c; Bacilieri et al. 1993; Rushton 1977). This results in the preferential pollen
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gene flow from Q. petraea to Q. robur. This should result in the hybrids and introgressed
individuals grouping closer to Q. petraea, and this is the situation in the NJ analysis (Figure 6.4).
An added complication in Ireland is the evidence of in-planting of Q. robur in some of the
populations sampled (Chapter 2) which may bias the outcome of the results. If many of the Q.
robur individuals were planted then the natural selection process will be disrupted and the gene and
thus trait ratios will be skewed. Evidence for this hypothesis is confounded by the scarcity of
records concerning planting in Ireland prior to the 19* centuiy. A combined discussion of the
morphological and molecular data in Chapter 7 will help to further elucidate the species status and
the patterns of hybridisation and introgression.

6.4.2 Variability o f Morphology

The values of variability presented in Table 6.8, while very crude do give the general trend in
variability in the different morphological groups and the various traits measured. Some of the most
variable traits are those used in the confirmation of species designation in the discriminant analysis
(Table 6.7), i.e. length of petiole, lobe number, auricle development, stellate hairs and venation.
Likewise, the most diagnostic ratio, length of petiole over lamina length, shows the greatest
variability in the derived characters. It is interesting that the same pattern of trait variability is
maintained across all morphological groups, although the level of overall variability does vary.
The morphological groups of hybrids and introgressed individuals (Others) showed the greatest
variability and this would be expected as they contain a variety of morphological traits at different
levels. Quercus petraea shows slightly less overall variability than Q. robur but this was not
proven statistically (Table 6.8). It is generally accepted, though, that Q. robur is more variable
than Q. petraea in morphology (Stace 1975).

Overall variability was considerable, although there are many aspects that cannot be quantified
easily and so were disregarded from the analysis. For example, colour and toughness of leaves
varied considerably (and not only on a seasonal basis), in some leaves there were wavy margins,
there was considerable variation in symmetry of leaves and also the level of insect attack varied
dramatically.

It is this large variability that creates the confusion concerning the species

boundaries (Aas 1993).

6.4.3 Population Status

The individuals within each population do not show a cohesive pattern (Figure 6.4 and 6.7) due to
the extensive variability. AA^ile a reasonable separation of the species can be achieved by PCoA
and NJ, the individuals are too variable to determine population groupings or ecotypes (if they do
exist).
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Table 6.9 shows that the number of single species populations in Ireland are very few. Seventeen
of the populations out of 24 contain some mixture of morphological groups, while only 7
populations have a single species complement. While the distribution of the species shows a
tendency of Q. petraea in peripheral regions and Q. robur in central regions, the distribution of
single species and mixed populations does not show any obvious trend (Figure 6.8). Some of these
mixed woods can be attributed to planting efforts, but others are potentially natural.

6.5 Conclusions

Both Q. petraea and Q. robur can be roughly separated in Ireland by morphological analysis of the
leaves.

However, there are putative hybrids and introgressed individuals.

The level of

hybridisation (10%) is comparable to that of other studies in Europe. The different techniques used
did not agree on details but the overall trend was the same.

The overall variability was

considerable and the percentage of distinct species based on a hybrid index was only 30% (15% Q.
petraea and 15% g. robur). Quercus robur was found to be more distinct than Q. petraea as
intermediate forms grouped closer to Q. petraea in a NJ cluster analysis. However, Q. robur was
also more variable morphologically than Q. petraea.

Quercus petraea individuals were found mainly in peripheral regions and Q. robur individuals in
more central lowland regions. These distributions roughly corresponded to ecological preferences.
Most populations contained individuals from more than one morphological group, again indicating
the dynamic situation in Irish woodland populations.
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Chapter 7

Combined Discussion
7.1. Introduction

The aim of this chapter is to present a discussion based on the results from all the preceding
analyses. A brief overview of the findings is presented initially and these results are then discussed
in relation to the diversity status and conservation implications for Irish oak.

7.2 An Overview of the Findings
7.2.1 The Morphological Analysis
The multivariate morphological analysis on the leaves revealed a distinction o f many individuals
into groups identifiable as Q. petraea and Q. robur and a considerable amount (10%) o f putative
hybrids were also recorded (Table 6.4). The morphological characteristics showed a great amount
of variability with an indication that Q. robur was more variable than Q. petraea (Table 6.8).
There was a continuum o f variation between the species, but at the poles of this variation the
concentration o f individuals was greater, thus showing that species separation based on these
characters is evident in Ireland (Figure 6.5).

7.2.2 The Molecular Analyses
The molecular analyses revealed contrasting levels of diversity and population structure in the
chloroplast DNA (cpDNA) analysis compared to the nuclear DNA analysis (Table 7.1). The
cpDNA analysis revealed a low level o f diversity, with two main haplotypes and found a distinct
geographic pattern of haplotypic variation across Ireland (Figure 3.7). The Amplified Fragment
Length Polymorphism (AFLP) analysis revealed a higher diversity and a lower differentiation of
the populations, although at the local scale individuals tended to group according to population
(Table 7.1).

This high diversity and low differentiation of populations was confirmed by the

Simple Sequence Repeat (SSR) analysis (Table 7.1). The diversity measurements obtained from
the different calculations appropriate to the individual techniques were not suitable for an overall
comparison and this was due to the different marker systems used.

However, the Simpson

diversity measure proved useful for comparison across the techniques (Table 7.1). Low sample
numbers for the AFLP analyses were suggested to have caused inaccurate and upwardly biased F$t
values and the SSR levels are considered to give more accurate results. The difference between the
cpDNA and the nuclear analyses illustrated the nature of the breeding system o f oak. Oak is a
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wind pollinated outbreeder and so the pollen is dispersed great distances. In contrast, the seed is
heavy and dispersal is much more limited and erratic. Thus, the cpDNA marker, which is specific
to the maternal parent, the seed producer, showed a clumped pattern, whereas the markers for the
nuclear regions (AFLPs and SSRs) did not show a high degree o f structuring. The SSRs were used
to investigate levels o f heterozygosity deficiency at the individual relative to the population level.
These values gave estimates o f inbreeding. The levels obtained were higher (F,s = 0.14 - 0.27) than
comparable values observed in Britain {Fjs =0.131 - 0.136) (Cottrell et al. submitted). The Fis
levels were caused in part by an excess of homozygotes in two particular loci, but as the same loci
were used in the British study, the results are directly comparable.

Table 7.1.

A synopsis of the total diversity, Hr and Divr, and the level o f population

differentiation, F st and Divsr, estimated from each of the marker techniques. H r and F st refer to
the calculations based on the individual techniques appropriate for each marker system and Divr
and DiVsr refer to calculations based on the Simpson diversity index method.
M arker

H t

Divr

F st

DivsT

Reference

cpDNA

0.374

0.074

0.73

0.81

Tables 3.3 and 3.5

AFLP

0.18

0.83

0.44

0.07

Tables 4.3 and 4.4

SSR

0.88

0.98

0.021

0.005

Tables 5.9 and 5.10

7.2.3 Diversity Levels
The diversity levels were shown to be low in the cpDNA but high in the nuclear DNA (Table 7.1).
This is not surprising due to the nature and mutation rates o f the different markers. The levels from
each marker were also shown to be of comparable magnitude to but lower than those observed in
Britain and France (Table 3.7, section 4.4.2 and section 5.4.2).

7.2.4 Species Distinction
The morphological analysis showed a level o f species distinction, however, the same was not
evident in the molecular analyses. The map of cpDNA haplotypes (Figure 3.7) broadly follows the
outline of the species distribution (Figure 6.8), but the haplotjTjes were not specific to either
species. Some AFLP fragments and SSR alleles were found to be species-specific (section 4.3.1
and Table 5.5), but none were species diagnostic, and no overall significance could be found to
support a species distinction at the molecular level. There was an overall trend showing Q. robur
to have greater diversity for the cpDNA, but Q. petraea to have greater diversity for the nuclear
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markers (Table 7.2 and 7.3), although the differences in nuclear variation lacked statistical
significance.

Table 7.2. Total diversity estimates, Hj, and population differentiation estimates, F st, for each
species. Calculations are taken firom the different methods used for each marker.

Marker

Q. petraea

Q. robur

Reference

Ht

PsT

Ht

Fst

cpDNA

0.274

0.716

0.577

0.664

Table 3.3

AFLP

0.2

0.48

0.21

0.29

Table 4.3

SSR

0.86

0.007

0.85

0.045

Table 5.13

Table 7.3. Total diversity estimates, Divr, and population differentiation estimates, Divsr, for each
species. Calculations are based on the Simpson diversity index.

Marker

Q. petraea

Reference

Q. robur

DivT

DivsT

Divr

DivsT

cpDNA

0.056

0.85

0.144

0.71

Table 3.5

AFLP

0.83

0.07

0.81

0.03

Table 4.4

SSR

0.98

0.005

0.978

0.003

Table 5.9

Table 7.4.

The different diversity estimates from the AFLP and SSR techniques in the four

populations studied with both marker systems. H t is diversity o f the population based on the
calculation appropriate to the individual technique and DivT is the diversity estimated by the
Simpson index. (AFLP data from Table 4.5, SSR data from Tables 5.7 and 5.9)

Population

SSR

AFLP
Ht

Divr

Ht

D ivt

Abbey Leix

0.20

0.78

0.862

0.98

Garannon

0.15

0.75

0.866

0.97

Gearagh

0.22

0.81

0.823

0.97

Devlin River

0.16

0.77

0.845

0.98

7.2.5 The Utility o f the Different Techniques
The species designation is based on the morphological analyses and the results showed that while
the species definition is blurred at the boundaries, distinct morphological groups (designated as
species) can be identified among the individuals. The morphological analyses were very useful for
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identifying levels of hybridisation (Table 6.4). The morphological analyses were also useful for
identifying levels of variation.

The molecular analyses, while very useful for levels of diversity, were less useful for species
distinction.

However, they did show potential in this light as species-specific markers were

observed in both the AFLP and SSR analyses. The chloroplast markers showed great potential for
investigating geographic patterns and seed dispersal routes. The AFLP and SSR markers were less
useful for investigating population geographic patterns, but they were very useful for quantifying
diversity levels and estimating population differentiation.

The SSR analyses provided better

estimates of allelic diversity than the AFLP analyses and are considered to be more biologically
meaningful. The heterozygosity estimates fi-om AFLP analysis are based on null allele frequencies
(Lynch & Milligan 1994), and so are not based on observed levels of allelic variation. In contrast,
the SSR calculations are based on observed heterozygosity. The diversity estimates obtained for
the four populations studied with both the AFLP and SSR techniques did not agree in trend (Table
7.4). The overall diversity levels were shown to be high in all the populations, but the trend was
different. This can possibly be explained by the different nature of the markers. The SSRs target
specific loci, but the AFLP is a multi-locus technique that provides dominant markers distributed
arbitrarily throughout the genome. This discrepancy adds to the debate on the variability within the
species.

Different calculations were used for the different marker systems in order to allow comparison to
other studies in Europe. All values obtained for the different marker systems compared well to
those obtained in the other studies.

However, due to the different (and in places unknown)

mutation rates of the markers, these were not directly comparable across marker systems. The
Simpson diversity index was used for this purpose. The biological significance of diversity indices
similar to the Simpson index has been questioned as it cannot be related to the number of codon
differences per locus (Nei 1977). This is indubitable, but for comparative purposes the Simpson
index provides a useful tool for diversity estimates and gave meaningful descriptions of the levels
of variation and population structure of the oak populations studied.

7.3 Oak in Ireland
7.3.1 Diversity a n d Population Structure

Only two main haplotypes (10 and 12) were found in Irish oak. One individual with haplotype 7
was also found, but this was suspected to be planted. Most populations were fixed for one
haplotype and the distribution of haplotypes across the island revealed a south-north variation. The
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results from the cpDNA analysis suggest that there was either one multiple, or else two or more
separate, colonisations o f oak in Ireland. This was inferred from the fact that the two haplotypes
occur in both species in Ireland. The haplotype distributions (Figure 3.7) roughly corresponds to
the distributions of the species (Figure 6.8), with the distribution o f haplotype 12 corresponding to
that of Q. petraea and the distribution of haplotype 10 corresponding to that of Q. robur. This
could indicate a migration o f haplotypes with the species, although there are populations that do not
follow this pattem.

The restricted invasion of oak into Ireland is substantiated by the lower

diversity observed in Ireland in comparison to France and Britain (Table 3.7). The diversity
obtained in Ireland is more comparable to that in Denmark in terms o f number of haplotypes and
diversity levels (Table 3.7). As the two oak species are considered to have migrated from refugia
in southern Europe, this progressive decrease in diversity with increasing distance from source is
consistent with theories on the dynamics of postglacial migration (Hewitt 1996). Ireland has a
much reduced flora in comparison to Britain, which in turn is impoverished relative to mainland
Europe (Webb 1982), and so the elements of this flora will also be a restricted sub-set of that in
Europe. In addition, to state the obvious, freland is an island and its diversity is limited by the area
available (Wilson 1992a).

The results from the SSR analyses revealed a similar reduction in

diversity in Ireland compared to France. Although the diversity is lower, the pattem of population
structure is similar to that revealed elsewhere in Europe. The pattem obtained showed a highly
differentiated cpDNA pattem but a weak geographic pattem for nuclear DNA variation with little
differentiation between populations (Table 7.1).

Similar patterns of variation in cpDNA and

nuclear DNA have been shown elsewhere in Europe (Kremer et al. 1999; Kremer & Petit 1993).
These patterns reflect the out-breeding nature o f oak (Streiff et al. 1999). Gene flow resulting from
pollen is much greater than that from seed (Ennos 1994; Kremer et al. 1991). It is suggested that
these high diversity levels increase the adaptive potential o f the species (De Greef et al. 1998).
Although the overall pattem is similar to France and Britain a noticeable reduction in
heterozygosity at the individual level was observed in the Irish populations {Fis = 0.14 - 0.27 and
F it = 0.206) compared to the British populations (F/s = 0.131 - 0.136 (Cottrell et al. submitted)).
These fixation indices suggest that a higher level of inbreeding is evident in Irish populations and
this could possibly be due to the fragmentation of woodland populations. In short, the diversity
levels and allelic richness of oak nuclear DNA in Ireland are very high, but levels of heterozygosity
deficiency of individuals relative to the populations suggest a level of inbreeding higher than that
o f Britain and mainland Europe.

Populations tended to be dominated by a single species and no populations contamed an excess of
hybrids (Table 6.10).

The distribution of the species corresponded to their known ecological

preferences. Q. robur was found more in lowland regions over limestone, whereas Q. petraea was
found more on upland regions over acidic bedrock (Figure 6.8 and section 2.2).
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7.3.2 The Species Separation
The species separation was evident from the morphological analysis (Figure 6.5) but much less so,
or not at all, in the molecular analyses. An interesting point on the species separation is that,
morphologically, Q. petraea groups closer to the putative hybrids than does Q. robur (Figure 6.4).
This suggests that, in Ireland, the boundaries of the species Q. robur are more definite than those of
Q. petraea. Some of the Q. robur dominated populations are suspected to have been planted, and
this may explain the findings. If planting was made from a common source, then the individuals
will tend to have a similar morphology.

The cpDNA haplotypes were unequally distributed between the species; Q. petraea contained more
haplotype 12 than Q. robur and the levels of diversity in Q. robur were greater than in Q. petraea
(Table 7.2). A greater diversity in Q. robur has been found in other studies in France and Britain
(Cottrell et al. 2002; Dumolin-Lapegue et al. 1999a). The higher diversity of Q. robur is also
reflected in the lower population differentiation values for this species (Table 7.2). This lowered
differentiation has been suggested to be due to the differences in dispersal of each species; Q. robur
having a larger acorn and being preferentially dispersed by jays than Q. petraea (Dumolin-Lapegue
et al. 1999a). A positive correlation was shown between acorn size and geographical range for
North American oaks (Aizen & Patterson 1990).

In the AFLP and SSR analyses no species distinction was evident, but, levels o f variability were
shown to be higher in Q. petraea than in Q. robur. The values obtained correspond to those from
comparable studies in France (Streiff et al. 1998). Although no species diagnostic markers were
found from the molecular analyses, there were frequency differences. The same trend has been
shown in a much more detailed study using 2800 PCR products: only 2 % showed significant
frequency differences in the species (Bodenes et al. \991a). The markers used do show potential
for identifying population specific loci, but many samples need to be screened to assess this
possibility. In Ireland, individuals of oak can be identified as morphological species, but the
existence of biological species lacks substantial evidence.

7.4 The Molecular / Morphological Duality
7.4.1 Morphological and Molecular Analysis
A common theme in the studies on Q. petraea and Q. robur is the lack of a distinct separation
between the two using molecular markers. By using the names Q. petraea and Q. robur we, in
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effect, admit the existence of the respective entities, but these are only substantiated by
morphological analysis. The only species-diagnostic character found from morphological data is
that of stellate hairs on the undersurface of the leaf (Aas 1995). All the other characters analysed to
date show quantitative differences.

However, a multivariate analysis of the morphological

characters can distinguish many individuals of each species (Figure 6.4).

In contrast, no species-diagnostic character has been obtained from molecular markers. There are
no significant differences in genome size between the species (Zoldos et al. 1998). A study of high
copy number DNA in both species found identical patterns (Zoldos et al. 2001). No haplotype is
species-specific (Dumolin-Lapegue et al. 1997a). No RAPD fragments were shown to be found in
only one species (Bodenes et al. 1997a). No AFLP fragments or SSR alleles were found to be
species diagnostic (this study). However, SSRs have been used to support the existence of distinct
species, by showing that shared abundances across loci do correspond to the species (Muir et al.
2000). Although the species do not freely exchange genes, there is firm evidence o f the ability of
these oaks to hybridise and so they are not distinct biological species (Bacilieri et al. 1993; Rushton
1977; Rushton 1993).

The evidence from this and other studies suggests that the oak

morphological species do not behave as biological species.

How can this be so, how can we identify species visually, but be unable to distinguish them at the
molecular level? It seems that the molecular variation revealed does not accurately reflect the
morphological species difference. In general, genomes o f closely related species differ either
qualitatively and/or quantitatively in a few coding genes (Zoldos et al. 2001). It has certainly been
shown through a variety of methods that the molecular differences between Q. petraea and Q.
robur are very small (Bacilieri et al. 1995; Barreneche et al. 1996; Bodenes et al. 1997a; Feuillat et
al. 1991 \ Kleinschmit et al. 1995; Zoldos et al. 1998). Perhaps g. petraea and Q. robur do not
have qualitative differences, but are only quantitatively different. There may be extra copies o f
genomic fragments in one or other species. If so, these differences would probably not be detected
by PCR techniques, unless quantitative PCR was used, but this technique can be very ambiguous.
The morphological traits used to assess species status are mainly quantitative, such as, length of
petiole and number of lobes. The inheritance of these traits or their modes of expression are
unknown at present, although in general the control of quantitative traits is polygenic (Judd et al.
1999), and so not governed by simple Mendelian inheritance. Knowledge of the degrees of linkage
and dominance/co-dominance of the genes encoding the morphological traits would allow an
improved understanding of the species.

A map of the genomes o f both species and some

inheritance studies are necessary to decipher the true inheritance, but one disadvantage is that the
characters such as peduncle length are not evident until matunty.
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The molecular markers are neutral or close to neutral, whereas the morphological differences may
be adaptive, although their functions are unclear at present. A study on the correlation o f molecular
to quantitative variation foimd that molecular markers primarily reflect the effects of genetic drift
and do not accurately reflect adaptive evolutionary processes and differentiation brought about by
natural selection (Reed «fe Frankham 2001). Thus molecular measures of genetic diversity have
only limited ability to predict quantitative genetic variability (Reed & Frankham 2001). This
certainly seems to be the case for the two species in question here. Quercus petraea is found to be
more variable in nuclear DNA, but Q. robur is the more variable species morphologically. This
duality further asserts the necessity for both studies to be done side by side. Both molecular and
morphological studies complement each other (Hillis 1987), regardless o f the outcome as both add
to an overall description.

7.4.2 The Species Status
The current opinion is that, in spite o f hybridisation, a strong selection for co-adapted alleles
maintains species identity in oaks (Zoldos et al. 2001). The possibility of the species being in the
process o f merging or coalescing, or else being in the process of speciation is not beyond the
bounds o f reasonability. In the present state the species definition is blurred, but over time this
merging or speciation could become more evident. Studies on the genetic relations between the
species suggest that there has been a recent divergence. Based on the similarity of the genomes,
Zoldos et al. (2001) suggest a recent divergence in the different groups within the genus Quercus
and show Q. petraea and Q. robur to have identical patterns o f high copy DNA elements. All high
copy number DNA clones from Q. robur were found to be identical to those in Q. petraea (Zoldos
et al. 2001). So either all o f these repetitive elements were present in the common ancestor or the
two oaks actually represent one biological species (Zoldos et al. 2001).

The absence of

chromosome differentiation and the overall genomic similarity o f the species adds to the idea that
considers Quercus species as groups of individuals characterised by co-adapted alleles and
correlated phenotypic features (Zoldos et al. 1999). A study on ITS sequences from both species
revealed three highly divergent rDNA families found in both Q. petraea and Q. robur (Muir et al.
2001). In general, ITS sequences undergo the process of concerted evolution where the different
repeat copies are homogenised to yield one repeat type (Judd et al. 1999). Thus, the fact that the
divergent copies still remain in both species suggests the species divergence is recent. However,
there are cases where concerted evolution has not occurred, and rDNA repeats are not homogenised
in all taxa (Soltis & Soltis 1998).
So, the blurred boundaries of the species could be due to their being in the process o f speciation
something similar to what Darwin called ‘incipient species’ (1859 p.l55). If this is so, then how
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are they maintained in sympatry? The ecological preferences are different for each species. In the
study presented here, Q. petraea was found on more acidic mountainous regions and Q. robur on
more basic nutrient rich, lowland regions. This ecological preference could be a form of isolation,
maintaining the species separation. Van Valen (1976) suggested that species are maintained for the
most part ecologically, not reproductively and suggests that reproductive isolation is incidental.
There is also the possibility that the group of Q. petraea and Q. robur, and other species on the
European continent could be considered a multispecies, or species complex rather than individual
entities (Van Valen 1976). The species status is still unresolved in terms o f distinct boundaries and
the genus Quercus still provides for some interesting future studies.

7.5 Conservation and Forestry Issues

Conservation or forestry management plans need to be based on firm biological knowledge. This
project aimed to provide a preliminary survey o f genetic diversity and structure of oak across
Ireland, in the hope that it would be useful for conservationists and foresters. It is not the aim here
to discuss management principles, but rather to provide an indication as to how the results obtained
can aid in planning. For arguments sake, I will assume that both foresters and conservationists are
tending towards the same goal (although this is not always the case) and consider the results from
the point of view of preserving the diversity and native status o f the woodlands.

Conservation and site prioritisation can be based on a number o f different genetic factors, such as
diversity levels, allelic richness, uniqueness and nativeness.

In terms of oak, diversity is not

necessarily the most important criterion, as oaks express such a high degree of diversity. For Irish
woodlands, because of the uncertain past planting histories and extensive deforestation nativeness
is of considerable importance.

In fact, the populations with the greatest diversity probably

represent populations of mixed native and planted specimens (for example, those with mixed
cpDNA haplotypes - Abbey Leix and Garannon Wood); the diversity of these woodlands being
increased by planting o f external stock. The haplotype structure shows a strong geographical
pattern supporting the view of a natural recolonisation process and that Ireland has a scattering o f
native oak populations. This haplotype pattern could be useful in the determination of provenance
o f other individuals and woodlands in future studies. The case of the single haplot>pe 7 in the
Glencar population (Chapter 3) is an example of where haplotj^e analysis allows a method o f
detecting aberrants and thus possible in-planting in such a spatially monotonous structure.

The reduced diversity observed in oak populations of Ireland compared to continental Europe and
Britain is not o f great significance for oak populations in Ireland. A reduction in diversity is
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expected for an island flora. However, the reduced diversity in Irish oak populations can be used
as an indication for the necessity of further study in other woodland species that do not have such a
high degree of outbreeding and thus have more restricted gene pools.

The AFLP analysis

suggested some degree of kinship among the populations. The SSRs also suggested a level of
inbreeding. A more in-depth study of the SSR allele allocation within and between populations
may shed more light on this. If kinship is evident, then it would suggest that the fragmentation of
woodland in Ireland is important in differentiating woodland populations. However, despite these
increased fixation indices, the levels of differentiation are relatively low.

In terms o f which technique is preferable for diversity measurements, the SSRs seem to offer most
potential. These allow direct estimates o f heterozygosity and allelic richness. Allelic richness has
been proposed as much better than diversity or allelic evenness for conservation assessment (Petit
etal. 1998).

7.6 Further Study

Studies on oak have been prolonged and plentiful.

With more study the situation is not

proportionally more clear. However, oak presents interesting problems in terms of species identity
and morphological/molecular correlation and thus merits more research. The present study was
limited within a short timeframe and thus only a sub-section of potential studies were possible.
Further directions of research are suggested below.

7.6.1 Increase Haplotype Map Density
The cpDNA data is a very easy data set to add to. More populations and individuals should be
analysed to saturate the map presented here (Figure 3.7).

With more samples, a greater

understanding o f the structures and sub-structures involved across Ireland would be revealed. If a
natural migration pattern is assumed, then hybrid zones with a mixture o f both haplotypes may be
revealed. More chloroplast DNA markers (including cpSSRs) would help elucidate the patterns
further. Sequencing o f the TF and DT regions used in the analysis presented within is presently
underway in an attempt to identify other markers not detected by the PCR-RFLP technique.
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7.6.2 AFLP Analysis
AFLP analysis should be investigated on a reduced number o f populations with a greater number of
individuals. Other markers should also be screened for suitability. The kinship structure suggested
by the limited number o f samples in this study could be confirmed or rejected.

7.6.3 SSR Analysis
The SSRs showed greatest potential and further work on more populations across Ireland would be
o f considerable value in identifying levels of differentiation. It would be interesting to do a more
detailed study comparing a managed woodland with one of putative native status to investigate
differences due to management systems. In addition, a spatial analysis o f the SSR data on more
populations would increase the resolution of the data presented here. Further analysis on shared
alleles and allele frequencies within populations would give an estimation o f relatedness and
structure across Ireland. Finally, but by no means final, a study on the different age cohorts across
Ireland would be valuable (not only in the SSRs, but in all markers).

This would allow an

estimation of the djoiamics involved in the woodland ecology of Irish oaks over time. Levels of
gene flow between native and planted stock could be assessed and the extent of gene flow between
woodlands could also be assessed.

In addition to doing further study within Ireland, it would be important to add some samples from
elsewhere in Europe to further elucidate the European context.

7.7 Conclusions Overall
♦

Irish oak does form morphological species, but on a molecular level they lack distinction. The
biological species concept is thus hard to apply to Irish oak. While the morphological species can
be distinguished, a level of 10 % hybridisation was estimated within Ireland based on
morphological data. Very few (30 %) distinct species were recognised by the hybrid index method
o f morphological analysis. Quercus robur was, in general, more variable but also more distinct as
putative hybrid and introgressed individuals clustered closer to Q. petraea individuals with the
Neighbor-joining analysis. There are a greater number of Q. petraea individuals across Ireland
than Q. robur individuals and the species tend to occupy separate ecological niches. Populations
are not homogenous, although most are dominated by one or other species.

Molecular markers were shown to be very useful in identifying levels of diversity and population
structures o f oak in Ireland. The cpDNA haplotype distribution was highly structured across
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Ireland and this pattern was used to infer postglacial colonisation routes into Ireland. Haplotype
diversity was very low. The pattern obtained from the nuclear markers was very different to that
obtained from the chloroplast markers. Nuclear markers showed high levels of diversity and lower
population differentiation. Overall, nuclear DNA diversity was large but lower than that observed
in Britain and France.

Similar frends were observed in species differences to those in other studies in Europe. Quercus
robur showed a greater diversity for the chloroplast markers, but Q. petraea showed greater
diversity for the nuclear dominated markers. No species distinction was possible using molecular
markers, although the frequencies of haplotypes varied significantly between the species. The
AFLP and SSR data did not reveal any significant differences between the species.

The results suggest areas of further study on oak populations in Ireland.
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Appendix 1 - The frequencies of the alleles in the populations sampled.

Locus ZAGl/5 (fragments in range 133 -1 7 3 bp)
Allele
Abbey Leix Garannon Gearagh Devlin River Valley
ZAGl/5-1
0.010
0.000
0.000
0.000
ZAGl/5-2
0.000
0.000
0.000
0.010
0.031
ZAGl/5-3
0.000
0.021
0.000
0.072
ZAGl/5-4
0.062
0.093
0.031
ZAGl/5-5
0.031
0.072
0.041
0.000
0.000
ZAGl/5-6
0.000
0.082
0.000
0.010
ZAGl/5-7
0.000
0.000
0.000
0.000
ZAGl/5-8
0.000
0.010
0.000
0.031
ZAGl/5-9
0.010
0.021
0.000
0.072
ZAGl/5-10
0.052
0.103
0.103
0.000
ZAGl/5-11
0.000
0.000
0.031
0.000
0.000
ZAGl/5-12
0.000
0.031
0.031
0.041
0.031
ZAGl/5-13
0.052
0.000
0.000
ZAGl/5-14
0.031
0.000
0.082
0.082
0.031
0.134
ZAGl/5-15
0.000
0.000
0.000
ZAGl/5-16
0.021
0.041
0.031
0.031
0.041
ZAGl/5-17
0.021
0.010
0.000
0.000
ZAGl/5-18
0.010
0.000
0.000
ZAGl/5-19
0.010
0.000
0.010
0.000
0.000
ZAGl/5-20
0.000
0.000
0.010
0.000
ZAGl/5-21

Locus MSQ4 (fragments in range 194 - 236 bp)
MSQ4-1
MSQ4-2
MSQ4-3
MSQ4-4
MSQ4-5
MSQ4-6
MSQ4-7
MSQ4-8
MSQ4-9
MSQ4-10
MSQ4-11
MSQ4-12
MSQ4-13
MSQ4-14
MSQ4-15
MSQ4-16
MS04-17

Abbey Leix Garannon Gearagh Devlin River Valley
0.010
0.000
0.021
0.000
0.021
0.062
0.041
0.000
0.041
0.031
0.031
0.021
0.041
0.010
0.072
0.093
0.093
0.031
0.041
0.052
0.072
0.082
0.072
0.010
0.000
0.021
0.000
0.010
0.000
0.010
0.010
0.010
0.000
0.031
0.010
0.000
0.082
0.031
0.062
0.031
0.000
0.010
0.000
0.010
0.000
0.134
0.031
0.010
0.000
0.000
0.000
0.010
0.010
0.000
0.000
0.000
0.000
0.021
0.041
0.000
0.031
0.000
0.000
0.000
0.021
0.000
0.000
0.000
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Locus ZAG36 (fragments in range 179 - 234 bp)
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Locus MSQ13 (fragments in range 190 - 230 bp)

MSQ13-1
MSQ13-2
MSQ13-3
MSQ13-4
MSQ13-5
MSQ13-6
MSQ13-7
MSQ13-8
MSQ13-9
MSQ13-10
MSQ13-11
MSQ13-12
MS013-13
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Locus ZAG9 (fragments in range 179 - 244 bp)
ZAG9-1
ZAG9-2
ZAG9-3
ZAG9-4
ZAG9-5
ZAG9-6
ZAG9-7
ZAG9-8
ZAG9-9
ZAG9-10
ZAG9-11
ZAG9-12
ZAG9-13
ZAG9-14
ZAG9-15

Abbey Leix Garannon Gearagh Devlin River Valley
0.000
0.000
0.010
0.010
0.000
0.041
0.000
0.000
0.093
0.072
0.093
0.103
0.041
0.062
0.031
0.144
0.041
0.021
0.062
0.010
0.041
0.041
0.041
0.010
0.031
0.041
0.062
0.021
0.031
0.062
0.052
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0.052
0.041
0.072
0.052
0.041
0.052
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0.010
0.010
0.021
0.041
0.000
0.031
0.021
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0.010
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