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Characterisation o f  Genetic Diversity o f  Common Ash (Fraxinus excelsior L.)

Abstract

Fraxinus excelsior (ash) is a native tree species in Ireland and is economically 

important for the production of timber that is strong, elastic and light. Having 

migrated after the last glaciation from mainland Europe, it formed an important 

constituent of the mixed broad-leaf woodland that was predominant in Ireland prior 

to the expansion of agriculture. Woods containing native stands of common ash are 

rare in Ireland today. The primary aim of this thesis was to examine the extent and 

patterns of genetic variation present within Ireland’s F. excelsior, and to compare it 

to populations from around Europe. Molecular markers were used to assess 

diversity levels and to determine if provenances of ash were genetically distinct 

from each other, and if they formed geographically meaningful patterns. Using a 

combination of chloroplast microsatellites, nuclear microsatellites and AFLP 

markers the genetic diversity of F. excelsior in Ireland was found to be high and 

comparable to levels detected in other populations sampled within Europe (in this 

study and by others).

AFLP markers were used on a sample of provenance material maintained at 

Drumsna, Co. Leitrim (14 populations roughly evenly distributed across the 

country). Phylogenetic (NJ) and ordination (PCoA) analysis techniques using 

markers from three primer pairs detected a degree of similarity among samples 

from the same provenance, since they tended to group closely together. Higher 

levels of variation were detected within the Irish ash provenances (70.5%) than 

within the European provenances (60.3%). While the Irish provenances were less 

genetically differentiated (29.5%) than provenances from around Europe (39.7%). 

Indicating genetic mixing among provenances of ash in Ireland. Using AFLP 

markers Irish provenances were also found to be genetically distinct from other 

European provenances.

AFLP markers were also tested as potential tools for differentiation of F. excelsior 

from F. angustifolia and were found to clearly separate the two species. A method 

which can be used to differentiate the two species will potentially be used for seed
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certification as well as for fiiture systematic studies and breeding via MAS and 

QTL

It has also been shown in this thesis that Ireland’s ash population is not genetically 

depauperate in comparison to the rest of Europe. Polymorphic chloroplast 

microsatellite markers were designed and developed by DNA sequencing and 

GenBank data mining {atpQ-rbch, rps\6, rpl\6, trnL-F and matK). They were used 

to study diversity levels and elucidate the bio-geographic history of F. excelsior 

around Europe. The source of material was from a Europe-wide provenance trial at 

Coillte, Killmacurra, Co. Wicklow. A total of 30 haplotypes were detected, with 15 

present in Ireland. The high levels of diversity detected resulted in complicated 

patterns, however the diversity levels are congruent with proposed refiigia in central 

Europe. Genetic similarity was detected between Irish and Spanish provenances 

indicating a possible origin in the Iberian Peninsula, and a similar migration route 

to that of Quercus species. It is therefore suggested that F. excelsior migrated into 

Ireland from mainland Europe several times, and possibly from a range of refiigia.

Knowledge of the genetic potential of the remaining populations of ash in Ireland is 

essential for the design of breeding programmes and conservation management 

plans. A detailed investigation using five nuclear microsatellite loci (FemsatW, 

Femsatlll, Femsatll6, Femsatll9 and M320) was carried out on three native ash 

woods in freland (Saint John’s Wood, Co. Roscommon, Hanging Rock Wood, Co. 

Fermanagh and Slieve Carran Wood, Co. Clare). Their diversities were compared 

to levels in Ireland as a whole (from the sample of provenance trial material 

distributed across the island). It was found that the native populations had higher 

lower allelic diversity levels {Rs= 14-17) compared to the provenances {R$ = 20.6- 

21.6). The majority of variation was found to be structured within populations and 

not between populations (86%-88% within; 1.1% among). The Fi$ was estimated 

within the native woods to be 20.3% and 6% for within the provenances indicating 

higher levels of inbreeding within the native woods. However, inbreeding estimates 

were higher in Ireland than in parts of Europe (Bulgaria 1.4% and Romania 2.3%). 

Spatial autocorrelation was carried out along a transect within three ash woods and 

it was found that after 15 meters, kinship significantly decreased with increasing
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pairwise geographic distance. Therefore genetic isolation is occurring rapidly with

distance. Fraxinus excelsior therefore forms genetically diverse but locally

structured provenances. However, no meaningful geographic trends were detected 

on a country-wide scale. Fraxinus excelsior is an out-breeding species, that uses 

wind to disperse its pollen as well as its seed. Considerable levels of gene flow are 

expected to occur which was reflected in high levels of total diversity within the 

provenainces {Hf. 0.63) and low differentiation among them (G5 7-: 0.32). The lack of 

country-wide diversity patterns therefore indicates the provenances of F. excelsior 

in Ireland could be considered as one large inter-breeding population with few

barriers to gene flow and dispersal.

The results from tlie three different marker systems and the various population 

samples around Ireland and Europe have been used to make recommendations to 

foresters who are sourcing seed material for planting. Furthermore the diversity 

statistics of the natural populations were compared to a select breeding population 

of ash maintained at Teagasc, Kinsealy, Co. Dublin. It was found that this breeding 

population was less diverse in terms of allelic richness (breeding collection: 28 

alleles; native wood: 36 alleles) and comparable in gene diversity to the three 

natural populations (both 87% diverse).
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The Characterisation o f Genetic Diversity o f  Common Ash {Fraxinus excelsior L.)

Chapter 1

General Introduction to the Genetic Characterisation of Fraxinus excelsior L.

in Ireland and around Europe

1.1. Common Ash {Fraxinus excelsior L.)

1.1.1. Geographic Distribution

Common ash is native throughout the UK and Ireland, and is naturally distributed 

throughout most of Europe, from Norway to the north and Italy in the south, from 

Ireland in the west and Iran in the east (Lefort et al., 1999'), where it is also found 

up to an altitude of 1650m (Wardle, 1961; Figure 1.1.1.).

Figure 1.1.1. European distribution of F. excelsior (Noble Hardwoods Network 

IPGRl, http://www.ipgri.cgiar.org/, 2002).



The Characterisation o f Genetic Diversity o f  Common Ash (Fraxinus excelsior L.)

1.1.2. Morphological Description

Fraxinus excelsior L. is the largest forest tree of the genus Fraxinus reaching up to 

a height of approximately 43 meters (EUFORGEN; Wardle, 1961). It is a 

deciduous species, which can be identified through its large black, terminal buds 

and compound, pinnate leaves. The leaflets occur oppositely on the leaf, and are 

approximately 30cm long, with up to thirteen opposite leaflets (7cm long). They are 

lanceolate to ovate in shape, with sharply toothed margins (Wardle, 1961) and their 

underside is covered in fine, white hairs, of varying density. Immature ash trees can 

be recognised by a grey, smooth bark, which becomes furrowed with maturity. 

Figure 1.1.2. illustrates the leaf and fruit (samara) morphology of common ash.

Figure 1.1.2. Fraxinus excelsior leaf and fruit (samaras). The characteristic terminal 

black buds are also shown in the illustration (illustration taken from Gilman and 

Watson, 1993).

1.1.3. Ecology and Habitat

The common ash is known as a noble hardwood and is one of the most common 

broad-leaved tree species in Irish woodlands. Commonly coppiced, it is an

Large 
Terminal 
Black Bud

Compound 
Pinnate Leaflet

Samara
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The Characterisation o f  Genetic Diversity o f  Common Ash (Fraxinus excelsior L.)

important component of hedgerows (Laidlaw, 1960) and is quite often found on 

basic or calcareous soils. However, it is also often observed as a pioneer species in 

a range of habitats. Fraxinus excelsior is a common species in Irish woodlands, 

mainly in areas that are well drained and have a high base status, in unstable 

habitats such as limestone scree slopes where it is one of the first species to occur. 

It can also be found in adverse conditions and waterlogged areas such as fens, 

where it survives in areas where there is a small depth of well-drained soil. 

Fraxinus excelsior also grows on limestone pavement and in open areas such as in 

grassland as well as on dry rendzina soils (Wardle, 1961). It is therefore apparent 

that ash is a relatively prolific and universal species within its natural range. It has 

high tolerance of water stress and unstable environments. Its success in woodland 

and grassland habitats is promoted through its production of large quantities of high 

quality seed (Wardle, 1961).

1.1.4. Floral Bioloev

Ash is a wind pollinated, polygamous species, with flowers on axillary panicles 

(Wallander, 2001). Individual trees may posses either staminate or pistillate 

flowers, both unisexual types, only hermaphroditic flowers or a combination on 

different branches (Binggeli and Power, 1991; Figure 1.1.3.). Individual 

inflorescences may even consist of different flower types. The floral biology of ash 

is therefore extremely complicated. In 1991 an investigation into the gender 

variation in a population of ash on the North coast of Ireland suggested that the age 

of the tree might influence the sexual function (Binggeli and Power, 1991). Results 

from a seven-year analysis on the floral biology of F. excelsior by Wallander and 

Dahl (2001) indicated that the expression of gender may vary at several different 

levels; 1. floral level; 2. inflorescence level; 3. tree level and 4. temporal level 

(varies between years). Further investigation into the reproductive biology and 

resource allocation of F. excelsior is currently being carried out by the European 

Project: FRAXIGEN. This Europe-wide investigation aims to look at flowering and 

fruiting in three ash species, the correlation between flowering and fruiting 

resources with growth rate and finally analysis into gender variation and how it 

relates to degrees of gene-flow, inbreeding and selfing in ash populations. Figure 

1.1.3. illustrates the complexity of floral morphology to be found between trees or

3



The Characterisation o f Genetic Diversity o f  Common Ash (Fraxinus excelsior L.)

in a single Fraxinus tree, ranging from pure male and female flowers to 

functionally male and female and then also hermaphroditic flowers.

Figure 1.1.3. Floral morphology of F. excelsior (Binggeli and Power 1991). (A) is a 

female flower and (B) is a functionally female flower. (C) is a fimctionally male 

flower, while (D) is a male flower. (E) is a hermaphrodite flower.

1.1.5. Habitat Characteristics

Ash is a demanding tree species regarding the type of site that it prefers to occupy 

and it has been found that its performance is strongly related to site characteristics 

(Evans, 1984). The soil generally needs to have high levels of fertility, moisture and 

be well oxygenated. Ash needs high levels of nitrogen and phosphorous to thrive 

(Kilbride, 2000). It is one of the most nutrient demanding tree species, with 

requirements of approximately 123 kg/ha of nitrogen per year, in comparison to oak 

(91 kg/ha/yr) and birch (56 kg/ha/yr; Savill and Evans, 1986). TTie growth of ash 

has been found to be linked with the extent of nitrogen available to the plant. A 

study carried out in the UK (Gordan, 1964) found that almost 78% of height 

variation of ash could be accounted for through variations in nitrogen intake. A 

certain level of moisture in the soil is required at all times to ensure nutrient uptake.
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however flooding or water-logging of soil will result in death of the submerged 

parts of the root system (Kilbride, 2000).

It has been found that the percentage of sand in the soil in which ash is growing has 

an effect on the growth rate of the trees (Kilbride, 2000). In general in areas in 

which there was relatively high levels of sand, the productivity of ash was increased 

(Kilbride, 2000). Climate also affects the growth of ash, in particular, frost. Frost 

damage in young ash is known to result in forking of the tree, so a degree of shelter 

is also an important aspect of ash performance since a lack of shelter can lead to 

either forking or can be fatal for young seedlings (Kilbride, 2000; Wardle, 1961). 

Habitats in which ash is planted that do not have sufficient shelter tend to produce 

smaller trees with a shrub-like stature (Wardle, 1961). Furthermore, ash growing in 

exposed sites tends to have leaves that are smaller with more leaf hairs than those 

growing in shelter to prevent excessive evapotranspiration (Kilbride, 2000). Ash 

seeds cannot germinate in low light environments so a break in the field layer is 

important for success (Wardle, 1961). Germination will also be prevented by the 

presence of grasses, since the germinating seeds cannot compete for moisture and 

nitrogen in the soil (Wardle, 1961). Therefore to enable germination of ash seed and 

ensure establishment in forestry, weed control needs to be carried out over one 

meter square around the sapling for the first three years (Kilbride, 2000).

Often the main problems to affect the growth of ash, is attack from the ash bud 

moth {Prays fraxinella). This pest lays its larvae in the terminal bud, since it is the 

largest, providing the larvae most protection during the winter and a large food 

source once they emerge (Foggo and Speight, 1995; Kilbride, 2000). Grazing is 

another serious problem for young seedlings, especially by small herbivores such as 

rabbits and sheep (Wardle, 1961).

1.1.6. Rotation Forests

Commercially ash has the advantage of having a relatively short rotation period in 

comparison to other species (such as oak) grown for their timber. This fact results 

in ash being an attractive species from a farm forestry perspective since harvesting 

of the crop can be carried out in the same generation. It has been suggested that ash
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can be harvested once its diameter reaches 50-60cm (Joyce, 1998). However such 

diameters tend to be present in stands after a rotation of 50-70 years (Kilbride, 

2000; Coillte Teoranta). Table 1.1.1. illustrates the rotation period of a selection of 

species grown for their timber. Ash therefore outperforms other broadleaf species 

and is comparable to many coniferous species.

Table 1.1.1 Rotation periods for a selection of timber producing tree species 

{Coillte Teoranta).

Coniferous Broadleaf

Species
Rotation

(years)
Species

Rotation

(years)

Sitka Spruce 35-55 Ash 50-70

Douglas Fir 45-60 Sycamore 60-80

Norway Spruce 60-70 Oak 120-160

Scots Pine 65-85 Beech 100-120

Larch 40-65

1.2. Taxonomy of Common Ash 

1.2.1. Laminales

European common ash is one of 24 genera classified within Oleaceae, which 

belongs to the order Laminales (APG, 1998; Wagstaff and Olmstead, 1996). 

Laminales is a large, monophyletic order containing well-known species such as 

teaks (Verbenaceae) and mint (Labiatae). The order also contains species, which 

produce essential oils, herbal medicines and economically important food sources 

(Heywood, 1998). The order consists of twenty families and nearly 18,000 species 

(Judd era/., 1999).
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1.2.2. Oleaceae

Oleaceae is a medium sized family of twenty-five genera and 600 species 

distributed across the world over on all continents except the Antarctic, from 

tropical climatic zones to temperate conditions (Wallander and Albert, 2000). 

Oleaceae contains species that are either shrubs or trees that are deciduous or 

evergreen. Members of Oleaceae, tend to have opposite leaves and lack stipules. 

The flowers tend to be reduced and occur in dense inflorescences with or without a 

perianth (Heywood, 1998). The largest genus in the family is Jasminium with 200 

species. Economically as well as horticulturally important, the family, have among 

their members, food producers such as the olive species (Olea), perfiime producers 

jasmine (Jasminum) and common garden plants such as lilac (Syringa) and privet 

(Ligustrum), while ash produces valuable timber (Heywood, 1998).

Oleaceae have been classified numerous times, the earliest is thought to have been 

done by Knoblauch (1895), who divided the family into classes using the presence 

of a constriction through the apex of the fruit and point of ovule attachment. Taylor 

(1945) classified the family using cytological data and fruit morphology. While 

Johnson (1957), reviewed taxonomy of the family including previous treatments 

and introduced some changes to the sub-families and tribes of Taylor’s 

classification. In Johnson’s classification, the family was divided into two sub

families, Jasminoideae and Oleoideae. Baas et al. (1988) used wood anatomy to 

divide the family into classes, while more recently, Kim and Jansen (1993) used 

molecular techniques as methods to elucidate the family’s phylogeny. Since then, a 

combination of morphological analysis (Rohwer, 1996) and molecular techniques 

(Kim, 1999; Wallander and Albert, 2000), have been used to classify the family. 

Figure 1.2.1. illustrates a general classification of Oleaceae according to Heywood, 

1998, showing fiirther division of Oleoideae into Fraxineae and Oleeae (Heywood, 

1998).

7



TTie Characterisation o f Genetic Diversity o f  Common Ash (Fraxinus excelsior L.)

Oleaceae

Oleoideae Jasminoideae

Oleeae Fraxineae Jasmineae Fontanesieae Forsythieae Myxophneae

F. excelsior

Figure 1.2.1. Classification of Oleaceae taken from Heywood (1998), indicating 

further division of Oleoideae into Fraxineae and Oleeae.

More recently, a comprehensive investigation was carried out using sequence data 

from 76 members of Oleaceae from two non-coding chloroplast loci; rps\6  and 

trnh-V (Wallander and Albert, 2000). Results of the phylogeny estimated from this 

study, have been compared with results from other classification methods including 

chromosome number and fruit and wood anatomy were used to classify the family. 

The comparison found that the molecular data supported the classifications put 

forward by the other studies. However, the molecular investigation revealed 

detailed phylogenetic relationships allowing redefinition of tribes and sub-tribes.

Figure 1.2.2. shows a summary of the molecular phylogenetic tree of Oleaceae 

taken from Wallander and Albert (2000). The free includes the new classification 

based on rps\6 and trnh-V sequences, and divisions based on morphological 

differences, such as fruit type, as well as Johnson’s (1957) classification of 

Oleaceae. Fraxinus and Olea which were previously separated into Oleinae and 

Faxininae, are now placed into the larger grouping called Oleeae. Within this new 

grouping Fraxinus is separated from the rest of the group by both molecular 

characteristics and fruit type (dry and indehiscent samara) while the rest of the 

group have a fleshy fruit (drupe; Figure 1.2.2).
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Wallanders New
Fontanesieae Myxopreae Jasmineae Oleeae Classification

Johnsons Old
Ligustiinae Schiebeiinae Oleinae Classification

Fiaxmmae

Jasminum Syrmgia Fraxinus Olea

-  -  Samara -  -  Drupe

Figure 1.2.2. Classification summary of Oleaceae combining original classification 

of Johnson (1957), molecular classificaition (Wallander and Albert, 2000) and 

morphological classifications (Rohwer, 1996). Position of Fraxinus is indicated on 

the tree in red. Phylogenetic summary was taken from Wallander and Albert 

(2000).

1.2.3. Fraxinus

Fraxinus species are, for the most part, trees and shrubs that are either deciduous or 

evergreen (with deciduous trees being the most common). The leaves tend to be 

pinnate, opposite or whorled at the branch apices and are distinguished from others 

in Oleaceae by their dry, indehiscent fruits known as samaras (Wardle, 1961; 

Gilman et al., 1993; Figure 1.1.2). The reproductive structures within the genus can 

be found at either terminal or axillary locations near the branch end or can be found 

lateral on branches of the previous year. The flowers are reduced in comparison to 

many Oleaceae and can vary from unisexual to bisexual or polygamous (Wallander, 

2001). The flower may or may not possess a corolla, however if present it tends to 

have four lobes ranging in colour from white to pale yellow. The flower also
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normally has two stamens, with short filaments, a short style, and two ovules in 

each locule (Wardle, 1961; Webb et al., 1996). The distinctive fruit (samara) has an 

elongated wing, which is used for dispersal by the wind (Figure 1.1.2. Webb et al., 

1996; Judd et al., 1999).

Fraxinus occurs in both temperate and tropical climatic regions of the northern 

hemisphere and contains species that are economically important for timber 

production {F. excelsior, F. americana L. and F. manshurica Rupr.). Fraxinus 

ornus (L.) produces manna, a sweet exudate from the bark of the tree, which is 

nutritive in small doses and can be used as a sweetener for diabetics since it does 

not affect glycemia levels in sufferers. Manna also has some medicinal properties 

including as a mild laxative suitable for use in children (Wallander, 

www.systbot.gu.se). Within genus variation, on a morphological level can be seen 

mainly in the leaves, which vary in shape and number of leaflets (Wallander and 

Albert, 2000).

Fraxinus was described in 1753 by Linnaeus; since then, several additions and 

reclassifications have been proposed. Lingelsheim (1927) listed and classified 63 

species of Fraxinus and divided them into two sections called Fraxinaster and 

Ornus. Figure 1.2.3. shows this early classification of Fraxinus.

Sect.
Fraxinaster

Sect.

Subsect. Bumelioides

Subsect. Melioides 

Subsect.  Sciadanthus

Subsect. Dipetalae

Subsect. Pauciflorae 

Subsect. Euornus 

Subsect. Ornaster
Ornus

Figure 1.2.3. Early classification of Froxrmw^'(Lingelsheim, 1927).
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Vassiljev (1952) divided into Fraxinus into two subgenera and four sections, 

Nikolaev (1981) divided Fraxinus two subgenera as before but renamed them 

“subgenus Fraxinus ” containing three sections and four subsections, and “subgenus 

Ornus” containing two sections. Wei (1992) produced a similar classification to 

Nikolaev, but reduced it down to the subgenus Fraxinus containing the sections. 

Fraxinus, Meioides and Sciadanthus, and the subgenus Ornus containing the two 

sections Ornus and Ornaster. A comparison of 40 out of 43 members of the 

Fraxinus genus using nuclear ribosomal and chloroplast sequences of the gene 

regions rps\6 and /rnL-F was carried out by Wallander et al. (2001). The 

classification proposed from this analysis consisted of three sections (Dipetalae, 

Ornus and Fraxinus) and four subsections {Fraxinus, Melioides, Pauciflorae and 

Sciadanthus', Figure 1.2.4.).

-----------------------Sect .  Dipetalae

Sect .  Ornus

Sect .
Fraxinus

-Su bsect .
Fraxinus

S ubsect.
~Melioides

S ubsect.
Pauciflorae

-S u b sect .
Sciadanthus

Figure 1.2.4. New classification of Fraxinus based on molecular data (Wallander et

fl/.,2001).

Several Fraxinus species grow in Europe, however only three are native. These 

include the closely related F. excelsior and F. angustifolia (Vahl.), and a more
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distantly related member of the section Ornus, F. ornus. Hybridisation readily 

occurs between the former two Fraxinus species, which is an important issue for 

foresters as well as ecologists as the quality of wood and stem-form, is not the same 

in the hybrid of F. excelsior and F. angustifolia as it is in the pure species 

(Wallander, 2001; Chapter 2; Section 2.5.8.)- Members of section Fraxinus, 

subsection Fraxinus are shown in Figure 1.2.5.

--------------  Fraxinus nigra
  Fraxinus angustifolia

  Fraxinus exceisior

________  Fraxinus fnandshurica

 Fraxinus piatypoda

Figure 1.2.5. Section Fraxinus, subsection Fraxinus (Wallander, 2001).

1.3. Traditional and Current Uses of Ash

Ash is grown mainly for the wood that it produces which is pale grey-white in 

colour with a straight, close grain. The wood is strong and robust with a pliable 

quality which allows it to bend easily, it’s this elasticity and lightness which makes 

it perfect for building, making fences, fiimiture, veneer and boat building as well as 

for oars and paddles. In the past, ash was commonly used in the production of 

spears, axe-handles, walking sticks and shafts for carriages. More recently, it has 

been used for sports equipment such as hockey sticks and bats (Lewington, 1990; 

Mac Coitir, 2003). In Ireland ash is used for the manufacture of the camdn (Hurley) 

which is the stick used in the game of hurling, a national sport in Ireland. The stick 

is traditionally made from a single piece of wood from the lower part of the ash tree 

which includes part of the root section. It is the use of this part of the tree including 

the root that gives the stick its characteristic curved grain as illustrated in Figure 

1.3.1. (Lewington, 1990; Fahey et al, 1998; Kilbride, 2000).

12



The Characterisation o f Genetic Diversity o f Common Ash (Fraxinus excelsior L.)

Top of handle

Toe
Bas

Middle o f handle

Heel

Figure 1.3.1. The ash hurley traditionally constructed from a single piece of ash 

wood and used in one of Ireland’s national sports, hurling (image taken from Fahey 

etai ,  1998).

The leaves of the ash tree have been used in herbal medicine for their diuretic 

properties and laxative actions, they can also be dried and used as fodder for cattle 

or sheep in the autumn when there is a scarcity of grass. The bark of ash is known 

to have astringent qualities, which is used in the treatment of fever or rheumatoid 

arthritis and is reported to be commonly used as tanning (Mac Coitir, 2003).

1.4. Trees Through History - Myth, Legend and Folklore

Folklore and legend throughout the world has been influenced by the natural world 

since pre-Christian times. Trees in particular have played an important part in these 

stories and myths. In Ireland, folklore and mythology are dominated by the 

influence of trees on people’s everyday lives. Throughout history some tree species 

have become interlinked with myth and legend and popular folklore (Mac Coitir, 

2003). The first alphabet in Ireland (Ogham) consisted of characters named after 

trees, with ash (Funiseog) being the second vowel of the Ogham alphabet (Mac 

Coitir, 2003). The earliest mention of trees and associated laws in Ireland was 

found in “Fidbreatha” (the “Tree Judgements”). This states that the law recognises 

a division of tree species into four hierarchical classes, each containing seven 

species categorised by economic wealth. Fines and punishments for felling or 

damaging trees was carried out in accordance with the species hierarchical level.
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1. The “Nobles of the wood” or Airig fedo included oak (Quercus), hazel 

(Corylus), holly (Ilex), ash {Fraxinus), pine (Pinus) and apple (Malus).

2. The “Commoners of the wood” or Aithig fedo included alder (Alnus), 

willow (Salix), hawthorn {Crataegus), rowan (Sorbus), birch {Betula), elm 

(Ulmus) and cherry (Prunus).

3. The “Lower divisions of the wood” or Fodla fedo included Blackthorn 

(Prunis), Elder (Sambucus), Spindle (Euonymus), Whitebeam (Sorbus), 

Aspen (Populus), Strawberry tree (Arbutus) and Juniper (Juniperus).

4. The “Bushes of the wood” or Losa fedo included Bracken (Pteridium), Bog 

Myrtle (Myrica), Gorse (Ulex), Bramble (Rubus), Heather Broom (Cytisus) 

and Gooseberry (Ribes).

In legend, ash trees tend to play the role of protector, it was thought that ash had the 

power to protect against snakes, ward off witchcraft and even banish the devil (Mac 

Coitir, 2003). Ash wood throughout history has been thought to symbolise life, the 

Norse god Odin is said to have carved the first human from a piece of ash 

(Lewington, 1990), while in Irish history it was used to ensure safety during 

childbirth. It was also thought the sap from the ash tree when given to a newborn 

passed the strength of the tree to the baby.

Ash has also been used as a marker of important places, especially those associated 

with wells and water. It has been found to be second only to hawthorn as a marker 

of holy wells around the country. Throughout Irish history, ash has been linked 

with several saints including St. Patrick, St. Colman, St. Kieran and St. Bridget and 

historical figures including Queen Meadhbh (Mac Coitir, 2003). Ash wood is 

widely known for its sfrength and elasticity; it also has associations with fertility 

and healing through its links with water as well as with war as a material often used 

in the manufacture of spears (Mac Coitir, 2003).
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1.5. Biodiversity and Population Variation

The number of different species on Earth is not known, however a working estimate 

of 13.6 million has been suggested by the Global Biodiversity Assessment, 

produced under the United Nations Environmental Programme (Bryant, 2002^; 

Hawksworth and Kalin-Arroyo, 1995). Of the total species numbers on Earth, less 

than two million have been scientifically identified. Therefore the majority of the 

Earth’s species have not yet been officially discovered (Anonymous, 2000). The 

biological diversity or biodiversity is a term used to describe the variety of living 

things on Earth as well as the patterns that they form (Anonymous, 2000). More 

specifically biodiversity was defined as “the variability of living organisms from all 

sources including inter-alia, terrestrial, marine and other aquatic ecosystems, and 

the ecological complexes of which they are part, this includes diversity within 

species, between species and of ecosystems....” (Anonymous, 1993).

Since 1950 the Earth’s population has more than doubled (Anonymous, 2000), 

resulting in increased pressures on the land for resources to sustain and house rising 

population numbers. Unsustainable destruction, degeneration and fragmentation of 

ecosystems has so far lead to the loss of many species, and if current trends persist, 

5,200 animal species and 34,000 plant species are facing extinction in the future: 

50-100 times the natural rate of extinction (Anonymous, 2000; Bryant, 2002**^; 

Hawksworth and Kalin-Arroyo, 1995).

In 1992 the Earth Summit in Rio de Janeiro proposed a comprehensive strategy for 

“sustainable development”, which included an agreement known as the Convention 

of Biological Diversity (CBD), signed by a large proportion of the world’s 

governments. The goals of the CBD include: conservation of biodiversity, 

sustainable use of biodiversity and fair and equitable sharing of benefits of 

biodiversity using genetic resources (Anonymous, 2004). Since then, governments 

have produced national strategies for conservation of biodiversity at a local and 

national level. At an international level, developments in research techniques and 

new awareness of the importance of conservation and sustainable management of 

biodiversity has lead to the implementation of several international networks aimed 

at sharing knowledge and expertise. One of these networks is the European Forest’s
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Genetic Resource Programme (EUFORGEN), which is a collaborative programme 

among European countries, which aims to promote sustainable utilisation and 

effective conservation strategies of forest genetic resources in Europe (Turok and 

Geburek, 1998).

1.5.1. Importance of Biodiversitv in Forests

Conserving biodiversity within any ecosystem is vital for its long-term 

sustainability. Forests and woodlands are known to be particular diverse ecosystems 

being home to much of the Earth’s terrestrial diversity, however, forests are 

shrinking rapidly with approximately 45% already gone (Anonymous, 2000; 

Bryant, 2002b). The intrinsic value of biodiversity cannot be under-estimated, the 

natural world provides the World’s population with food, shelter and medicines as 

well as maintaining the Earth’s climate. Civilisation is intertwined with the 

biological environment, destruction of ecosystems and fragmentation of populations 

caused by human exploitation, have resulted in the world-wide disappearance of 

biodiversity to varying degrees. Direct effects of this destruction are ecosystems 

reduced ability to deal with environmental changes and natural disasters such as 

flood and storm damage and hurricanes, as well as man-made stress such as 

pollution and climate change (Anonymous, 2000; Bryant, 2002^).

On a smaller scale, species diversity within ecosystems is important on two levels, 

the first being the inherent importance of species within ecosystem and their role in 

its processes through interactions with other species. Secondly, conserving species 

diversity in order to carry out research to scientifically identify previously 

undiscovered species has its importance in a range of areas. Species that are not yet 

scientifically identified and studied hold endless potential for the discovery of new 

chemicals, which may be useful for the production of medicinal drugs. From an 

agricultural perspective, new varieties or wild relations may be used to improve 

productivity of existing crops (Prescott-Allen and Prescott-Allen, 1983).

At the genetic level, diversity is vital for the longevity of populations and their 

ability to evolve and deal with environmental stresses, both natural and man-made 

(Avise, 1994; Li, 1997). Genetic variation can be divided into three types: neutral
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variation, adaptive variation and detrimental variation (Hedrick, 2004). Neutral 

variation is the result of a balance between genetic drift and mutation (Nei, 1987). 

For neutrality to be assumed, the effect of selection must be negligible (less than 

half the effective population size; Kimura, 1983). Adaptive variation, will 

determine the potential of an individual to adapt to changes in environment such as 

introduced species or pathogens. Detrimental variation is variation that reduces the 

adaptive potential of an individual by causing deleterious genes to occur in a 

population, as a result of inbreeding depression (Hedrick, 2001).

Neutral genetic variation was used in this investigation to look at the extent and 

patterns of diversity within and between populations of ash. The use of neutral 

variation as an indicator of adaptive and detrimental variation needs to take into 

account the assumption that high levels of neutral variation within a population 

indicate the potential of the population for adaptation. Low levels of neutral 

variation within a population may be considered as an indication of low levels of 

overall variation, possibly indicating inbreeding depression (Hedrick, 2004).

1.5.2. Forces that Govern Genetic Variabilitv

Variation within populations of plant species can be divided into three categories 

depending on the factors that have caused them. These factors include, 

environmental conditions, inherited genetic traits, as well as interactions between 

the two (Zobel and Talbert, 1984). In natural stands of trees the variation can be 

characterised as among or within population variation. Among population variation 

is genetic variation that is the result of poor gene flow among populations, as well 

as adaptation to local environmental conditions through selection. Within 

population variation results from mutation rate, extent of gene flow, natural 

selection and genetic drift or environmental variation within the site. Variation that 

exists among individuals within a population includes traits that are traditionally 

selected for within tree improvement programmes. These traits include bole 

straightness, roundness of trunk (heart straight down the centre) and a minimum of 

knots in the wood (Zobel and Talbert, 1984).
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1.5.3. Gene Conservation and Sustainability of Forest Genetic Resources

The extent of genetic resources within forests in Europe has been the subject of 

many studies in recent years (Morandini, 1995; Echt et al., 1998; Streiff et al., 

1998; Kelleher et al., 2003; Lefevre et al., 2004). Restoration plans and 

conservation initiatives for forests rely on facts regarding the current state of 

populations, as well as specific species over large geographic areas. In the past, 

negative selection of certain tree species has been carried out without consideration 

for the genetic health of the remaining stock. Such negative selection has occurred 

in commercial stock, when trees of superior volume and form are periodically 

harvested, leaving inferior morphological specimens to provide seed sources for the 

next generation (Kilbride, 2000). It is becoming recognised now, that robust, 

genetically diverse planting material is needed for the successful improvement of 

forest species (Namkoong, 1995). Using molecular markers, the extent of genetic 

diversity and also the degree to which species can adapt to local environmental 

conditions (provenance adaptation) can be estimated. In general however, species 

that are native to the locality and genotypes that are adapted to the conditions of 

that area (local provenances) will provide the most successful seed sources for 

improvement plans (Namkoong, 1995; Kleinschmit, 1998; EUFORGEN).

1.6. Genetic Marker Methods

In recent years, techniques designed for estimating the relationships between 

species and the extent of variation within and between their populations have 

evolved rapidly, resulting in increased accuracy and reliability of estimates. Prior to 

the discovery of molecular markers, the relationships between species and diversity 

within populations was estimated using primarily comparative data based on 

variation of morphology or physiology (Avise, 1994). An evolution of analysis 

techniques has taken place through some key advances in technology, among these 

was the development of protein markers, the Polymerase Chain Reaction (PCR), 

and the introduction of routine DNA sequencing in laboratories (Karp et al., 1996; 

Sunnucks, 2000).
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Protein markers have been used in population analysis since the 1960’s with the 

majority represented by allozymes (Avise, 1994). The technique is based on the 

electrophoretic separation of non-denatured proteins after combining with 

histochemical stains. This reveals the enzyme or protein product of a particular 

gene region, and different mobilities are indication of variation (Weising et al., 

1995; Avise, 1994). Allozymes are enzymes, produced by orthologous genes, but 

they differ in their amino acid make-up, due to allelic variations (Avise, 1994). 

Isozymes are enzymes with the same function but are coded for by different loci. 

Polyploidy can cause problems for analyses using allozymes (Weising et al., 1995). 

Allozyme analysis has many applications, including investigations into population 

diversity and structure (Kim et al., 1994; Karhu et al., 1996; Berg and Hamrick, 

1997). The main advantage of this technique is its cost-eflfectiveness and their 

relative ease of use. However, protein variation may lead to underestimations of 

diversity since only tissues that contain the enzymes in question can be used for 

analysis. There is also a limit to the number of loci that can be studied in this way.

Markers can be classified as being dominant or co-dominant, multilocus or single 

locus. Dominant markers are detected as either present or absent. Therefore, using 

dominant marker techniques, it is impossible to distinguish between homozygotes 

and heterozygotes (Queller et al., 1993; Mueller and Wolfebarger, 1999). Co

dominant markers have the ability to detect homologous alleles at a particular locus. 

For example, both alleles at diploid loci can be detected which allows estimation of 

allelic frequencies and heterozygosities (Queller et al., 1993). The advantages and 

problems associated with using dominant and co-dominant markers are outlined in 

Chapters 2-4; Sections 2.1.2; 3.1.3 and 4.1.3 of this thesis. Multilocus markers have 

the ability to rapidly screen several loci in a genome making them technically very 

convenient. The advantage to this is that stochastic sampling biases which are 

common in biological sampling are overcome. These markers also have the ability 

to identify characters that are not located on the same position on the genome, but 

may be important. One problem associated with multilocus markers is that there is 

often no precise information regarding the loci that they are detecting, resulting in 

only superficial comparison between studies using multilocus markers (Sunnucks, 

2000). Single locus markers only screen one locus at a time but produce data that is 

extremely precise and flexible for detailed investigations into species. The data
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produced using single locus studies can be easily compared with other studies and 

accurately document heterozygosity (Mueller and Wolfebarger, 1999; Sunnucks, 

2000).

Genetic markers have been described as “heritable characters with multiple states at 

each character” (Sunnucks, 2000). A polymorphic molecular marker is any 

quantifiable physical character that distinguishes or marks underlying genetic 

variation. They are used so that differences among chromosomes or individuals can 

be detected and quantified (Douglas, 1998). Several methods have been developed 

in recent years to detect genetic variation using molecular markers.

1.6.1 ■ Attributes and Problems of Molecular Markers

The choice of marker for an analysis depends on the quality and degree of 

resolution that is required from the data. The level of expertise available, as well as 

time and financial constraints, are also factors in choosing a marker to analyse a 

data set (Mueller and Wolfebarger, 1999; Queller et al., 1993). The main advantage 

of using DNA marker techniques include:

1. The high quantity and quality of information that can be obtained in short 

periods of fime through utilising PCR (Karp et al, 1996; Sunnucks, 2000).

2. DNA is foimd in all tissues. DNA can be extracted from ancient samples, is 

easy to collect and store and is often more variable than protein markers 

(Avise, 1994; Baird, 1996; Sunnucks, 2000).

3. Molecular markers are stable and directly reflect the genotype, since DNA it 

is not effected by external conditions including environmental fluctuations 

(Avise, 1994; Sunnucks, 2000).

4. Molecular markers are universal in that they can be used on all biological 

organisms.

5. Data produced from homologous regions of the genome are comparable 

over a wide taxonomic range using molecular markers, making them 

suitable for data compilation (Avise, 1994; Sunnucks, 2000).

The main disadvantages associated with using molecular markers are that they can 

be quite costly in both time and money. A certain level of skill is needed for marker
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analysis and depending on the technique, extensive sequence knowledge needs to 

be gathered prior to analysis, which can be expensive and time consuming (Tautz, 

1989; Schlotterer and Pemberton, 1998).

1.6.2. Choosing a Molecular Marker

1. The level of sensitivity required for the specific study must be taken into 

account, as some markers are too variable, while others may not be sensitive 

enough (Sunnucks, 2000). The sensitivity of the method depends on the 

taxonomic level of the organisms being analysed, the more closely related 

the material, the more discriminatory markers are required (Karp et al., 

1997).

2. A decision between multilocus markers or single locus markers must be 

made depending on the question being addressed. Multilocus markers 

produce markers from the whole genome, giving an indication of the extent 

of the overall genome variation, they are also convenient and reduce 

stochastic sampling errors, while single locus markers produce data that is 

detailed and confined to particular regions of the genome. However the data 

can often be directly compared with results from other studies.

3. A decision between the use of DNA from organelles or from the nucleus has 

to be considered when choosing a marker for a particular study. These types 

of DNA differ in their mode of inheritance (uni-parentally in organellar 

genomes and bi-parentally in nuclear genomes), which results in differences 

in their evolutionary patterns.

4. Time and resources available for the investigation need to be considered. 

Some markers require information regarding the target DNA sequence prior 

to their development (such as microsatellites), while others use universally 

suitable primers to amplify the markers (such as AFLPs; Karp et al., 1997).
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1.6.3. Applications of Molecular Markers

Molecular markers are ideal tools for a variety of systematic applications including:

-  Inference of phylogenetic relationships between species.

-  Elucidating the type of mating system in use within populations.

-  Parentage analysis by inferring either one or both parents, also the 

identification of full and half sibs can be carried out using uni-parentally 

inherited molecular markers.

-  Estimation of genetic variation within species.

-  Estimation of patterns of variation within and among populations of 

species using frequencies of alleles.

-  Detection of genetic structure within and between species and 

populations.

-  Identification of species or differentiation of closely related species.

-  Analysis of geographic distribution of populations, and estimation of 

variation on a spatial and temporal scale in order to reconstruct historical 

movements such as migration patterns.

-  Identification of expressed genes (those that are transcribed to 

messenger RNA and translated into a gene produce, enzymes or protein, 

which can interact with environment and can result in phenotype 

definition).

1.6.4. Types of molecular marker commonlv used to examine species and 

populations

Restriction Fragment Length Polymorphism (RFLP)

RFLP is a method which uses restriction enzymes to cleave strands of DNA at 

particular sequences, the cleaved fragments that are produced during this process, 

are examined for length variation by separating them using gel electrophoresis, 

blotting onto filter paper and hybridising the DNA with probes (Karp et al., 1996). 

Length variation of fragments is the result of point mutations (including insertions 

or deletions), in the area of the DNA strand flanking the probe. The advantages of
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using RPLP markers to examine DNA is that the markers are co-dominant (Karp et 

al., 1996; Queller et al., 1993). Also analysis of data using RFLP is known to be 

highly reproducible. A supply of probes is needed, they are time consuming and 

require large quantities of quality DNA. Therefore RPLPs cannot be easily used for 

the analysis of limited source material (Karp et al., 1996).

Random Amplified Polymorphic DNA (RAPD)

RAPD analysis was developed by Williams in 1990, and is a dominant, multilocus 

marker system (Queller et al., 1993) that uses single primers of arbitrary nucleotide 

sequence, without the need for sequence information (Karp et al., 1996). The 

primers are used to detect polymorphisms in the sequence. They are then separated 

using electrophoresis typically on agarose gel stained with ethidium bromide and 

viewed using UV light. The amplification occurs at random locations along the 

genome. It makes use of primers that can be used universally. As it is a dominant 

marker system, it cannot be used directly to detect the heterozygosity of an 

organism. There are many variants of RAPD, some of these utilise semi-specific 

primers such as those composed of a microsatellite motif. In this case, the region 

between microsatellites is amplified and is known as ISSR-PCR (Inter Simple 

Sequence Repeat-PCR; Hodkinson et al., 2002'). The scoring of bands produced 

using these markers can be subjective and this can lead to errors in the final results; 

also variations of experimental conditions can also cause irregularities in results 

(Queller et al., 1993). RAPD analysis has been used in several different areas of 

DNA fingerprinting for example, it has been used on studies on the identification of 

apple cultivars (Mulcahy et al., 1993) on peach (Matsxunoto and Fukui, 1996), 

grape (Qu et al., 1996) and on lily cultivars (Hamada and Hagimori, 1996). It has 

been proven to be of great use in studies of paternity and pedigree analysis, (Nesbitt 

et al., 1997), and in the construction of genetic linkage maps for species such as 

blueberry cultivars (Levi and Rowland, 1997). The ability to produce large numbers 

of markers has aided studies in areas such as pathology, where; for example 

markers have been developed for the genes coding for scab resistance in certain 

apple cultivars (Yang et al., 1997). It has also been found to be useful in the 

analysis of micropropagated plants (Rani et al., 1995) to prove the genetic integrity
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of the clones. Short oligonucleotide sequences are amplified using arbitrary primers 

in a PCR reaction.

Amplified Fragment Length Polymorphism (AFLP)

AFLP analysis is a technique that is a combination of the restriction digest reaction, 

ligation of adapters to fragments and a PCR reaction to amplify the fragments. It 

was first described by Vos et al. (1995; Ridout and Donini, 1999). A full 

description will be provided in Chapter 2.

Variable Number Tandem Repeats (VNTRs)

VNTRs are markers that are very important in the analysis of extremely variable 

regions of the genome. They can be divided into two main marker types: 

microsatellites (SSRs -  Simple Sequence Repeats) and minisatellites. They can be 

found at numerous sites along the genome and their flanking regions are generally 

unique. Therefore primers to anneal to the flanking regions can be designed (Karp 

et al. 1996). Microsatellites are short sequences of DNA that are repeated in 

tandem. Microsatellite analysis provides single locus markers that have co

dominant inheritance (Isagi and Suhandono, 1997) A full description will be 

provided in Chapter 3.

1.6.5. Comparison of Marker Techniques

Several studies have been carried out using a range of marker techniques in order to 

compare their strengths and weaknesses. A comparison of markers techniques was 

carried out on maize in 1998 (Pejic et at., 1998). The aim of the investigation was 

to make a comparison between RFLPs, AFLPs, microsatellites and RAPDs. Each of 

the marker techniques was assessed for their informativeness, applicability and 

effectiveness for diversity analysis and identification of maize genotypes. From this 

study, microsatellite markers were found to be on average twice more informative 

than AFLPs and RAPDs, and 40% more informative than RFLPs (Pejic et al., 

1998). Microsatellite markers are known to yield high levels of information, 

however their applicability to new species, needs the development of species
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specific primers. High levels o f information that were produced using microsatellite 

markers. These results indicating that the highest number o f polymorphisms could 

be detected by microsatellite markers was in agreement with similar investigations 

on germplasm analysis (Powell et al., 1996). Table 1.6.1. outlines the six main 

types o f molecular analysis and compares them to each other using a range of 

variables (Ridout and Donini, 1999; Mueller and Wolfenbarger, 1999; Sunnucks, 

2000).

Table 1.6.1. Comparison o f molecular techniques used to estimate diversity among 

samples (summarised from Ridout and Donini, 1999; Mueller and Wolfenbarger, 

1999; Sunnucks, 2000).

Criterion AFLP RFLP RAPD
DNA

Sequencing
Microsatellites Allozymes

PCR-Based Yes No Yes Yes Yes No

Co-Dominant No Yes No Yes Yes Yes

Single Locus No Yes No Yes Yes Yes

Cost Moderate Moderate Low High High Low

Ease of Use Moderate Difficult Easy Difficult Difficult Easy

Reliability/

Reproducibility
High High Variable High High Variable

Time Required Short Long Short Moderate Long Short

Overall

Variability
Medium High Medium V. High V. High

Low-

moderate

Quantity of 

DNA Required
Low High V. Low Low V. Low -

Taxonomic

Scope
High Low High High High High

25



The Characterisation o f Genetic Diversity o f  Common Ash (Fraxinus excelsior L.)

1.7. Aims of Thesis

The primary aim of this work was to examine the extent of genetic variation present 

within Ireland’s ash population and to compare it to ash populations from around 

Europe. Molecular marker techniques including chloroplast microsatellites, AFLPs 

and nuclear microsatellites were used to examine the population genetic diversity of 

ash. Chloroplast microsatellites were employed to investigate the historical 

biogeography of ash, AFLP markers were used to determine the extent of ash 

population differentiation in Ireland and Europe and nuclear microsatellites 

compared the diversity within and between native populations of ash with a sample 

of the overall ash population. More specifically, the objectives of this thesis 

include:

1. An examination of the genetic diversity of F. excelsior around Ireland and 

Europe and also the extent of provenance genetic structuring within Ireland 

using AFLP markers (Chapter 2).

2. A comparison between the extent of genetic diversity of F. excelsior in 

Ireland and around Europe (Chapter 2).

3. An investigation into the extent of genetic distinctiveness of Ireland’s F. 

excelsior provenances from a European perspective (Chapter 2).

4. An investigation into the utility of AFLP marker analysis as a tool for the 

identification of closely related Fraxinus species (Chapter 2).

5. The design of polymorphic chloroplast microsatellite markers specific to F. 

excelsior, for an investigation into the extent of genetic variation and 

population differentiation within Ireland, in comparison to Europe (Chapter 

3).

6. An examination of haplotype patterns of F. excelsior with reference to 

historical biogeography of ash around Europe using a comparison with oak 

(Chapter 3).
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7. An investigation into the extent of genetic diversity of F. excelsior 

remaining within and between native ash woods in Ireland (Chapter 4).

8. A comparison of the genetic diversity within native ash woods with the 

overall diversity of ash in Ireland (Chapter 4).

9. An investigation into spatial genetic structure of F. excelsior populations in 

Ireland (Chapter 4).
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Chapter 2

Assessment of Genetic Structure and Diversity among Provenances of 

Fraxinus excelsior in Ireland and Europe using AFLP Marker Analysis

2.1 Introduction

In this investigation. Amplified Fragment Length Polymorphism (AFLP) markers 

were used to investigate the degree of provenance structure and also the extent of 

variation found within and among provenances of Fraxinus excelsior in Ireland and 

around Europe. To my knowledge no research has been published utilising this 

technique for investigations into characterising the diversity of ash.

2.1.1 Geographic Genetic Differentiation

The extent of geographic structuring among provenances of F. excelsior in Ireland 

and around Europe was investigated using the molecular marker technique of 

AFLP. This molecular marker technique was chosen for this purpose since, the 

markers randomly sample the entire genome, and therefore provide an overall 

picture of the diversity of the samples being examined. Provenances of F. excelsior 

from Ireland and around Europe were examined. A provenance has been described 

as “the original geographic source of seed, pollen or propagule” (FAO) or “the 

region or geographical resource where a plant or animal was originally found and is 

native, and where its genetic constitution has developed through natural selection in 

between periods of glaciation” (Dunster and Dunster, 1996). Provenance trials are a 

common method used for the examination of the extent of variation and the 

adaptive potential within a species. They are particularly usefiil for species with 

wide geographical or altitudinal ranges since regional variability and adaptability 

can be assessed. Adaptive traits commonly sought in ash include flushing time, 

time o f bud set as well as disease susceptibility and the extent of variation within 

and between provenances (Dr. G.C. Douglas, pers. commun.). In Ireland, work 

aimed at improving Irish tree species began in the 1950’s by Coillte Teoranta (The 

Irish Forestry Board; www.coillte.ie, 2003). The original aim of this research was to
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field test a range of Irish provenances of commercially important species when 

planted in a variety of locations around Ireland. Since then, attention has shifted to 

improvement of tree species through genetic selection. Using provenance trials, 

information can be gathered relating to the genetic diversity within and between 

provenances, which can be then utilised as a base for decision-making regarding 

seed sources (www.coillte.ie, 2003). An advantage of using provenances in this 

thesis to study variation of tree species is that it is less time consuming to sample 

from a trial located in one place, than travelling around collecting material 

independently. Also, the planting of provenance samples in the same location 

results in standardisation of conditions. They do have a drawback, however, which 

is there may be an element of uncertainty regarding the origin of the seed (whether 

the seed sources were growing naturally at the collection location or whether they 

were planted). This is less of a problem when ‘bulking’ is carried out on seed 

collected from each source. Bulking is where all seed collected from a location is 

mixed together and a sample of the mixed seed is used as a source of provenance 

material (Dr. G.C. Douglas, pers. commun.). Provenance differentiation within a 

species occurs due to an amalgamation of factors resulting in the genetic isolation 

of populations from each other and adaptation of each to different local conditions 

(Epperson, 1995; Turok and Geburek, 1998; Rymer, et al., 2002). The extent of 

provenance differentiation within a species is an indication of the extent of genetic 

isolation that is occurring among populations. Such localised adaptation has been 

seen in many tree species (Kleinschmit, 1998). Since provenances are likely to be 

adapted to their local environments, the introduction of foreign provenances can be 

problematic in that the new genotypes are not naturally adapted to the area. This 

may potentially lower survival rate and growth efficiency. The introduction of 

foreign genotypes into an area may also result in the dilution of the local gene pool 

(Coart et al., 2003). The extent of differentiation among provenances of a species is 

influenced by its breeding system. Species that use cloning or selfing as a method 

of increasing their numbers, will tend to have high levels of provenance 

differentiation, while those that reproduce sexually will tend to be more diverse, 

with lower provenance differentiation (Chapter 3).

Species such as F. excelsior, which are considered to be an ecologically and 

economically important resource in Europe (particularly in Ireland; Chapter 1;
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Section 1.3.) are receiving increased levels o f interest in terms of conservation of 

natural genetic diversity so that their products are sustainably utilised 

(EUFORGEN). One approach to this is to look at the extent of variation within the 

present gene pool (from which a provenance trial is considered to be a 

representative sample). This can then be used to formulate guidelines for the 

selection of local provenance as seed sources (EUFORGEN). Seed sources can then 

be used that will contain locally adapted genotypes. This is important from a 

conservation perspective as well as from an economic perspective, since locally 

adapted provenances tend to grow better.

2.1.2 Amplified Fragment Length Polymorphism (AFLP) Marker Analysis

AFLP is a DNA fingerprinting technique that uses a combination of fragmentation 

of genomic DNA through the action of restriction enzymes and the PCR to amplify 

the fragments. Its popularity stems from the fact that no information on the target 

sequence is required before analysis and primer combinations usually reveal 

numerous genetic markers (Winfield et al., 1998; Hodkinson et al, 2002'; Lamote 

et al., 2002; Sanz-Cortes et al., 2003; Sensi et al., 2003). Developed by Vos et al. 

(1995), AFLP is a combination of PCR and RFLP analysis (from which the name 

AFLP was coined). The process uses restriction enzyme digests, ligation of 

adaptors to the fragments to modify genomic DNA, and amplification using PCR 

(Ridout and Donini, 1999). Visualisation and analysis of the resulting polymorphic 

fingerprints can be done using radioactive labelling, silver staining or fluorescent 

labelling (Karp et al., 1996; Mueller and Wolfenbarger, 1999). An outline of the 

reactions involved in AFLP analysis are outlined below:

AFLP Reaction Sequence

Step 1 - Restriction-Ligation Reaction

Two enzymes, Msel and £coRI are used to restrict genomic DNA into fragments. 

One of the enzymes is known as a frequent cutter {Msel) and is used to generate 

large numbers of small fragments, while the other is a rare cutter (£'coRI) and is 

used to generate fewer numbers of larger fragments. The combined action of the
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two enzymes, results in the generation of an appropriate proportion of DNA 

fragments (See Figure 2.1.1).

Kt'oRi

Figure 2.1.1. Restriction of template DNA by two restriction enzymes -  Mse\ and 

EcoK\ (Diagram modified from AFLP^'^ Plant Mapping Protocol).

The fragments which have a rare cutter sequence on one end and a frequent cutter 

sequence on the other are simultaneously ligated to AFLP adaptors (Figure 2.1.3). 

AFLP adaptors are made up of a core sequence and an enzyme specific sequence 

(see Figure 2.1.2).

Msei

5-GACGARGAGTCCTGAG
TACTCAGGACTCAT-5

EcoK\

5-CTCGTAGACTGCGTACC
CATCTGACGCATGGTTAA-5

Figure 2.1.2. AFLP Adaptor sequences, each consists of a core sequence and an 

enzyme specific sequence (AFLP™ Plant Mapping Protocol).

Adaptors are ligated to the ends of the fragments resulting in the modification of the 

fragments.
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EcoRl

M id  iMwJ F.cnRi FcnRl

"I
r  [

Figure

2.1.3. Ligation of adaptors {Mse\ and ^coR l) to restricted DNA fragments

(modified from AFLP^”̂  Plant Mapping Protocol).

Step 2 - Preselective Amplification

DNA fragments consisting of modified sequences on each end, act as primer 

binding sites for preselective primers (Figure 2.1.4.).

, 1 . 1  ± \
I I___________________________________________ P rc s e lc a iv e  P rim e ts :

AH ir.tr.rc I adap to r + recognition sitc + A
.Adaptors ■ Ihcrm al r  d i  t ^

. A  „  .. 01 ti 'oR i  adaptor + recognition site
CorcMLX O  Cycling ^

I I C : Mst-y adaptor + recognition site + C
C_____________T

_____________ AH
Figure 2.1.4. Preselective amplification of modified DNA fragments (AFLP™

Plant Mapping Protocol).

Step 3 - Selective Amplification

Selective amplification uses primer combinations chosen from the eight available 

fcoR l and the eight Mse\ primers. Selective amplification primers consist of a core 

sequence, an enzyme specific sequence and a selective extension sequence (Figure 

2.1.5). EcoR\ primers also include a fluorescent label, which is used in the 

detection process. Only the fragments ending in EcoK\-Mse\ are detected during 

this step as Mse\-Mse\ ended fragments do not have any fluorescent labelling and 

EcoR\-EcoR\ ended fragments tend not to amplify (Figure 2.1.5.).
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£coRI 5 -  GACTGCGTACC^' ̂ A A T T C < ^ -  3

Mse\ 5 -  GATGAGTCCTGAG^'^TAA^^^NNN^^^ -  3

Figure 2.1.5. Selective primers are made up of a core sequence^'^ an enzyme 

specific sequence*^  ̂and a selective extension^^  ̂(AFLP^"^ Plant Mapping Protocol).

C TH
V

CAG R ,T  1 I 
I M

Figure 2.1.6. Selective Amplification with fluorescent dye-labelled primers ^

(AFLP^*'  ̂Plant Mapping Protocol).

Advantages and Problems associated with AFLP

Advantages of AFLP

-  AFLP produces multilocus molecular markers; which are bi-parentally 

inherited in a Mendelian fashion and dispersed at random throughout the 

genome (Ouborg et al., 1999). Therefore variation along the entire 

genome is sampled from, giving an overall indication of the extent of 

variation of the sample.

-  The multiple loci can be screened at random along the genome (Vos et 

al., 1995; Hollingsworth and Ennos, 2004).

-  No knowledge of the genome is required prior to analysis. This cuts out 

the initial time consuming and expensive developmental phase required 

for species specific co-dominant markers (such as microsatellites; 

Muller and Wolfenbarger, 1999). However some knowledge of genome 

size can be useful for selection of the selective amplification primers.
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Smaller anchors can be chosen for smaller genomes to increase the 

number of amplification products.

— AFLP primers are not species specific, ensuring their potential use on a 

variety of genomic samples (AFLP^''^ Plant Mapping Protocol).

— It uses small quantities of DNA to produce high-resolution, reproducible 

data with low error levels (Vos et al., 1995; Muller and Wolfenbarger, 

1999; AFLP^^ Plant Mapping Protocol).

— The power of the AFLP technique is enhanced as it can be automated 

resulting in a high multiplex ratio (meaning that a large number of loci 

can be analysed simultaneously; Yan etal., 1999).

Problems associated with AFLP

The problems associated with AFLP markers can be divided into two categories: 

firstly practical problems associated with their use and secondly, problems 

associated with the data that is produced. More specifically the practical problems 

include:

— High cost of reactions.

— Fragment scoring in a fingerprint is subject to “interpretation” which can 

lead to errors in the analysis (Travis et al., 1996).

— Different primer combinations produce fingerprints of varying 

information quality.

— Scoring of fragments from fingerprints can be time consuming.

Problems associated with AFLP data output include:

— The majority of markers produced using AFLP analysis have been found 

to be dominant. A dominant marker is one, which is detected as either 

present or absent (AFLP produces data in the form of a presence / 

absence matrix). This therefore limits the usefulness of the data, as the 

ability to distinguish between homozygotes and heterozygotes is lost 

(Queller et al, 1993, Mueller and Wolfebarger, 1999). A small 

proportion of AFLP markers (4-15%) have however been found to be
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co-dominant (Mueller and Wolfebarger, 1999). A technique developed 

to utilise such co-dominant AFLP markers is known as “microsatellite 

AFLP” or Selective Amplification of Microsatellite Polymorphic DNA 

(SAMPL; Mueller and Wolfenbarger, 1999; Singh etal., 2002).

-  Homology can be a problem with AFLP data. Co-migrating bands are 

assumed to be homologous. However they may not all be.

-  AFLPs may not be appropriate for analysis of unrelated or distantly 

related organisms due to high levels of polymorphism that is routinely 

detected since it can lead to errors in data interpretation (Hodkinson et 

al, 2000). Analysis of even closely related taxa using AFLP markers 

have been found to share few bands.

-  Little is known about the distribution along the genome of the markers 

detected using AFLP.

Applications o f AFLP

AFLP was initially developed as a method of genomic mapping to “bridge the gap 

between genetic and physical maps” (Vos et al., 1995). The technique has since 

proven to have a wide range of applications ranging from cultivar and variety 

identification (Becker et al., 1995; Peijc et al., 1998; Ridout and Donini, 1999; 

Hodkinson et al, 2000), to diversity studies and phylogenetic reconstruction 

(Hodkinson et al., 2000; Hodkinson et al., 2002'*^). More specifically the 

applications of AFLP marker analysis include;

1. The production of high-density genetic maps (Peijc et al., 1998). Using 

AFLP, genetic maps of crop species were produced initially (Ridout and 

Donini, 1999), however since then, maps of a wide range of species have 

been produced (Becker et al., 1995; Wang et al., 1997; Levi and Rowland, 

1997; Costa et al., 2000; Arcade et al., 2000; Cato et al, 1999; Miyashita et 

al., 1999; Remington and O’Malley, 2000; Remington et al., 1999).

2. Diversity and population structure analysis (Arens et al., 1998; Lu et al, 

1996; Lerceteau and Szmidt, 1999; de Greef et al, 1998; Kim et al, 1998 

and Barker et al, 1999; Winfield et al, 1998; Lamote et al, 2002;
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Coulibaly 2002; Bennett and Mathews 2003). AFLP has been found to be 

an effective tool for investigations into the genetic diversity and structuring 

within and among populations.

3. Hybrid identification and the extent of hybridisation (Hodkinson, et al., 

2002^). An example is the case where hybridisation of wild species with 

domesticated crops can cause problems including dilution of the wild type 

genotypes leading to loss of the natural diversity (Coart et al, 2003).

4. Identification of cultivars, varieties and accessions in crop species as well as 

in closely related taxa (Karp et al., 1996; Mueller and Wolfenbarger, 1999). 

AFLP has been found to be particularly useful for distinguishing closely 

related taxa since it provides such a large number of markers (in particular 

those that have been found to have few distinguishing morphological traits 

or insufficient variation for sequencing analysis; Pakniyat, 1997; Hodkinson 

et al, 2000; De Riek et al, 2001; Orgen and Thorpe, 2002; Sensi et al, 

2003). Many studies have been carried out on olive species from different 

parts of the Mediterranean regions of Spain and Italy in order to identify the 

cultivars (Belaj et at., 2003; de la Rossa et al., 2002; Sanz-Cortes et a l, 

2003).

5. Parentage, mating frequency and relatedness investigations (Mueller and 

Wolfenbarger, 1999).

6. Phylogenetic reconstruction of relationships within closely related species 

and cultivars (Russell et al, 1997; Gaiotto et al, 1997; Muller and 

Wolfenbarger, 1999).

7. Diversity analysis for breeding programmes and conservation strategies 

(Grattapaglia et al, 1998; Weber et al, 1999; Keiper and McConchie, 2000; 

de Reik et al, 2000).
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2.2. Aims

The objectives of this investigation can be divided into two groups; 1. The analysis 

of diversity and structure of F. excelsior provenances from Ireland and, 2. The 

analysis of diversity and structure of F. excelsior provenances from around Europe. 

The utility of AFLP analysis was also investigated as a possible tool for the 

identification or differentiation of Fraxinus species. More specifically the 

objectives of this investigation were to:

Irish Provenances

1. Investigate the patterns of genetic differentiation among provenances of F. 

excelsior in Ireland.

2. Investigate the extent of genetic differentiation among provenances of F. 

excelsior in Ireland.

3. Analyse the extent of genetic diversity among provenances of F. excelsior 

in Ireland.

European Provenances

4. Investigate the patterns of genetic differentiation among provenances of F. 

excelsior around Europe.

5. Investigate the extent of genetic differentiation among provenances of F. 

excelsior around Europe.

6. Analyse the extent of genetic diversity among populations of F. excelsior 

from around Europe.

Comparisons and AFLP Utility

7. Compare the extent and patterns of genetic diversity of F. excelsior in 

Ireland to that around Europe and to assess the degree to which Irish 

provenances are similar to those from European provenances.

8. Investigate the utility of AFLP marker analysis as a tool for the 

identification of closely related Fraxinus species.
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2.3. Methods

In total, 162 samples were genotyped using three AFLP primer combinations. 

These three were chosen through a set of primer trials by selecting combinations 

most likely to provide informative polymorphisms (Table 2.3.6.).

2.3.1 Site Selection and Sample Collection

Samples from two F. excelsior provenance trials growing in Ireland were used for 

this analysis. Also representative samples of Fraxinus angustifolia, F. americana, 

F. manchurica (Rupr.) and F. rhynchophylla (Hance.) were included in the 

analysis. Fraxinus angustifolia samples were obtained from Dr. N. Frascaria- 

Lacoste. The F. americana sample was collected from the JFK arboretum, Co. 

Wexford, Ireland. While F. manchurica and F. rhynchophylla were obtained from 

Dr. G.C. Douglas. The first provenance trial was set up by Coillte Teoranta (1989) 

in Drumsna, Co. Leitrim (Grid Reference: N 53°55’35” ; W 0 0 8 °2 ri4 ” ) 

consisting of trees grown from seed that originated from fourteen locations around 

Ireland. The seed sources were mainly trees growing in hedgerows at each location 

(so as to avoid sampling of trees planted from non-native sources). Six trees from 

each location were randomly chosen to be included in this analysis. Table 2.3.1. 

provides details of the provenances included in this trial, while Figure 2.3.1. shows 

the locations of the provenances included in the trial.
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Figure 2.3.1 Seed source locations of Irish Provenance trial located at Drumsna, Co. 

Leitrim.
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Table 2.3.1. Original sampling locations from which the Irish ash provenance trial 

contained representative samples.

Location GPS Reference'

Bandon N51°44’34” W008°44’13”

Killamey N52°03’21” W009°30’51”

Currachase N52°34’19” W008°53’04”

Gort N53°03’50” W008°48’49”

Mt. Talbot N53°31’27” W008°17’54”

Westport N53°48’0’ W009°31’10”

Lough Gill N54°14’38” W008°28’45”

Kells N53°43’33” W006°52’48”

Borris N52°56’15” W007°38’17”

Enni skerry N 53°H’25” W006°10’07”

Inch N52°44’33” W006°14’24”

Portlaw N52°17’22” W007°18’51”

Killygordan N54°48’09” W007°46’12”

Killeshandra N54°01’51” W007°31’32”

' GPS Reference taken from GPS Garmin eTrex Legend System using the
position format HDDD°MIN’SEC” .

Figure 2.3.2. is an image of the provenance trial at Drumsna, Co. Leitrim, which 

shows the trial set-up. The trial was divided into grids containing 100 trees from 

each provenance in plots of 10 x 10. This was originally repeated in three sets of 

grids however, only two remain (one lost due to frost damage).
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Figure 2.3.2. Common ash provenance trial at Drumsna, Co. Leitrim, Ireland. 

(Picture provided by Dr. David Thompson, Coillte Teoranta).
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The second provenance trial that was sampled from was a more recently established 

trial originally set up for analysis of F. excelsior by a European collaborative 

project {RAP Project; co-ordinated by Dr. G.C. Douglas). This trial consisted of 

saplings that were not yet planted out, but originated from thirteen sources locations 

around Europe (Figure 2.3.3.). Six saplings were also collected at random from 

each of the locations. One provenance was taken at random from the Irish 

provenance (Enniskerry) and taken to be representative of freland and included in 

the analysis of European material. Table 2.3.2. provides details regarding the 

locations of the provenances included in this new European F. excelsior provenance 

trial.

Lithuania

Scot land

Denmark

■  Poland

Belgium

G erm any

■  C z e c h  Rep

France  2

F rance  1

F rance  3

Figure 2.3.4. Map of Europe indicating locations of the origins of provenance trial 

material.

42



Characterisation o f Genetic Diversity o f  Common Ash (Fraxinus excelsior L.)

Table 2.3.2. Original locations of the European ash provenance trial.

Country Location GPS Reference'

Ireland Enniskerry N53°11’25” W006°10’07”

Scotland Loch Tay N56°31’29” W004°60’06’

UK 1 Setterington N54°04’52” W000°25’53”

UK 2 Wytham Woods N51°60’46” W001°18’16”

France 1 Vassy N48°51’12” W000°40’60”

France 2 Huttenheim N49°11’48” E008°27’53”

France 3 St. Paul de Salers N45°07’38” E002°29’28”

Germany Karlsruhe N49°01’36” E008°23’46”

Spain Tineo N43°20’18” W006°24’37”

Lithuania Kaisiadorys N54°51’46” E024°27’59”

Poland Szczecinek N53°42’33” E016°41’57”

Denmark Raunholt N55°23’17” E010°23’24”

Czech Rep. Rabstejn N49°56’08” E017°16’43”

Belgium 

1 ^

Hoge Bos (Flanders) N51°12’36” E003°13’47”

GPS Reference taken from GPS Garmin eTrex Legend System using the position
format HDDD°MIN’SEC” .

2.3.2. Extraction of Total Genomic DNA using CTAB

To ensure the highest yield and quality of DNA, the leaf material was stored in 

silica gel immediately after collecting. Silica gel was used to prevent the 

degradation of the DNA through the removal of moisture from the tissue. The 

protocol used for the extraction of total genomic DNA from silica dried leaf
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material was a modified version of the CTAB* method developed by Doyle and 

Doyle (1987). This extraction method was chosen for its reliability in the 

production of large quantities of high molecular weight DNA (Dr. T.R. Hodkinson, 

unpublished). It also minimises DNA degradation (which can be due to the 

presence of DNAses), as well as co-isolation of contaminants (polysaccharides and 

phenolics). Which can inhibit the action of restriction endonucleases and reduce the 

efficiency of the PCR reaction.

Protocol for the Extraction o f  Total Genomic DNA

Extraction buffer (CTAB 10ml) was aliquotted into 30ml capped centrifuge tubes 

and preheated in a water bath to 65°C. Pestles and mortars were also preheated to 

65°C. The silica gel dried leaf material was weighed (0.2-0.4g) and ground into a 

paste in the pre-heated mortar using a small amount of the extraction buffer (Figure 

2.3.4.).

The remainder of the buffer was then added and the material was further ground to 

form a slurry, which was poured back in to the centrifuge tubes and incubated in the 

water bath (65° C) for 10 minutes. 10ml of CI^ was then added to the tubes, the lids 

were replaced and the solution mixed using a shaker in a horizontal position for 30 

minutes. The tubes were centrifuged at 1780 RCF^ for 10 minutes, and the aqueous 

layer containing DNA was separated using a transfer pipette and put into a fresh 

50ml tube (Figure 2.3.5.).

An equal volume of ice cold iso-propanol was added to the aqueous layer to aid 

DNA precipitation. Samples were stored in the freezer (-20°C) for 1-2 weeks to 

further precipitate the DNA.

‘ CTAB (Cationic Hexadecyl Trimethyl Ammonium Bromide) is an extraction buffer, which 
contains detergents which iyse cell membranes so as to release the DNA.
 ̂24 Chloroform : 1 Isoamyl alcohol.
 ̂ Relative Centrifugal Force (g).
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2.3.3. Purification of Total Genomic DNA

Purification of the extracted samples was carried out using alcohol (ethanol) which 

was used to dissolve any traces of extraction buffer and salts that remained in 

solution, while precipitating the DNA as a pellet (Doyle and Doyle 1987).

Protocol For the Purification o f  Total Genomic DNA

The samples were centrifuged for 10 minutes at 440 RCF, to pellet the precipitated 

DNA. The supernatant was poured off and discarded and 3ml of wash buffer (70% 

ethanol) were added and the solution was mixed gently. The tubes were centrifijged 

again at 440 RCF for 5 minutes and the supernatant discarded. Each tube was then 

upturned onto tissue, to allow excess wash buffer to drain off the pellet. They were 

then left for 30-40 minutes turned the right way up in a fume hood (to ensure that 

all the ethanol was evaporated). The pellet was re-suspended in 0.5ml of TE buffer"* 

using a transfer pipette and transferred into labelled 1.5ml micro-centrifuge tubes 

and the samples were stored in the freezer at -20°C until further purification (Figure 

2.3.6).

2.3.4. Further Purification of Total Genomic DNA

Further purification of DNA was carried out in order to ensure successful 

amplification of samples using the PCR. This was done according to the protocol 

from Concert^"^ Nucleic Acid Purification System (Life Technologies-Gibco- 

BRL®). The manufacturer provided the following information regarding the 

provided constituents of the kit: Binding solution (HI) contained concentrated 

guanidine hydrochloride, EDTA and Tris-HCl. Wash buffer (H2) contained NaCl, 

EDTA and Tris- HCl and TE- buffer contained lOmM Tris-HCl (pH 8) and 0.1 mM 

EDTA.

'* TE Buffer contains (Tris (lOmM) HCl and EDTA (Ethlene-diaminetetra-acetic acid disodium salt) 
@ pH 8).
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Protocol for the Further Purification o f Total Genomic DNA

A mixture of 400[j,l binding solution and 100|il sample was added into the centre of 

labelled spin cartridges (in 2ml wash tubes). The tubes were then centrifuged at 

12,000g for 1 minute. The flow through was discarded and the 700jil of wash buffer 

(containing ethanol) was added to the centre of the spin cartridges. The samples 

were centrifiaged once more at 12,000g for 1 minute and the flow through was again 

discarded. The samples were centrifuged again to remove the remaining wash 

buffer from the tubes and the spin cartridges were placed into labelled recovery 

tubes and 50^1 of warm TE (68°C) was added to each to dissolve the purified DNA. 

The tubes were allowed to incubate at room temperature for 1 minute and then 

centrifuged again at 12,000g for 2 minutes. The spin cartridges were then discarded 

and samples were labelled and stored in the freezer until required.

2.3.5. Oualitv and Quantity Assessment of Total Genomic DNA

A crude assessment of the quality and quantity of each total DNA sample was 

determined using electrophoresis on an agarose gel containing ethidium bromide 

stain (stained DNA fluoresces in the presence of UV light). This was done under 

the assumption that a direct correlation can be made between the amount of DNA 

present and the degree of fluorescence.

Protocol for Assessing Quantity and Quality o f  Total Genomic DNA

A 1.2% w/v agarose gel in 1 x TBE* was prepared in a Duran bottle. 80ml of this 

was then aliquotted and 1.5^1 ethidium bromide (lOmgl ’) was added and mixed 

with gentle swirling. The agarose mixture was allowed to cool slightly and a gel 

casting boat was prepared. The cooled gel was poured into the casting boat and 

allowed to set for 20-25 minutes. The combs and tape were removed and the gel 

was placed in an electrophoresis tank and covered in Ix TBE^.

 ̂TBE -  contains Tris, boric acid and EDTA xlO.
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Each sample of total DNA (6.5^1) was mixed with 2|a1 loading dye^ the loading dye 

and all samples including a Ikb ladder (Gibco-BRL), were loaded onto the gel. The 

rig was connected to the power supply (EC-Apparatus Corporation EC 105 power 

pack) and run for approx. 20-30 minutes at 110-124V. Figure 2.3.7. shows the set

up of the gel rig.

Figure 2.3.4. Grinding leaf material into paste using pestle and mortar.

 ̂0.25% bromophenol blue: 40% sucrose.
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Figure 2.3.5. Separation of total DNA. Aqueous layer contains dissolved DNA 

(indicated by arrow). Lower solid layer contains the organic phase (broken cells and 

other leaf material).

Figure 2.3.6. Micro-centrifuge tubes containing total DNA.
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Figure 2.3.7. Agarose gel electrophoresis gel rig with total DNA samples and 

loading dye.

The gel was then removed from the rig and placed on a UV light box (Dual 

Intensity Transilluminator UVP) and a digital image of the gel was taken using the 

Scientific Imaging System from Digital Science (Kodak ID 2.0.2) gel photography 

software (Figure 2.3.8.).
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Figure 2.3.8. Total genomic DNA using agarose gel electrophoresis and ethidium 

bromide staining. The brightly fluorescing band at the top o f each lane (beneath the 

loading well) is the high molecular weight DNA with large fragment size (>15kb). 

While in the first lane is a 1 kb ladder.

2.3.6. Quantification using UV Spectrophotometry

More precise quantification o f coluitm cleaned total DNA was done using an 

Eppendorf Biophotometer. The spectrophotometer measures the UV absorbance o f  

proteins directly at 280nm and nucleic acids at 260nm (A260nm is equivalent to 

50ngnl'* o f double stranded DNA). A blank o f  TE buffer dilution (5^1 TE buffer: 

95^1 sterile water) was made up and used to zero the spectrophotometer. Each o f  

the total DNA’s were diluted with sterile deionised water (5|il sample: 95^1 sterile 

water) and their concentration was determined against the blank at 260nm. The 

ratio o f  A260/A280 is used to estimate purity o f the samples (since proteins absorb at 

280nm; Eppendorf Biophotometer Manual).
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2.3.7. Protocol for AFLP Analysis 

Restriction-Ligation Reaction

Each DNA sample was diluted to a concentration o f  250ng DNA in a volume o f  

2.75^1. Weak samples containing less than 250ng o f  DNA were left undiluted. A  

master mix (master mix 1) was made up from the components listed in Table 2.3.3. 

and stored on ice until required.

Table 2.3.3. Components o f Master Mix 1 for the restriction-ligation step o f  AFLP 

analysis.

Component Volume per sample

xlO Promega T4 DNA Ligase Buffer 0.05|il

NaCl (0.5M) 0.05^1

BSA (1 mg/ml) 0.025^1

Msel (10U/^l) 0.05^1

EcoRl (100 U/^il) 0.025^1

Promega T4 DNA Ligase (lOmM ATP) 0.005^1

Ultra-pure H2O 0.295^1

Both Mse\ and £coRI adaptors were prepared by incubating at 95°C for 5mins and 

at room temperature for lOmins. They were then centriftiged at l,400g for 10 

seconds, using an MSE Micro Centaur.

A second master mix (master mix 2) was then prepared as in Table 2.3.4. and the 

tubes were centrifuged at l,400g for 10 seconds and stored on ice. An aliquot o f  

2.75nl o f  master mix 2 was added 2.75^1 total DNA (concentration 250ng) and the 

tubes were centrifuged at l,400g for 10 seconds. The tubes were incubated at 37°C 

for 2 hours using a PTC-200 Peltier thermocycler with heated lid (to prevent 

evaporation o f  the samples). The reaction was terminated using 94.5^1 TEo.i (at 

4°C). The samples were then stored in the fridge at 4°C until required.
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Table 2.3.4. Components of master mix 2 for the restriction-ligation step of AFLP 

analysis.

Component Volume per sample

Promega T4 DNA Ligase Buffer 0.5)j.l

NaCl (0.5M) 0.5^1

BSA (1 mg/ml) 0.25^1

Cooled Msel Adaptor 0.5|xl

Cooled EcoRl Adaptor 0.5^1

Master Mix 1 0.5|a1

Total Volume 2.75|xl

Pre-selective Amplification

The pre-selective amplification was carried out by making up a master mix 

containing 7.5(il AFLP core mix and 0.5^1 preselective amplification primers (per 

sample). 8p,l of the master mix was mixed with 2\i\ of restricted DNA. The samples 

were then amplified using a PTC-200 Peltier thermocycler with heated lid, under 

the conditions outlined in Table 2.3.5.

Table 2.3.5. Conditions of pre-selective amplification of restricted and ligated DNA 

fragments.

Temperature Time Number of Cycles

Extension 72°C 2 minutes 1

Denaturing 94°C 20 seconds

Annealing 56°C 30 seconds 20

Extension 72°C 2 minutes

Final Extension 60°C 30 seconds 1

Soak 4°C 00 00
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Successful amplification of the samples was verified using agarose gel 

electrophoresis as described in Section 2.3.5. In this case a smear of amplified 

products was seen.

Selective Amplification

Template DNA was prepared by adding 95jj,l TEq.i buffer to 5(j,l of pre-selective 

amplification product. A master mix was made up containing 7.5|xl AFLP core mix 

and 0.5nl of each of the selective primers (per sample). 8nl of master mix was 

aliquotted into 2^1 of preselective amplification products. Three primer 

combinations were used in this analysis (Table 2.3.6).

Table 2.3.6. Primer combinations tested prior to analysis

Combination EcoRI + Fluorescent Marker Msel

1 -ACG + JOE -CTC

2 -AGG + JOE* -CAC*

3 -ACC + NED -CAT

4 -AGC + NED* -CAG*

5 -ACT + FAM* -CTA*

6 -ACA + FAM -CAC

(*indicates combinations used in the analysis, other combinations were tested but 

not used).

Samples were selectively amplified in a PTC-200 Peltier thermal cycler under the 

conditions outlined in Table 2.3.7.
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Table 2.3.7. Conditions o f selective amplification (annealing temperature becomes 

progressively less stringent).

Denaturing Annealing Extension Number of Cycles

Temp Time

2

Temp Time Temp Time

94°C
min

65°C 30 sec 72°C 2 mins 1

94°C 1 sec 64°C 30 sec 72°C 2 mins 1

94°C 1 sec 63°C 30 sec 72°C 2 mins 1

94°C 1 sec 62°C 30 sec 72°C 2 mins 1

94°C 1 sec 61°C 30 sec 72°C 2 mins 1

94°C 1 sec 60°C 30 sec 72°C 2 mins 1

94“C 1 sec 59°C 30 sec 72°C 2 mins 1

94°C 1 sec 58°C 30 sec 72°C 2 mins 1

94°C 1 sec 5TC 30 sec 72°C 2 mins 1

94°C 1 sec 56°C 30 sec 72°C 2 mins 23

“ “ ~

Soak

60°C

4°C

30 mins 1

Preparation o f  samples fo r  Automated DNA Sequence Analysis

Aliquots of amplification products were put into 0.5ml tubes according to Table 

2.3.8. 24^1 Formamide (CH3NO - Applied Biosystems; which is used to denature 

the DNA samples) and 0.25nl ROX 500s (Applied Biosystems-fluorescently 

labelled size standard) were added to each tube. The contents o f the tubes were then 

mixed.
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Table 2.3.8. Reaction volumes of DNA used for AFLP analysis using the 

automated sequencer (combination is desirable because each sample is labelled

with a different fluorescent dye and hence they can be multiplexed to save time and

money).

Primer Combination Volume (per tube)

CTA/ ACT + FAM 0.6^1

CAG/AGC+NED 1.3^1

CAC/AGG + JOE 0.8^1

The samples were denatured on a heating block for 10 mins at 95 °C and then 

transferred to an ice tray for 2 mins to stop the reaction. Bubbles in the tubes were 

removed by centrifuging. The tubes were prepared for analysis by removing the lids 

and replacing them with septa. Samples were analysed using a 310 Genetic 

Analyser (Applied Biosystems) and Genescan® analysis software version 3.1 

(Applied Biosystems) was used to read and size each sample using comparisons 

with the ROX size standard using module GS STR P0P4 (1ml) F.

2.3.8. Data Handling and Analysis

The data were compiled by comparing the bands in each sample and scoring them 

as either present or absent, this was done using the Genotyper^*^ Software Version 

3.7 (Applied Biosystems). Peaks below 40b.p. and above 350b.p. were discarded as 

being unreliable and only clearly visible bands were included in the analysis. The 

data were then converted into a Microsoft Excel spreadsheet (using a self designed 

macro) and formatted to produce a presence / absence matrix for fiirther analysis.

Ordination Analysis

Ordination has been described as “an arrangement of units in a uni- or multi

dimensional order” (Goodall, 1954) and ordination analysis can be divided into 

Indirect and Direct gradient analysis. Indirect gradient analysis uses only the
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species matrix, while direct gradient analysis includes environmental data. For this 

investigation, a type of indirect gradient analysis known as Principle Coordinate 

Analysis (PCoA) was used to find if there was any clustering occurring in the data. 

Ordination condenses the number of dimensions of multivariate data so that 

relationships within the data can be graphically represented in either a 2- or a 3- 

dimensional scatterplot. A detailed description of the different types of ordination 

can be found in Legendre and Legendre (1998). PCoA was developed by Gower 

(1966) and is an appropriate analysis method for binary data, which is likely to 

contain high proportions of double zeros. The advantage of PCoA over other 

ordination methods is that is not restricted to the use to Euclidean distance measures 

(which cannot deal with large proportions of double zeros). Instead, the distance 

measure used in PCoA can be chosen to suit the data type.

The first step in PCoA is the construction of a similarity matrix from raw binary 

data. To account for the dominant nature of AFLP data the similarity coefficient 

needed to be carefully chosen since in dominant data, the heterozygous and 

dominant homozygous states are indistinguishable leading to problems in the 

accurate estimation of similarity of individuals to each other (or the distances from 

each other).

Two coefficients are commonly cited in the literature, Jaccard’s Similarity 

Coefficient (1908) and Sorenson-Dice Similarity Coefficient (Dice, 1945; Legendre 

and Legendre, 1998), the difference being in the mode in which they deal with 

zeros in the data. Jaccard’s Similarity doesn’t account for negative occurrences in 

the data, and is calculated according to Equation 2.3.1 (Jaccard, 1908).

Similarity = -----------
a + b + c

Equation 2.3.1. Calculation of Jaccard’s Similarity Coefficient; where ‘a’ is the 

number of shared fi-agments; ‘b’ and ‘c’ are the number of fi-agments which have 

scored differently in individuals.
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The second, Sorenson-Dice Similarity Coefficient (Dice, 1945; Legendre and 

Legendre, 1998) was used in the analysis of data generated in this study to construct 

a similarity matrix. Sorenson-Dice Similarity Coefficient was chosen for this 

analysis since it allows more weight to shared presence and not shared absences in 

the data. Duarte et al. (1999) recommended Sorenson-Dice coefficient to be the 

most appropriate for use with dominant data, however since da Silva Meyer et al. 

(2004), found that both coefficients performed equally accurately under a range of 

marker types and tree building methods. Sorenson-Dice Similarity Coefficient was 

calculated according to Equation 2.3.2.

o -  • ;  • 2aS im ilarity  = ------------------------
2a-\-b + c

Equation 2.3.2. Sorenson-Dice Similarity Coefficient (Dice, 1945; Legendre and 

Legendre, 1998), where ‘a’ is the number of shared fragments; ‘b’ and ‘c’ are the 

number of fragments, which have scored differently in individuals.

The similarity matrix produced was converted into a distance matrix according to 

Equation 2.3.3.

Similarity = 1 -  Distance

Equation 2.3.3. Calculation of distance estimates using similarity values.

PCoA was then preformed on the resulting distance matrix using the programme Le 

Progeciel R. v.4.0.d (Casgrain, 1999). Since the majority of variation within the 

data was shown to be found in the first few dimensions, eigenvectors representing 

the first four dimensions were graphically illustrated using Microsoft Excel.

Cluster Analysis

Relationships between samples were also examined using phylogenetic 

reconstruction techniques (Li, 1997). Several methods of phylogenetic

reconstruction within species are commonly cited in the literature. However a 

universally suitable method has yet to be developed. An outline of the main types of
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phylogenetic analysis can be foxmd in several texts including Legendre and 

Legendre (1998) and Li (1997). A distance-based method known as Neighbour- 

Joining (Saitou and Nei, 1987) was chosen to analyse the data. For this analysis, a 

distance matrix was calculated from the original binary data matrix using Nei-Li 

genetic distance measure (Nei and Li, 1979).

The Nei-Li genetic distance measure was chosen for its ability to deal with the 

dominant nature of the dataset (Nei and Li, 1979) being equivalent to Sorenson- 

Dice similarity measure. Neighbour-Joining is based on finding two samples (or 

neighbours) that are most similar (ie. that minimise the total branch length of the 

phylogenetic tree) and clustering them together. This is a progressive process in 

which the next pair of neighbours with the smallest branch length are then 

clustered, and continuing additively until N-3 interior branches are defined (Li, 

1997). The resulting phylogenetic tree therefore illustrates the arrangement of the 

samples so that the most similar are clustered together under the principle of 

minimum evolution (Saitou and Nei, 1987; Da Silva Meyer et a l,  2004). 

Neighbour-Joining analysis was performed on the data using PAUP 4 (Swofford, 

1999).

Confidence levels of the branching patterns were statistically tested using bootstrap 

values. Bootstrapping is a method used to test the reproducibility of the results 

using a re-sampling with replacement for a specified number of permutations (1000 

permutations are commonly considered to be sufficient; De Riek et al., 2001).

The data were also analysed using Nei’s unbiased genetic distance measure (Nei, 

1978) using Unweighted Pair Group Matrix Analysis (UPGMA; Li, 1997). This 

analysis clusters a minimum (or average) distance among the provenances samples.

Diversity Analysis

The extent of diversity within provenances from each location in Ireland and from 

around Europe was estimated using a combination of statistical programmes 

(Popgene; Yeh and Yang, 1999 and Arlequin; Schneider et al., 2000).
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Traditional measures of variation within and between populations have been 

developed according to the assumptions surrounding co-dominant data 

(Hollingsworth and Ennos, 2004). One of the first measures of diversity within a 

data set is the estimation of allele fi-equencies and the extent of allelic richness 

within the populations being sampled (Section 4.3.4.). These statistics however 

cannot be easily applied to data generated using AFLP analysis due to the fact that 

it is not possible to distinguish between the dominant homozygote over the 

heterozygote (Zhivotovsky, 1999; Ouborg et al, 1999; Krauss, 2000). Other 

traditional measures of diversity include expected and observed heterozygostity, 

gene diversity and F-statistics, (all of which have been developed to describe co

dominant data; described in Section 4.3.4). In the case of dominant data, estimates 

of population differentiation and diversity need to be calculated using statistics that 

are not based on allele numbers or frequencies but instead on frequencies of 

genotypes (Ouborg et al., 1999).

One of the first solutions was proposed by Lynch and Milligan (1994), which was a 

method of diversity estimation from RAPD data using genotype proportions. 

However this method incorporated the assumption of Hardy-Weinberg proportions 

which for this investigation was not suitable (since selfing is known to occur in 

Fraxinus; Hardy, 2003). Since 1994, other approaches have been designed to 

analyse dominant data including Bayesian methods (Zhivotovsky, 1999; Krauss, 

2000), which are more appropriate to use if there is a possibility of selfing 

occurring (Hollingsworth and Ennos, 2004). A more recent method of estimation of 

pairwise relatedness for dominant markers, was proposed by Hardy in 2003. This 

method incorporates no assumption of random mating, and AFLP markers have 

been found to be as informative as microsatellites for investigations into spatial 

genetic structure of populations (Hardy, 2003).

In this investigation. Analysis o f  Molecular Variance (AMOVA) was used to look 

at the extent of population subdivision present within the dataset (Excoffier et al., 

1992). This method uses a distance matrix to partition variation within the dataset 

into its within and between population components in order to calculate an 

analogue of F s t  { 0 s t ) -  The distance matrix that was used for this analysis was the
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same matrix used in the ordination analysis (which was calculated indirectly using 

Sorenson-Dice similarity coefficient). From this matrix a hierarchical analysis of 

molecular variance is calculated from the matrix of squared differences between all 

pairs of haplotypes (Excoffier et al., 1992). The main advantage of using AMOVA 

to look at variation within and among populations is that assumptions can be altered 

depending on the dataset. For this analysis the provenances (P) were divided into 

groups (G) according to the divisions elucidated through PCoA and Neighbour- 

Joining analysis. The hierarchical variation analysis looked at the extent of 

variation among the groups, the extent of variation among provenances, within the 

groups, the variation within the provenances and finally the total variation. Each of 

these estimates were calculated according to Table 2.3.9. which indicates the design 

of the AMOVA.

Table 2.3.9. AMOVA design for the hierarchical diversity analysis (Excoffier et al., 

1992).

Source of Degrees of Sum of Squares Expected Mean

Variation Freedom (SS) Square

Among Groups 

(AG)
G-1 SS(AG) n"al+n'c7l +(j I

Among

Populations / 

Within Groups
P-G SS(AP/WG) "O'* + o-c

(AP/WG)

Within

Populations (WP) N-P SS(WP)

Total (T) N-1 SS(T) y

The variance components for the AMOVA analysis were calculated according to 

Equations 2.3.4 (the percentage variation at each hierarchical level was calculated, 

where n, n ’ and « ”  are average sample sizes of each particular hierarchical levels). 

Where ‘a’ is the group effect with variance {g =1....G), ‘b’ is the subpopulation

effect within a group, with a variance of = 1  Jg) and c is the individual

effect within a subpopulation, with a variance o^cij -  J ■ Nig);



Characterisation o f  Genetic Diversity o f  Common Ash (Fraxinus excelsior L.)

n =
P - G

n =

N
S c - Y - -

N
G - \

n =
^  Nĝ g

G - \

Equation 2.3.4. Average sample sizes of each particular hierarchical levels, where 

Sf; = Z  Z  ——. N  is the number of individuals, P is the number of populations
geCi P eg

and G is the number of groups.

Hierarchical F-statistics were also calculated for the data set to estimate the 

variation using Popgene (Yeh and Yang, 1999) according to Equation 2.3.5 (a-c).

p  -  ^  ■ p  - ____  ■ p  -
1 / 'T  -1 9  V.Y’ ^  VT  —C T  2 ’  sc:  ^ 2 , 2  ’  ' '  S T  ~  2

(7 j  (T^ +  (T  ̂ (J j

Equation 2.3.5 (a-c). Hierarchical statistics calculated according to AMOVA Fqt is 

the extent of variation among groups in the population, Fsc is the extent of variation 

among provenances within the groups and Fst is the extent of variation among 

provenances within the dataset.
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2.4. Results

The three primer pairs used produced a total of 605 different reliable fragments 

from the provenance trial samples. Unreliable loci (those with sizes in base pairs 

below 40b.p. and above 350b.p. as well as fragments that were not clearly 

distinguishable) were excluded from the final data matrix. Since these regions were 

generally not clearly visible and therefore not reliable. The removal of regions 

consisting of few base pairs was also carried out to prevent the effect of homology 

influencing the dataset.

2.4.1. Irish Provenance Trial

A combination of Principle Coordinate Analysis and Neighbour-Joining analysis 

were used to assess whether the samples from freland clustered into their respective 

provenances and also to investigate geographically meaningful trends.

Principle Coordinate Analysis

The majority of variation within the data was found to exist in the first few 

dimensions of the ordination analysis. Cumulatively, the first ten dimensions 

contributed 48.3% of the total variation within the Irish provenances. Figures 2.4.1. 

and 2.4.2. illustrate the variation detected on the first two axes of the ordination 

(which represented less than 22% of the total variation; Table 2.4.1.). From Table

2.4.1, it can be seen that the majority of variation was represented by the first axis 

(15.6%).
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Table 2.4.1. Irelands first ten dimensions of variation 

coordinate analysis.

as estimated using principle

Axis / Dimension Eigenvalues % Variance Cumulative Variance

1 0.57 15.60% 15.60%

2 0.22 6.27% 21.87%

3 0.20 5.83% 27.70%

4 0.13 3.91% 31.61%

5 0.11 3.34% 34.95%

6 0.09 2.91% 37.86%

7 0.09 2.85% 40.71%

8 0.08 2.68% 43.39%

9 0.07 2.52% 45.91%

10 0.07 2.36% 48.27%

Eigenvectors produced by PCoA were used to produce scatterplots of the data set. 

For graphical analysis, the first four dimensions (which represented 31.6% of the 

total variance) were plotted. Results from scatterplots of the first dimension and the 

first and second dimensions have been provided, since they represented the most 

variance (Figure 2.4.1. and Figure 2.4.2.). The first axis represented 15.6% of the 

variation and was found to separate the provenances into two clusters (Figure 

2.4.1.). The scatterplot of the first two dimensions (Figure 2.4.2.) represented 

21.9% of the variation. This second scatterplot has been included to illustrate the 

clustering of samples within their respective provenances, this may be an indication 

of a possible genetic association within provenances.
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Figure 2.4.1. Scatterplot o f variance within the first dimension o f the Irish
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Neighbour-Joining Analysis

To complement the PCoA, the data were also subject to Neighbour-Joining 

analysis. The Neighbour-Joining tree represented in Figure 2.4.3. illustrates the 

groupings of the samples from the Irish provenances. The robustness of the 

groupings that resulted was estimated using bootstrap analysis (with 1000 

randomisations). The samples formed one distinct group with a long branch length 

and the separating branch indicated on Figure 2.4.3. This group contained the same 

samples as those separated using ordination (Figure 2.4.1 and 2.4.2.). The rest of 

the samples formed several groups, with short branch lengths and little bootstrap 

support. They did however represent the second cluster formed during ordination 

analysis.

Samples also grouped into their respective populations with bootstrap values over 

50% displayed on the tree (the higher the value, the more confidence can be 

associated with the branch pattern; Figure 2.4.3.). The Neighbour-Joining tree was 

displayed using midpoint rooting as the groupings were easier to interpret than in 

the non-rooted tree. The same associations are represented here, however displayed 

using an artificial midpoint.
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Figure 2.4.3. Neighbour-Joining analysis (Nei-Li genetic distance measure and 

midpoint rooting) o f Irish provenance trial with bootstrap analysis.
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No obvious geographical link was found between the samples. Some samples from 

populations that are close in proximity did group together (Figure 2.4.3.). However 

others from similar locations did not group together.

A dendrogram based on Nei’s unbiased genetic distance (1978) among populations 

was compiled using a UPGMA method (Figure 2.4.4.) to examine the overall 

associations between provenances (Figure 2.4.5.).

__________  Bandon ■

___________ Currachase

__________________ Killeshandra

___________________ Gort

—  __________________ KeUs

[_ __________________ Portlaw

____________________Inch

____________________Mt. Talbot

__________Bonis

--------------- Killygordan

----------------- Enniskeny

----------------- Westport

------------------------ Lough Gill

------------------------------ Killamey

Figure 2.4.4. UPGMA dendogram of Nei’s unbiased genetic distance (1978) for the 

Irish provenance samples.
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Two main groups were formed using both PCoA and UPGMA with Nei’s unbiased 

genetic distance (1978). These have been represented in Table 2.4.3. and also in 

Figure 2.4.5.

Figure 2.4.5. Illustration of the two groupings found from a combination of 

phylogenetic analyses.
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Diversity Analysis

The extent and pattern of genetic diversity within and between the provenances of 

F. excelsior was estimated from a combination of Analysis of Molecular Variance 

(AMOVA) and F-statistics, this was done using the statistical analysis 

programmes: Arlequin (Schneider et al., 2000) and Popgene (Yeh and Yang, 1999).

Descriptive statistics were estimated from the entire dataset using Arlequin 

(Schneider et al., 2000). The majority of the loci were found to be polymorphic 

(84.6%) out of a sample size of 72.

Analysis o f Molecular Variance

AMOVA analysis was carried out on the dataset using the divisions set out through 

ordination and Nei’s genetic distance (1978). From this, the provenances were 

divided into two groups (Table 2.4.2.).

Table 2.4.2. Groups used in AMOVA analysis.

Group 1 Group 2

Westport Currachase

Borris Inch

Lough Gill Gort

Killygordan Killeshandra

Enniskerry Portlaw

Killamey Mt. Talbot

Bandon

Kells

From the AMOVA (Table 2.4.3.) it was estimated that over 70% of the variation 

was within the Irish provenances of F. excelsior, with 19% among the groups and 

10% among provenances within groups.
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Table 2.4.3. AMOVA design results for Ireland’s F. excelsior provenances.

Source o f 

Variation
d .f Sum of Squares

Variance

Components

Percentage of 

Variation

Among
1 432.972 10.253 19.33%

Groups

Among

Populations 12 799.653 5.403 F* 10.19%

within Groups 

Within
58 2167.667 37.374 70.48%

Populations

Total 71 3380.292 53.03

The data was also analysed using F-statistics (Table 2.4.5.) where it was estimated 

that the provenances were 29.5% differentiated from each other { F s t) ,  while other 

measures o f hierarchical population structure were similar to those estimated using 

AMOVA.

Table 2.4.4 Hierarchical fixation indices for Ireland’s provenance trial diversity 

statistics. P(random value < observed value)'.

Hierarchical F-statistics P-value'

Fst 0.295 V^& F st <0.001

Fsc 0.126 Vii&Fsc <0.001

Fct 0.193 Vc& F ct <0.001
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2.4.2. European Provenance Trial

The same combination of analyses, as those used to analyse the Irish ash 

provenances were used to assess the European provenances.

Principle Coordinate Analysis

The majority of variation within the European provenances was also found to exist 

in the first few dimensions of the ordination analysis (first ten dimensions 

cumulatively contributed 45.21 % of the total variance; Table 2.4.5).

Table 2.4.5. Percentage variance and cumulative percentage variance associated 

with the first ten dimensions produced using Principle Coordinate analysis on the 

European data sets.

Axis / Dimensions Eigenvalues % Variance Cumulative Variance

1 3.48 14.13% 14.13%

2 1.93 8.20% 22.33%

3 1.48 6.45% 28.78%

4 0.70 3.45% 32.23%

5 0.54 2.84% 35.07%

6 0.41 2.34% 37.42%

7 0.34 2.08% 39.49%

8 0.33 2.02% 41.52%

9 0.30 1.91% 43.43%

10 0.27 1.78% 45.21%

Plots of the first two dimensions of variance within this data set were analysed and 

found to contain 22.3% of the total variance. Four clusters of provenances were 

separated from each other using these first two dimensions (Figure 2.4.6.). Samples 

from the Lithuanian and Irish provenances were found to be distinct from the other 

provenance samples (which clustered into two other groups; Figure 2.4.6.).
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Figure 2.4.6. PCoA scatterplot of first two dimensions of variance among F. 

excelsior samples from around Europe representing 22.3% of total variation.

Neighbour-Joining Analysis

A Neighbour-Joining analysis of the European provenance data set was carried out 

and the reliability of the branching pattern was checked using 1000 randomisations 

of a bootstrap analysis. Figure 2.4.7. shows the neighbour joining tree of the 

European provenances. The tree includes the degree of bootstrap support for the 

branching pattern.
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Figure 2.4.7. Neighbour-Joining tree o f European provenance samples based on 

Nei-Li distances and bootstrap support from 1000 randomisations.
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No obvious geographical link was found within this data set either. Some samples 

from locations, close in proximity did group together (Figure 2.4.6; Figure 2.4.7.), 

while others from similar locations did not group together.

UPGMA analysis based on Nei’s genetic distance (1978) was carried out on the 

data set by grouping the samples into their respective populations and analysing 

them phylogenetically (Figure 2.4.8.).

— Czecli Re '̂

hirteiiheiiii ( France)

_ \X '\ihani W o o d s  ( UK)

r—Seiterin^ton ( UK)

— Scodand

r- D enm ark

•- V’ass\'(France)

—  Poland

St. Paul deSalers (France)

Spain

Lirhuania

Figure 2.4.8. UPGMA Dendrogram based on Nei's (1978).
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Figure 2.4.9. Division of ash in Europe according to ordination and Neighbour- 

Joining analysis.

Table 2.4.6. Population groupings used in AMOVA analysis.

Group 1 Group 2 Group 3 Group 4 Group 5

Scotland Denmark Spain Lithuania Ireland

Wytham Woods Poland Germany

Huttenheim Vassy Belgium

Setterington Saint Paul de Salers

Czech Rep.
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Analysis o f Molecular Variance (AMOVA)

AMOVA analysis was carried out on the dataset by dividing the populations into 

three groups that were defined using ordination analysis (Table 2.4.10.).

The AMOVA design (Table 2.4.7) found that over 60% of the variation was found 

to be within the populations, with 19% among the five groups and 21% among 

provenances within groups.

Table 2.4.7. AMOVA design results of European populations.

Source of 

Variation
d.f Sum of Squares

Variance

Components

Percentage of 

Variation

Among
4 724.895 10.734 18.71%

Groups

Among

Populations 9 1039.865 12.052^6 21.01%

within Groups 

Within
62 2144.067 34.582 Fc 60.28%

Populations

Total 76 3968.825 57.368

Table 2.4.8. Hierarchical fixation indices for Europe’s provenance trial diversity

statistics. P(random value < observed valuef

Hierarchical F-statistics P-value‘

Fst 0.397 V(. & Fst <0.001

Fsc 0.258 Vf) & Fsc <0.001

fcT 0.187 Vc & Fct <0.001

7 6



Characterisation o f Genetic Diversity o f  Common Ash {Fraxinus excelsior L.)

2.4.3. Utility of AFLP Analysis to Distinguish Fraxinus aneustifolia from Fraxinus 

excelsior

Principle Coordinate Analysis

A principle coordinate analysis was carried out on the data set including a sample 

of F. angustifolia to illustrate the utility of AFLP to differentiate the two closely 

related species. Figure 2.4.10 and Figure 2.4.11 both illustrate the grouping of the 

two Fraxinus species. The first ten dimensions were found to contain most of the 

diversity (with a cumulative estimation of 51.96%; Table 2.4.9.). Scatterplots of the 

first four dimensions were produced and the variation found within the first three 

dimensions has been represented using two scatterplots (Figure 2.4.10 and Figure 

2.4.11.).

Table 2.4.9. Percentage variance and cumulative percentage variance associated 

with the first ten dimensions produced using Principle Coordinate analysis.

Axis 

/ Dimension
Eigenvalues % Variance Cumulative Variance

1 2.07 13.95% 13.95%

2 1.64 11.16% 25.11%

3 0.98 6.83% 31.93%

4 0.57 4.22% 36.15%

5 0.46 3.47% 39.62%

6 0.39 3.03% 42.65%

7 0.36 2.80% 45.45%

8 0.29 2.36% 47.81%

9 0.27 2.24% 50.05%

10 0.22 1.91% 51.96%

The two Fraxinus species were not separated from each other within the first two 

dimensions (which represented 25.1% of the total variation; Figure 2.4.10.).
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Figure 2.4.10. Principle Coordinate Analysis o f the first two dimensions o f variance 

within the dataset, representing 25.1% of the total variation. No separation among 

species was shown to occur.

However the variation represented using the second and third axes is represented in 

Figure 2.4.11. The Fraxinus samples are clearly separated into two clusters, with 

samples o f F. angustifolia grouping away fi'om F. excelsior. These dimensions 

cumulatively represent 18% of the total variance within the data (Table 2.4.9.).

Figures 2.4.10 and 2.4.11. indicate that the two Fraxinus species have separated. 

One o f the F. angustifolia samples also separated fi'om the rest (arrow) indicating a 

possible error in species identification.
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Figure 2.4.11. Principle Coordinate Analysis of second and third dimensions of 

variance between two Fraxinus species detected using AFLP analysis representing 

18.3% of total variation.

Neighbour Joining Analysis

A Neighbour-Joining analysis was also carried out on the dataset to investigate its 

utility in separating the two species (Figure 2.4.12). Three other Fraxinus species 

were included in the analysis (F. americana, F. manchurica and F. rhynchophylla) 

and used to root the Neighbour-Joining tree. One F. angustifolia sample grouped 

with the F. excelsior samples from the Spanish provenance. This sample may have 

been a hybrid of the two species, since it originated from France. However, it did 

portray morphological characteristics of F. angustifolia. The same sample was 

found to be located separate to the F. excelsior cluster and the F. angustifolia 

cluster in the PCoA scatterplot (indicated by arrow in Figure 2.4.11.).
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Figure 2.4.12. Neighbour-Joining analysis o f F. excelsior and F. angustifolia (1000 

bootstrap randomisations).
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2.5. Discussion

This analysis of F. excelsior provenances aimed at investigating the extent and 

pattern of genetic structuring from a geographical perspective in Ireland and around 

Europe.

2.5.1. Patterns of Genetic Differentiation among Provenances of F. excelsior in 

Ireland

The degree to which Ireland’s provenances of F. excelsior are differentiated into 

genetically isolated populations was estimated using a combination of ordination 

and cluster analyses (Principle Coordinate Analysis, Neighbour-Joining analysis 

and UPGMA). Information on the differentiation of trees such as ash can be 

potentially useful for practical purposes. The concept of using local provenances as 

seed sources in forestry is becoming more and more accepted, therefore insights 

into the degree to which a species is differentiated into local gene pools is an 

important starting point for such decisions to be made.

The ordination analysis found that a significant proportion of variation among the 

samples to be located in the first few dimensions, with the first two accounting for 

21.9% of the total variance (Table 2.4.1; Figures 2.4.1. and 2.4.2.). A scatterplot of 

the first dimension (Figure 2.4.1.) illustrated a division of the dataset into two 

clusters. Figure 2.4.2. illustrates the variance within the first two dimensions. A 

general trend of samples clustering closely to others from the same provenance was 

evident. This may indicate the samples within their respective provenances were 

more genetically similar than those from other provenances. An analogous result 

was detected using Neighbour-Joining analysis with Nei-Li genetic distances 

(Figure 2.4.3.). The Neighbour-Joining tree of Irish provenance samples also tended 

to group the samples into their respective provenances, however many of the 

branches separating the groupings were very short, with little or no bootstrap 

support (Figure 2.4.3.).

The division of the Irish provenances into two main clusters as shown on the PCoA 

scatterplot (Figure 2.4.1.) contained samples that were estimated to be more
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genetically similar to each other than to those outside the cluster. One group of 

provenances separated out as a distinct cluster on the PCoA scatterplot as well as 

grouping together on the Neighbour-Joining tree (group 2; Table 2.4.3.). The 

second cluster of provenances that separated out on the PCoA scatterplot did not 

group together in the Neighbour-Joining analysis (group 1; Table 2.4.3.). Instead, it 

formed a series of separate groups, with short branch length and no bootstrap 

support among them (Figure 2.4.3.).

UPGMA analysis was also carried out on the Irish dataset using Nei’s unbiased 

genetic distance (1978). This investigated the relationships among provenances. 

Figure 2.4.3. shows the dendrogram that was produced and indicates that the same 

two groups were produced.

No obvious geographic patterns were evident from the provenance groupings 

(Table 2.4.3; Figure 2.4.4), however some groups of provenances from 

geographically close locations did cluster together. The southern provenances of 

Inch, Portlaw, Bandon and Currachase grouped together and are estimated to be 

genetically similar, as were samples from provenances located in central and 

western regions of Ireland. However, not all samples from the south grouped with 

those from locations close to them. Killamey, for example was distinct from other 

southern provenances. Likewdse, the samples from provenances at Enniskerry and 

Borris clustered with the northern provenances (Figure 2.4.4.).

This lack of obvious patterns among the provenances from around Ireland may 

have been the result of the out-breeding nature of ash, or the fact that the species 

uses wind to disperse its genetic material, theoretically enabling high levels of 

genetic mixing among provenances.

2.5.2. Extent of Genetic Differentiation among Irish Provenances of F. excelsior

The extent of genetic variation among provenances of F. excelsior in Ireland were 

estimated using Analysis o f  Molecular Variance (AMOVA). The samples were 

divided into groups of provenances. These groups were those that were as a result 

of phylogenetic and cluster analysis (Table 2.4.3). The majority of variation was
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found within the ash provenances (70.5%). This high within population diversity is 

known to be a general trend for tree species with long life spans (Heuertz et a l, 

2001). Less variation was detected among the provenances (19.3%), possibly 

caused by gene flow. The provenances were estimated to be significantly 

differentiated from each other by 29.5% {F^). While both the between group 

differentiation { F ct )  and the differentiation among provenances within groups {Fsc) 

were also found to be significant (Table 2.4.5.).

2.5.3. Extent of Genetic Diversitv among and within Irish Provenances of F. 

excelsior

The extent of genetic diversity within and among the Irish provenances was also 

estimated for F. excelsior (Table 2.5.1.). The total heterozygosity {Hr) was 

estimated to be 19.8% ± 3%, while the average within provenance diversity 

was estimated to be 12.2% ± 1%. At the provenance level, the multilocus estimates 

of gene diversity were calculated. From this, the provenances from Westport and 

Enniskerry were estimated to be the least diverse (both 13%), while Gort and 

Killamey were found to be the most diverse (both 22%; Table 6.1.1.).

A similar study was carried out on populations of Quercus species from around 

Ireland using AFLP markers (Kelleher, 2001). Table 2.5.1. indicates some of the 

findings of this investigation (diversity estimates were calculated according to 

Lynch and Milligan, 1994; Appendix 6.1.). Estimations of diversity within and 

between both ash and oak provenances from around Ireland were similar, however 

ash diversity estimates were slightly higher (Table 2.5.1.). Irish oak populations 

however, were slightly more genetically differentiated fi'om each other {Fsf- 0.44) 

than ash provenances (Fsf- 0.38; Table 2.5.1.). This increased genetic 

differentiation among oak provenances in comparison to ash, is likely to be a 

reflection of the different breeding systems of both species. Increased genetic 

differentiation is generally taken as an indication of low gene flow between 

populations. This, coupled with the lack of information on the mode of inheritance 

of AFLP markers may be linked to the fact that oak does not use wind to disperse 

its seed, while ash does.
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Table 2.5.1. Diversity estimates from Irish populations of Quercus species, where 

Ht is the total gene diversity, Hs is the within sample gene diversity and Fst is the 

extent of population differentiation among provenances.

Sample

Number
Ht Hs F$t

Reference

All oak 

populations
123 0.18 0.10 0.44

Kelleher, 2001

Quercus rohur 93 0.20 0.10 0.48 Kelleher, 2001

Quercus petraea 30 0.21 0.13 0.29 Kelleher, 2001

F. excelsior 84 0.20 0.12 0.38 This Study (Ireland)

2.5.4. Patterns of Genetic Differentiation among Provenances of F. excelsior

around Europe

The extent of genetic structuring of ash provenances from around Europe was 

carried out using the same ordination and clustering techniques. The first two 

dimensions of the PCoA represented 22.3% of the total data variance of the 

European dataset (Table 2.4.6.) and were found to be the most useful dimensions to 

show clustering of samples into genetically similar groups. The PCoA scatterplot 

that was produced using the first two dimensions (Figure 2.4.6.) indicated a 

separation of samples into their respective provenances, similar to the case with the 

Irish samples. This was also the case when the samples were analysed using 

Neighbour-Joining analysis, where samples tended to group into their respective 

provenances (Figure 2.4.7.).

The European provenances were also shown to cluster into several distinct groups 

using both Neighbour-Joining and PCoA. Five main clusters were formed within 

the dataset, with samples fi*om Lithuania separating from the rest of the data set, 

while samples from Ireland were also found to be genetically distinct from other 

European provenances, while the rest of the samples formed two large groups 

(Figure 2.4.6; Figure 2.4.7.). Figure 2.4.6. shows the samples from the Lithuanian
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samples that were found to be distinct from all European provenances with a longer 

branch length and 100% bootstrap support. The third group that was formed using 

these methods contained the three provenances from the UK, one from Huttenheim 

(French / German border) and one from the Czech Rep. The remaining samples 

formed several groups with short branch lengths and little bootstrap support, with 

the exception of the Irish provenance, which consisted of one provenance randomly 

selected from the Irish dataset. The Irish samples formed a separate group with a 

long branch length and good bootstrap support (84%; Figure 2.4.6.).

The UPGMA tree produced using Nei’s unbiased genetic distance (1978) was used 

to group the samples into their respective provenances in order to group genetically 

similar provenances together (Figure 2.4.8.). From this five groups were formed 

(Table 2.4.7.). These consisted of three of the same groupings that were detected 

using Neighbour-Joining and PCoA. Using UPGMA, samples from Spain, Belgium 

and Germany were grouped together, samples from Dermiark, Poland, Vassy and St 

Paul de Salers were grouped together, and Irish samples were separated as a 

genetically distinct group (Figure 2.4.8.). These provenance groupings were 

mapped (Figure 2.4.9.), however no obvious geographic pattern were evident.

Provenances from the UK did group together in this analysis, as did two 

provenances from France. The data indicates that there is a possible barrier to gene 

flow occurring between the provenance located in the east of France (Huttenheim) 

and that of the provenance from Germany, since although close geographically, the 

samples from these locations are genetically different from each other at these loci. 

The samples from the Lithuanian provenance were found to be the most distinct 

among the dataset. This may be due to their geographic location, since they were 

the most northern provenance included in the dataset. Lithuanian provenances may 

have had different origins in comparison to the other European provenances 

included in the dataset, or their northerly location may have resulted in genetic 

isolation by distance from other European provenances.

The subset of Irish samples that were included in this analysis were found to be 

genetically distinct from other European ash provenances. This may also be a 

consequence of isolation since Ireland is geographically isolated from mainland
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Europe. Irish samples did not group with samples from Britain. This would suggest 

they do not share recent common ancestry (even though Britain is geographically 

closest to Ireland). However the nature of AFLP markers needs to be taken into 

account (they are bi-parentally inherited nuclear markers that would have complex 

evolutionary histories). The provenance differentiation was further tested using 

chloroplast microsatellites in Chapter 3.

2.5.5. Extent of Genetic Differentiation among European Provenances of F. 

excelsior

Analysis of Molecular Variance (AMOVA) was used to test the variation within 

and among the provenance groupings formed through UPGMA analysis (Figure 

2.4.8; Table 2.4.7). From this, it was found that, like the provenances from Ireland, 

the main proportion of variance occurred within the provenances (60.3%). While 

the variance among the groups accounted for 18.7% of the total. The variance 

among provenances within the groups was estimated to be 21.0% (Table 2.4.8).

Hierarchical F-statistics were also calculated from the European data (Table 2.4.9.). 

The provenance differentiation was estimated {Fst) to be higher (39.7%) than the 

differentiation among the Irish provenances (29.5%). This may be a consequence of 

the larger geographic area sampled in Europe. The estimations of differentiation 

between groups {Fci) and among provenances within groups {Fsc) were also 

similar to those estimated using the AMOVA framework (25.8% and 18.7%), with 

all three estimates found to be significant. In comparison to the Irish provenances, 

the European groups were more distinct, with more variation among provenances 

within the groups, this may be a consequence of the larger geographic distance 

separating the European provenances in comparison to the Irish provenances (Table 

2.4.9.).

2.5.6. Extent of Genetic Diversity among and within European Provenances of F. 

excelsior

The extent of gene diversity was also estimated for within and among the European 

provenances. Over all the provenances from around Europe, the total
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heterozygosity {Hj) was estimated and found to be 19.0%. While the average 

within provenance diversity {H$) was estimated to be 8.9%.

Multilocus estimates of gene diversity per European provenance found samples 

from the Czech Rep. and Lithuania to contain the lowest within provenance 

diversity (8% each; Table 6.1.1.). Both these provenances are in north eastern 

regions of Europe. Several influences may have combined to result in both of these 

ash provenances being less genetically variable in comparison to other provenances 

from around Europe, including founder effects, isolation by distance and local 

adaptation. Two provenances from the UK were found to be the most genetically 

variable from the European dataset. Ash samples from Setterington and Scotland 

were found to contain 17.5% and 14% diversity respectively (Table 6.1.1.).

2.5.7. Comparison between Genetic Diversity detected in Irelands Provenances of 

F. excelsior in comparison to Provenances around Europe

Higher diversity levels were detected within samples of ash from Irish provenances 

when compared to diversity levels of European provenances. Analysis of Molecular 

Variance detected 70.5% variation within Irish ash provenances, while only 60.3% 

variation was detected within European provenances. This increased variation is 

likely to be a consequence of the fact that sampling was carried out on a smaller 

geographic scale in Ireland in comparison to Europe. Six representative samples 

from countries around Europe is not likely to detect all the variation that is present 

in the population. However, it has been found that the ash population from freland 

are not genetically deprived in comparison to that of Europe, even though it is 

geographically isolated.

The Irish provenances were found to be less genetically differentiated (29.5%) in 

comparison to the provenances from around Europe (39.7%). This decreased 

genetic differentiation and increased within population variation indicates that 

Ireland’s ash population is possibly one large interbreeding population, that has the 

tendency of adapting to regions at a local level, however on a larger geographical 

scale, gene flow is occurring. The slightly lower within provenance variation, and
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higher genetic differentiation among the European provenances is likely to be a 

consequence of the larger geographic area between European provenances, which 

reduces the effect of gene flow.

No obvious geographic trends were detected among the Irish or European 

provenances. Grouping of samples into their respective provenances however, 

indicated some degree of kinship within the provenances that were tested. The lack 

of obvious geographic trends within the two datasets may be a consequence of the 

markers chosen for the analysis. AFLP markers are randomly distributed 

throughout the genome with no information available on their mode of inheritance 

(which is known to influence the distribution of variation among and within 

populations). Other marker techniques are more commonly used to detect 

geographic trends associated with species diversity, in particular, methods which 

screen DNA that is uni-parentally inherited such as organellar DNA. Chloroplast 

microsatellites were used in this investigation to look at the extent of geographic 

structuring among the same provenances of F. excelsior in Ireland and around 

Europe (Chapter 3).

2.5.8.Utilitv of AFLP Marker Analysis as a Tool for Differentiation Fraxinus 

Species

Three species of Fraxinus are considered native {F. excelsior, F. angustifolia and F. 

ornus) in Europe. F. excelsior and F. angustifolia are closely related and occur 

naturally in some regions in Europe (Raquin et al., 2002). Fraxinus excelsior is 

known to be a fast growing species, which produces wood that is highly valued for 

its strength and elasticity (Chapter 1, Section 1.3). Fraxinus angustifolia grows 

more slowly than F. excelsior resulting in the production of inferior quality timber
'y ^

(Morand-Prieur et al, 2002 ). Until recently, hybridisation between these two 

species was suspected, but not proven (Wardle, 1961). A study to show the 

presence of hybridisation was carried out using RAPD and microsatellite molecular 

markers. This investigation showed that in sympatric areas along the Rhone and 

Saone valleys, hybridisation readily occurs between the two species (Raquin et al., 

2002). Identification of such hybrids is a problem, since they tend to be 

morphologically similar, consisting of varying intermediate morphological
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characteristics. Accidental planting of such hybrid material or contamination of 

seed sources with a species that is known to produce inferior quality wood could 

result in serious economic loss to foresters (Morand-Prieur et al, 2002 ). Several 

methods have been tested with the aim of identifying the material genetically, these 

included microsatellite analysis, RAPD analysis, mitochondrial DNA analysis as 

well as chloroplast DNA analysis. AFLP analysis was tested as a potential tool for 

distinguishing these two species using PCoA and Neighbour-Joining analysis. Both 

the PCoA scatterplot and the Neighbour-Joining tree (Figure 2.4.10 and Figure 

2.4.11 and Figure 2.4.12.) showed a separation between samples of F. angustifolia 

from the F. excelsior dataset. The PCoA scatterplot resulted in a certain degree of 

species separation, with F. angustifolia samples forming a distinct cluster away 

from F. excelsior samples. One sample, (thought to be F. angustifolia) was found to 

be outside two clusters on the PCoA scatterplot. This same sample grouped with F. 

excelsior samples originating from Spain on the Neighbour-Joining tree. This 

association may indicate that the sample was a hybrid of the two closely related 

species (Figure 2.4.11). This separation of Fraxinus species is an indication that the 

markers may have potential for identification or differentiation purposes. This 

potential does however need to be verified through an increase in numbers of F. 

angustifolia samples along with samples of known hybrids between the two 

species.

2.5.9. Utility of AFLP for Analysis of Provenances

The main practical problem found with the use of AFLP markers for this analysis 

was the time consuming step of scoring and checking the fragments that were 

generated from the automated sequencer. This fragment scoring was carried out 

using Genotyper^'^ however each fragment needed to be checked and verified with 

respect to each sample which was laborious and time consuming. However, the 

production of such a large number of polymorphic bands within the Fraxinus 

samples enabled the detailed investigations into extent and patterns of diversity 

among the provenances.
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2.6. Conclusion

Amplified Fragment Length Polymorphism markers were successfiilly used to 

detect variation within and among provenances of F. excelsior from Ireland and 

around Europe.

Using AFLP markers and a combination of phylogenetic and clustering analysis, 

samples were found to cluster into their respective provenances. Therefore ash fi’om 

Ireland and around Europe, were found to have some degree of kinship within their 

provenances. However, the relationships among the provenances from both Ireland 

and around Europe were found to produce no obvious trends fi'om a geographical 

perspective.

Ash provenances from around Ireland were found to contain more variation than 

those fi'om around Europe, also Irish provenances were less genetically 

differentiated than those from around Europe. This indicates that genetic mixing is 

occurring among the Irish provenances, which are acting together as a single 

interbreeding population.

Variance estimates for both the Irish and the European datasets found that the 

majority of the variation to be located within ash provenances, and low levels of 

differentiation among them. These results are similar to those detected using AFLP 

analysis on Quercus robur and Q. petraea populations in Ireland (Kelleher, 2001), 

where high levels of within provenance variation and low levels of among 

provenance differentiation were found.

AFLP markers were also tested as tools for identification and differentiated F. 

angustifolia from F. excelsior. These closely related Fraxinus species are knowoi to 

hybridise readily with each other to produce hybrids that are difficult to identify 

using morphological methods. The AFLP markers that were tested in this analysis 

were found to clearly separate the two species from each other, and also identify a 

possible hybrid, which was genetically intermediate between the two.
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Chapter 3

Diversity of Common Ash from a Bio-Geographical Perspective using 

Chloroplast Microsatellite Marker Analysis

3.1. Introduction

This was an investigation into the genetic variation of Fraxinus excelsior from a 

bio-geographical perspective. This was carried out using newly self-developed 

plastid microsatellite markers*. Patterns of chloroplast genetic diversity were 

examined from within and among provenances from around Ireland and Europe. 

The relationship between Ireland’s ash population and that of the rest of Europe 

was also examined in this investigation. Historically, dramatic climate fluctuations 

are known to have caused Europe’s flora to change over the last million years 

(Roberts, 1991). The effect of these climatic changes is often reflected in 

distributions, migration rates and diversity distributions. Tracing such changes has 

traditionally been carried out using fossil evidence. However, new methods that 

examine variations of DNA can be used to complement the data from fossil 

collections. Chloroplast DNA has been commonly used for this type of analysis as 

it is known to be uni-parentally inherited. Therefore recombination doesn’t occur 

and bio-geographic patterns of genetic variation are more easily detected than 

unclear markers (Morand-Prieur et al., 2002^).

3.1.1. History of Europe’s Climate Change and Forests

Over the last two million years, the earth has experienced some dramatic 

fluctuations in climate, ranging from ice covered glacial periods to warmer inter

glacials (Mitchell, 2000). hi Europe, the last glacial maximum is thought to have 

peaked approximately twenty thousand years ago, resulting in the majority of 

northern Europe being covered in sheets of ice up to four meters thick (Roberts, 

1991). The ice sheets are thought to have extended dovra to the south-eastern tip of

' The term chloroplast DNA has been used preferentially over plastid in this research this is because 
chloroplasts are the predominant type o f  plastid found in leaf cells. Microsatellites are variable 
regions o f  DNA that consist o f  tandem repeats.
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Ireland, into France but, not reaching as far south as Spain and Italy (Taberlet et al, 

1998; Mitchell, 2000). During this time, the sea levels around Europe were 

considerably lower, since much of the water was locked away as ice (Taberlet et al., 

1998). These slight increases in temperature caused a melting of ice sheets resulting 

in a general retreat northwards of the ice and rising sea levels. During the last 

glacial period, the temperatures fluctuated and caused the ice to retreat and expand 

over time, such climatic fluctuations in Europe are more normal than the present 

abnormally long period (-10,000 years) of mild climate. The present Holocene 

interglacial is therefore not the first time in Europe’s history that favourable 

climatic conditions allowed the survival and spread of plant and animal species 

(Ferris et al., 1998; Mitchell, 2000).

The present Holocene interglacial period began approximately 10,000 years b.p. 

(before present), and has been marked by temperature increases throughout Europe. 

The response of species ranges was, in general, to expand northwards during 

warmer climatic periods, and when temperatures fell, by retreating southwards to 

survive as breeding populations over a smaller geographic range if not they were 

lost. Rapid falls in temperatiu’e were not uncommon as the ice was retreating and 

they often resulted in the loss of populations at the most northerly limits of the 

range, as they were unable to retreat in time. The effect of these successive 

bottlenecks resulted in loss of genetic diversity (Bennett et al., 1992; Hewitt, 1996; 

Taberlet et al., 1998). The cyclic pattern of expansion and contraction of species 

ranges has resulted in a decrease in diversity levels with geographic distance from 

refugia (Comes and Kadereit, 1998; Palme and Vendramin, 2002). Current diversity 

distributions of many European plant and animal species still reflect this pattern 

(Newton et al., 1999; Vendramin, et al., 1999; Petit et al., 2003). Similar losses in 

diversity in northern regions of America for species such as douglas fir and pine 

have been recorded (Aagaard et al., 1998; Latta and Mitton, 1997).

Areas that were not covered in ice and had slightly higher temperatures were where 

representative populations of much of Europe’s native flora and fauna survived the 

cold periods. Known as refixgia, these regions have been described as regions “of 

any size, in which a taxon persisted at any population density, during a cold stage” 

(Bennett et al., 1992). The survival of species in refugia during warmer climatic
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periods as migration was occurring was also important, since loss of a species in a 

refixgium could have resulted in extinction of the taxon during the next cold period 

(Bennett et a i, 1992; Taberlet et a l, 1998). Locating refugia has been the aim of 

many investigations, since they are the original locations from which much of 

Europe’s native species came (Taberlet et al., 1998; Petit et al., 2003). A study by 

Taberlet et al. (1998) compared a range of datasets ranging from plant to animal 

species and suggested three main refugia for European species. The results of this 

study agree with fossil pollen evidence that shows spread of pollen from southern 

regions of Europe into northern regions (Birks, 1989).

3.1.2. Return of Europe’s Forests

At the beginning of the Holocene (10,000 before present), northern Europe was 

invaded by deciduous tree species migrating mainly in a northerly direction 

(Newton et al., 1999). Evidence from the pollen record suggests that the first 

deciduous tree species to migrate northwards (known as ‘pioneer’ species) was 

birch {Betula spp.) which appeared in northern parts of Eiirope almost 

instantaneously once the ice had retreated. Hazel (Corylus avellana L.) and elm 

(Ulmus spp.) reached northern Europe shortly after birch, while other slowly 

migrating species such as oak {Quercus sp.), lime {Tilia cordata Mill.), alder {Alnus 

glutinosa (L.) Gaertn.), Beech (Fagus sylvatica L.) and ash {Fraxinus sp.) arrived 

between 7,000 and 5500 years b.p. (Birks, 1989; Mitchell, 2000). Europe’s main 

vegetation type during this time was a dynamic, mixed deciduous woodland. The 

species that established themselves in Europe during this invasion and have 

continued to expand their ranges and are now considered native species in Europe 

(Chapter 4, Section 3.1.1; Kelly and Fuller, 1988).

Migration rates of species since the last glacial maximum, have been found to be 

species specific. Rates of migration were subject to the combined effects of a range 

of factors. The factors that affected the rate of migration of deciduous trees into 

Europe included:
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-  The mode of dispersal. Species which use wind to disperse their seeds 

and pollen (such as birch and elm) had the advantage on those, which 

relied on animals or water (oak; Roberts, 1991).

-  The rate of growth as well as the time taken to reach maturity. Certain 

genera are known to be “opportunistic” (birch, pine, and hazel), due to 

their ability to grow quickly and reach maturity fast. This opportunistic 

habit aided their expansion around Europe.

-  Competition. The ability of certain species to compete with others for 

available nutrients and light also affected their rates of migration, in 

particular, in regions in which the soil may have been poorly developed. 

(Roberts, 1991).

-  The time of migration and position from which they started. Some 

species {Betula sp.) appeared almost instantaneously in northern Europe 

once the ice had melted. This suggests that they did not have far to travel 

(Mitchell, 2000). Refugia for some tree species have been suggested to 

be located in central Europe (Huntley and Birks, 1983; Roberts, 1991; 

Palme, 2003).

-  Geographical barriers such as mountain ranges and expanses of water 

are known to have dictated the routes which plant species are forced to 

take (Taberlet, et al., 1998). Therefore they also affect the rates of 

migrating species.

-  To a lesser extent, the degree of animal grazing, fire and disease they 

encountered as well as anthropogenic influences. Anthropogenic 

influences include woodland management regimes and agricultural 

practices (Huntley and Birks, 1983; Roberts, 1991).

Each deciduous tree species that migrated after the last glaciation had varying 

responses to geographical barriers, competition and other factors that affected their 

rate of movement. Therefore the migration of tree species around Europe after the 

last glaciation has been found to vary with both species and refugial location. Table 

3.1.1. details the proposed rates of migration of several species around Europe 

calculated from fossil pollen evidence (Huntley and Birks, 1983).
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Table 3.1.1. Estimated migration rates of tree species around Europe after the last 

glacial maximum, (meters per year; myr '; Huntley and Birks, 1983).

Tree Species Rate of Migration around Europe (myr'')

Be tula sp. >2,000

Corylus avellana 1500

Pinus sylvestris 1500

Ulmus glutinosa 500-1,000

Tilia cor data 300-500

Fraxinus excelsior 200-500

Fagus sylvativa 200-300

Quercus sp. 150-500

Migration Routes

The routes that tree species used to migrate around Europe from refugia are another 

area that has been intensively studied in some tree species (Taberlet et al., 1998; 

Petit et al., 2002'; Palme and Vendramin, 2002; Kelleher et al., 2003; Palme, 

2003). Knowledge of the routes that species took after the last glaciation is 

important for understanding their current diversity patterns. Migration routes can be 

used to study the evolution of populations on a geographical scale over time, and 

also to trace species back to their glacial reftigial origins. Fossil and pollen analysis 

have been used in the past to track movements of species around their geographic 

range (Huntley and Birks, 1983; Birks, 1989; Budd and von Engelbrechten, 1999; 

Brewer, CYTOFOR pollen maps, http://green.esc.liv.ac.uk/~sbrewer/cytofor.html). 

More recently, DNA techniques have been employed to complement pollen and 

fossil data (Taberlet et a l, 1998; Petit et al., 2002‘; Palme, 2003). A study by 

Taberlet et al. (1998) proposed major postglacial colonisation routes, through a 

combination of evidence collected fi-om both plant and animal studies. Results from 

this study suggested that many plant and animal species used the same routes to 

migrate northwards from their respective refugia. Figure 2.1.1. illustrates the 

migration routes proposed by Taberlet et al. (black routes). Studies based on oak
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species from around Europe have proposed migration routes from the same refugia 

proposed by Taberlet et al. (1998; Figure 3.1.1; Petit et al., 2002*, red routes; 

Kelleher et al., 2003. blue route). The similar migration patterns of different species 

around Europe are thought to be a consequence of Europe’s topography. The 

Mediterranean Sea in the south acts as a strong barrier to gene flow beyond it. 

While north bound gene flow is restricted by the Alps and Pyrenees mountain 

ranges (since both have an east-west orientation; Taberlet et al., 1998). Another 

factor that needs to be taken into account when studying migration routes around 

Europe is the sea levels at the time of migration, since during glacial periods, much 

of the water was locked up in the ice sheets (Taberlet et al., 1998).

Regions known as ‘suture zones’ (originally described as bands of geographical 

overlap between major biotic assemblages; Remington, 1968), were identified as 

areas in which migration routes from more than one refugium converge resulting in 

confusing genetic structure (Taberlet et al., 1998). Taberlet et al. proposed four 

suture zones for Europe (1998; Figure 3.1.1.).
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Figure 3.1.1. Locations of refugia in southern Europe proposed by Taberlet et al. 

(1998; indicated by large circles). Proposed zones of ‘suture’ are shaded in grey 

(Taberlet, et al., 1998) and migration routes from refugia include: (I) -  Black 

routes are main postglacial colonisation routes proposed by Taberlet et al. (1998); 

(II) -  Red routes are proposed oak migration routes into Ireland and Britain (Petit et 

al., 2002*); (III) -  Blue route is the proposed oak migration into Ireland (Kelleher, 

et al., 2003).

History o f Forest Trees in Ireland

Ireland is located in the north-western limits of Europe and during the last glacial 

maximum, Ireland was almost entirely glaciated, with the exception of the southern 

tip (Mitchell et al., 1996). This, combined with the fact that Ireland was isolated 

from mainland Europe in the early Holocene, and coupled with low diversity of
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habitats has lead to low species diversity in Ireland (815 vascular plant species) 

compared with the British Isles (1172 vascular plant species) and France (3,500 

vascular plant species; Webb, 1983; Mitchell, 1996). Many plant and animal 

species that are native to the British Isles, therefore did not naturally migrate into 

Ireland (Fagus sylvatica and Tilia cordatd). The migration of tree species into 

Ireland has traditionally been considered to have come from the European 

mainland, many via Britain. Combined pollen and molecular evidence have 

suggested that Ireland was invaded by tree species at varying rates and from 

different directions (Birks, 1989; Mitchell et al., 1996; Kelleher et al., 2003). A 

generalised sequence of species migration into Ireland is outlined in Mitchell et al. 

(1996). In this sequence, based on pollen evidence, Fraxinus excelsior entered 

Ireland after the decline in Ulmus after 5,000b.p. (Mitchell et al., 1996). Isochrone 

maps of the British Isles including Ireland have been produced for many tree 

species and have suggested that Quercus, Corylus and Pinus entered Ireland 

directly from mainland Europe from a north-westerly direction. While Fraxinus, 

Betula, Alnus and Ulmus migrated into Ireland via Britain (Birks, 1989).

Ecological Consequences o f Humans in Europe

Neolithic farming spread across Europe around 5,000 b.p (Mitchell, 2000). The first 

farmers cleared small patches of land using fire, to raise animals and grow primitive 

crops (Roberts, 1991). A decrease in tree pollen has been observed during this time, 

which coincided with increases of pollen from grasses indicating patches of cleared 

land (Edwards, 1993). The decline in tree pollen at this time, was particularly 

evident in certain species, for example, a sharp decline in tree species that only 

grew on nutrient rich soils or those that were useful for timber (elm and pine). The 

decline in elm was dramatic and is thought to have been the result of a combination 

of increased felling by early farmers (since elm may have been used to indicate 

areas of nutrient rich soil) and also the virulent pathogen known as ‘Dutch Elm 

Disease’ (Roberts, 1991; Mitchell et al., 1996). Land abandoned by farmers, was 

soon colonised by grass, shrub and tree species, which resulted in secondary 

woodland being produced. Early farming reduced ancient woodland cover 

throughout Europe, however the disturbance resulted in an increase in biodiversity 

and formation of secondary woodland. The more large-scale destruction of forests
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in Europe came with the industrial revolution and mechanisation of farming 

practices, which only occurred in the last few hundred years (Roberts, 1991; 

Edwards, 1993; O’Connell and Malloy, 2001).

Ireland was once almost completely covered in mixed deciduous forests (Irish 

Peatland Conservation Council, 2002) and was almost completely stripped of its 

trees as a result of agriculture. In the last hundred years the forest cover in Ireland 

was reduced to less than 1% (Mitchell, 2000; Kelleher et al., 2003) today after 

reforestation to a certain extent, Ireland still has one of the lowest percentage forest 

covers in Europe (9% forested land area, mainly composed of plantations of exotic 

coniferous species planted on marginal upland regions; Mitchell, 2000). The 

original postglacial mixed deciduous forest of Ireland are now thought to be 

completely gone except for patches of ancient woodland which still exist mainly in 

isolated areas (Chapter 4; Section 4.1.1).

3.1.3. Qrganellar DNA for the Study of Historical Bio-geography

Organellar DNA has proven to be highly suited for the study of historical bio

geography in many species (Avise, 1994; King and Ferris, 1998; Taberlet et al., 

1998; Vendramin et al., 1999; Palme and Vendramin, 2002; Petit et al., 2002**^; 

Rendell and Ennos, 2002; Kelleher et al., 2003). DNA that is found within the 

organelles of plant and animal cells is known as organellar DNA. Animal cells 

contain only one type of organellar DNA (in the mitochondria), while plant cells 

have two types, mitochondrial DNA and plastid DNA. In addition to organellar 

DNA, all cells contain nuclear DNA. Therefore plants have three types of genome, 

within their cells, differing from each other by several aspects. Nuclear genomes, 

for example, contain linear chromosomes, they tend to be bi-parentally inherited 

and diploid with the ability to assort freely (Watson and Murphy, 1993). The 

genomes of organelles are significantly smaller than nuclear genomes, and are 

generally uni-parentally inherited and therefore effectively haploid (Me Cauley, 

1995; Ennos et al., 1999). Genomes also differ in their rates of mutation and 

substitution. Substitution rates of plastid DNA have been inferred to be 3-5 times 

higher than plant mitochondrial DNA, while mutation rates of plastid DNA is 

thought to be only half that of the nuclear DNA (Wolfe et a l,  1987). Organellar
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DNA is therefore not as variable as nuclear DNA (Ennos et al., 1999). However it 

is the slow rate of evolution, coupled with uni-parental inheritance that makes 

organellar DNA useful for tracking changes within and among species over a long 

time periods.

Plastid DNA

Plastids are unique to plant cells and are found in cytoplasm of all plant tissue. 

Their morphological structure varies depending on the tissue in which they are 

located (however their genetic structure does not vary with tissue type; Watson and 

Murphy, 1993).

Plastid DNA is arranged into a double stranded circular molecule, which contains 

genes that are mainly used in photosynthetic activities, along with genes associated 

with transcription and translation (Watson and Murphy, 1993). The chloroplast 

genome of several species and has been totally sequenced. A comprehensive list of 

these species can be found on the NCBI database (NCBI Homepage). A gene map 

of the rice (Oryza sativa) chloroplast genome is shown in Figure 3.1.2. (Hiratsuka 

et al., 1989; Tsutsumi, et al., 2001). The circular structure is composed of two 

inverted repeats, one region of short single copy repeats and one region of large 

single copy repeats (Johnson and Soltis, 1995).
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Figure 3.1.2. Chloroplast genome of rice Oryza sativa L. which is 134,525 b.p.

long. Indicated on the diagram are the regions of inverted repeats (dark regions;

Tsutsumi et al., 2001).

3.1.8. Advantages and Applications o f Plastid DNA

1. The uni-parental inheritance of plastid DNA can be used to trace gene flow 

without complicating the picture with gene flow from pollen (if the plastid 

DNA is maternally inherited) or from seed (if the plastid DNA is paternally 

inherited). The majority of angiosperms are known to contain plastids that 

are maternally inherited (Watson and Murphy, 1993; Me Cauley, 1995; 

Ennos et al., 1999; Hu and Ennos, 1999). Maternal inheritance occurs in
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plants when genetic material is passed down through generations via the 

seed only. Gymnosperms are known to contain plastids that are paternally 

inherited meaning gene flow measured using gymnosperm plastid DNA is 

solely due to pollen movement (Watson and Murphy, 1993; Me Cauley, 

1995; Ennos et al., 1999; Hu and Ennos, 1999). Inheritance within ash
• j

plastids has been demonstrated to be maternal (Morand-Prieur et al., 2002 ).

1. Comparisons of gene flow estimations between nuclear DNA and plastid 

DNA can be used to estimate relative contributions of pollen and seed to the 

gene flow of a species (Ennos el al., 1999).

2. The slow rate of evolution of plastid genomes (Chiang et al., 1998) makes 

their analysis suitable for tracking geographical migrations of species over 

long time periods such as postglacial migration routes from glacial refugia 

(Taberlet et al., 1998; Kelleher et al., 2003). Also to identify possible 

regions of domestication of economically important species such as wine 

grape and soy bean (Arroyo-Garcia et al., 2002; Xu et al., 2000).

3. Variations in chloroplast DNA can be used to investigate the divergence of 

species over time from common ancestors (Chiang and Schaal, 2000).

4. Chloroplast microsatellite can be used to assess the extent of subdivision 

within populations, for example Norway spruce (Vendramin et al., 2000)

5. Chloroplast microsatellites have been used for parentage analysis, for one of 

the parents, depending on the transmitting gender, due to their polymorphic 

nature and uni-parental inheritance (Gillet, 1999).

Problems Associated with Using Plastid DNA

The main drawback associated with using chloroplast DNA for population 

studies, is that, since it is highly conserved, the levels of variation detected may 

not be sufficient to address the question studied. However, with the detection of 

length variable microsatellites within the chloroplast genome (such as those 

used in this investigation; Powell et al., 1995), this is less of an issue. Plastid 

microsatellites, are often sufficiently variable for population diversity studies 

(Morand-Prieur et al., 2002^; Palme and Vendramin, 2002; Palme, 2003).
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3.2. Aims

The main aim o f this analysis was to investigate the extent and patterns o f genetic 

diversity of ash provenances within Ireland and around Europe, using chloroplast 

microsatellites. More specifically this analysis looked at:

1. Locating and amplifying polymorphic microsatellite regions within the 

chloroplast genome o f F. excelsior.

2. Investigating the extent o f haplotype diversity o f F. excelsior in Ireland to 

determine if  the diversity formed geographically meaningful patterns.

3. Investigating the extent of haplotype diversity o f F. excelsior around Europe 

to determine if the diversity formed geographically meaningful patterns.

4. Predicting the location o f glacial refugia used by F. excelsior in Europe and 

investigating possible migratory routes from these refugia.

5. Predicting the route o f postglacial migration o f F. excelsior into Ireland.
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3.3. Methods

Haplotype variation and distributions of provenances from both Europe and Ireland 

were analysed and compared to each other in order to investigate the extent of 

genetic diversity among Irish and European populations.

3.3.1 Site Selection and Sample Collection

The samples that were used for this analysis were from the same provenances trial 

described in Chapter 2. A total of 162 trees were analysed, 78 originating from 13 

Irish provenances and 84 originated from 14 European provenances (6 samples 

from each provenance). DNA was extracted from leaf material and purified as 

outlined in Chapter 2; Section 2.3.2.

3.3.2. Target DNA Regions and Primer Trials

Four target cpDNA gene regions were chosen for the analysis, based on previously 

developed universal primers that are known to be reliable for amplification success 

over a wide range of species (Table 3.3.1). A set of primer trials was carried out 

using varying annealing temperatures as well as cycle number so as to optimise the 

amplification at each region (Table 3.3.3).

For amplification of each gene region, a master mix was made up according to 

Table 3.3.2. and a minimum of ten samples taken at random from the provenance 

trial was tested per region. A volume of 1 |o.l column cleaned total DNA 

(concentration ± 1 OOng) was put into labelled tubes and an aliquot of the master 

mix was added to bring the volume up to 25|il per tube.
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Table 3.3.1. Chloroplast gene regions and universal primer combinations used for 

amplification o f F. excelsior.

Genes
Gene

Products

Gene

Region

Forward

Primer

Reverse

Primer
Reference

trnL-V
Transfer Intron and

trnC trnV
Taberlet et

RNA Spacer a i ,  1991

atpB-rbcL

ATP
synthase
complex
Rubisco

Spacer IR 2R
Samuel et a l, 

1997

rp l\6

30S
Ribosomal

Protein
CS16

Intron F71 RI661
Jordan et al., 

1996

rps\6

508
Ribosomal

Protein Intron 16F 2R
Oxelmann et 

al., 1997
CL16

Table 3.3.2. Master mix components with volumes and concentrations for PCR 

amplification o f chloroplast regions o f ash using universal primer combinations.

Component Volume per Sample Concentration

Sterile ultra-pure H2O 18.375^1 -

X I0 Buffer (Promega) 2.5^1

Forward Primer 0.25nl 0.4nM

Reverse Primer 0.25nl 0.4^M

dNTP’s 0.5|^1 0.2mM

MgCb 2)4.1 2.5mM

Taq (Promega) 0.125^1 1.5 units

Total 25^1

The contents o f the tubes were mixed and spun down on a microcentrifuge. The 

samples were then loaded onto the thermocycler, which was set to the conditions 

outlined in Table 3.3.3.
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Table 3.3.3. Conditions of amplification for chloroplast regions of ash.

Process Temperature Time Cycles

Premelt 95 T 1 minute

Denaturation 95 °C 45 seconds

Annealing 50 °C 45 seconds 30

Extension 72 °C 3 minutes

Final Extension 72 °C 7 minutes

Soak 4°C 00

The amplification success was verified using agarose gel electrophoresis as outlined 

in Section 2.3.5.

3.3.3. Cycle Sequencing of Chloroplast Genes

The amplified regions of cpDNA were sequenced using Tag Dye-Deoxy / 

Terminator cycle sequencing kits (V.1.1; Applied Biosystems, Foster City, 

California, USA). Other sequencing methods that are commonly used include 

Maxam-Gilbert sequencing (Maxam and Gilbert, 1977; Old and Primrose, 1994) 

and Sanger sequencing (Sanger et al., 1977; Old and Primrose, 1994; Hillis et al, 

1996). Maxam-Gilbert sequencing differs from Sanger sequencing as it uses 

chemicals to specifically cleave DNA instead of using enzymes to build DNA 

strands and terminators to stop synthesis. The Applied Biosystems cycle 

sequencing reaction is an adaptation of the Sanger method. Cycle sequencing 

utilises dideoxynucleotide chain termination in a similar way to Sanger sequencing, 

however in cycle sequencing PCR is used to amplify labelled strands of DNA that 

are complementary to target strands (Murry, 1989; Hillis et al, 1996).

The process was automated using an ABI Prism 310 Genetic Analyser (Applied 

Biosystems) where the fragments are automatically detected during electrophoresis 

using a laser (and detector which recorded the fragments as they passed a specific 

point on the gel containing capillary). The sequence of bases was then recorded 

directly and compiled using Sequencher^^ Version 3.1 to form a chromatograph of
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the bases, and to assemble forward and reverse sequences (Hillis et al., 1996). 

Interpretation o f  the raw data chromatograph was carried out using a combination 

o f manual visualisation and computer software.

PCR Amplification o f  Genes fo r  Sequencing

The amplified gene regions were first purified using the same column cleaning 

technique as outlined in Chapter 2; Section 2.3.4. They were then prepared for 

sequencing by aliquotting 3|il o f  the products into labelled fiat-topped tubes. A 

master mix containing Applied Biosystems Taq Dye-deoxy / terminator cycle 

sequencing mix V.1.1 (PINK ) and sequencing buffer along with sterile water was 

prepared according to Table 2.3.3. The forward and reverse primers were diluted 

according to Table 3.3.4, and added to separate master mixes. An aliquot o f  the 

master mix was added to each amplification product to make the total volume in 

each tube to reach 1 0 |a1.

Table 3.3.4. Master mix components, volumes and concentrations per sample for 

amplification o f target DNA regions prior to sequencing.

Component Volume

PINK Mix' Ijxl

Sterile ultra-pure H2O 1.8^1

Sequencing Buffer^ 3.5^1

Primer (Forward / Reverse; 5ng/ml) 0.7^1

Total 7^1

Samples were mixed and loaded onto the thermocycler (Applied Biosystems 9700), 

which was set according to Table 3.3.5.

‘ Big Dye® Terminator V 1.1. Cycle Sequencing RR-100. 
 ̂ 200mM Tris-HCl, 5mM MgCij (pH 9.0)
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Table 3.3.5. Conditions for amplification of forward and reverse sequences of target 

DNA regions prior to sequencing.

Temperature Time Cycles

96°C 10 seconds

50°C 5 seconds 25 cycles

60°C 4 minutes

Sample Purification Prior to Sequencing

Each amplified sample was further purified by mixing 50|4,1 ethanol (EtOH; 100%) 

with 2\i\ sodium acetate (NaOAc; 3M) for each sample. 52^1 of the mixture was 

added to each amplified sample and incubated at room temperature. After 5 

minutes, the samples were placed on ice and incubated for 5-10 minutes, after 

which their contents were mixed and centrifuged for 25-30 minutes at 12,400g.

Further purification was carried out by draining the samples onto clean tissue to 

remove the alcohol. 300|xl of EtOH (70%) was then added to the pellet at the 

bottom of each tube, which was mixed and centrifuged at 12,400g for 15 minutes. 

The samples were drained onto tissue paper again and the process was repeated 

once more. The drained tubes were put between layers of tissue and left overnight 

to ensure the remainder of the alcohol had evaporated off.

Preparation for Sequencing

Purified samples were prepared for cycle sequencing by adding 25|xl of a sample 

preparation reagent called Template Suppression Reagent (TSR) into each tube. 

The contents of the tubes were mixed on a vortex and then incubated at 95°C for 4 

minutes. The samples were cooled on ice and centriftiged to ensure the contents 

were at the bottom of the tubes. The lids of the tubes were then removed and septa 

were inserted in each (for the autosampler of the 310 Genetic Analyser).
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Samples were loaded onto a ABI Prism 310 Genetic Analyser (Applied 

Biosystems) set to Big Dye^”̂  Terminator long-read, Run Module, Seq. Pop6 

(1 .Oml)E using Pop 6 polymer for 130 minutes per sample. The raw sequence data 

was automatically saved and compiled using Sequence Analysis Version 3.4.1 

(Applied Biosystems).

2.3.5. Aligning DNA Sequences

The first step in sequence alignment was to assemble together the forward and 

reverse sequences for each sample so that errors in the sequence could be rectified 

by importing sequences from both directions into Sequencher™ V3.1. The initial 

and final few bases (10-20b.p.) of each sequence were deleted due to their 

unreliability and a contig sequence was produced by combining the sequences from 

both directions and checking ambiguities against each other. The contig sequence 

for each sample at each of the gene regions was then aligned with other samples 

from the same gene region to form a matrix. The alignment of samples fi'om the 

same gene region was carried out using a combination of visual alignment using 

PAUP 4 (Swoffard, 1999), and automatic aligrmient software including: Seq-Al 

V2.0al (Rambout, 1999), which was used to convert the sequences into Nexus 

format. Mac Clade 4.0 (Maddison and Maddison, 2000) was used to convert the 

Nexus format into NBRF format, and Clustal X 1.8 (Thompson, et al., 1997) was 

used to compile the sequences and align them to each other automatically. The 

aligned sequences were imported into PAUP 4 (Swoffard, 1999) and checked by 

eye and alterations were made where required. Sequences from GenBank (NCBI 

database) were included in the data set and aligned along with the random samples 

from the provenance trial. Table 3.3.6. lists the samples and source of each gene 

sequence used for alignment.

109



Characterisation o f Genetic Diversity o f  Common Ash {Fraxinus excelsior L.)

Table 3.3.6. Gene and species list along with numbers o f aligned samples.

Gene

Region
Species

NCBI

Accession

Number

Reference

atp^-rbch F. excelsior - This study

F. excelsior

AF225240'

This study

rps\6

F. ornus‘, F. greggii^,

F. quadrangulata^,

F. cuspidata var macropetald*, F.

AF225239^

AF225241^

AF225236^

Wallander and 

Albert, 

(2000)*'^
xanthoxyloides^,F. dipetala^ AF225242^

AF225237^

rpl\6 F. excelsior - This study

F. excelsior - This study

trnL-F

F. xanthoxyloides^, F. ornus^
AF231634^

X76822*

Gielly and 

Taberlet,
(1 9 9 4 )7 * 8

Synergia vulgaris^, Olea europea'^
AF231882^

AF231866'*’

Wallander and 

Albert, 

(2000)^*'°

F. excelsior AF528042
Pastorelli, et 

al. unpublished

matK 11 12 F. angustifolia , F. ornus
AF528041"

AF528040'^

Pastorelli, et

al. unpublished 
11 &12

Olea europea‘ ,̂ Jasminum''* AF531779'''
Muller et al., 

(2004)*'^
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3.3.6. Identification of Chloroplast Microsatellite Regions and Primer Design

Aligned sequences were examined manually for variable regions of repeated bases 

(microsatellites). Possible polymorphic regions were then noted and conserved 

regions flanking them were chosen according to a set of well-defined rules. The 

rules are aimed at ensuring successfiil amplification of the desired regions with 

minimal amplification of unwanted artefacts (Kidd and Runao, 1995; Hillis et al., 

1996; Palumbi, 1996; Loffert et al, 1997; Prezioso, 2003). The rules that were used 

as guidelines for primer design are as follows:

1. The 3’- terminal position of a primer sequence is known to regulate the 

degree of specificity and sensitivity of the amplification. Therefore the 3’ 

terminal position:

-  Should not contain three or more G or C bases (as they may result in 

the stabilization of non-specific annealing).

-  Should not end with a T base as it is highly prone to mismatching.

-  Should not be complementary, this may lead to self-annealing 

resulting in the amplification of primer-dimers (primer-dimers use 

up available primer which results in decreased sensitivity or 

amplification failure).

-  Should be located in highly conserved regions of the target 

sequence.

2. With regards to primer length, a general rule of the longer the primer, the 

lower the annealing efficiency resulting in reduced amplification. Therefore 

primer sequences ranging between 1 8 - 3 0  bases long are sufficient (but 

they have been found to be successful when they are as short as 13 bases). 

The longer the primer the higher the annealing temperature required.

3. The melting temperature {T^) of primer sequences is normally 5°C higher 

than that of the annealing temperature, more specifically can be 

calculated according to Equation 3.3.1.



Characterisation o f  Genetic Diversity o f  Common Ash (Fraxinus excelsior L.)

T„ = 2(A + T) + 4(G + C)

Equation 3.3.1. Calculation of the melting temperature of primer sequences 

(Palumbi, 1996).

4. The G/C content of primer sequences should ideally be between 45% and 

55%. Since G/C rich sequences can withstand high annealing temperatures. 

Primer sequences should therefore contain a G/C content of approximately 

50%, consist of a good mix of nucleotides and be approximately 20 bases 

long, which puts the T„ approximately between 50° C to 60°C (Kidd and 

Runao, 1995; Palumbi, 1996; Loffert et al, 1997; Prezioso, 2003).

The primers that were designed from the aligned sequences are outlined in Table 

2.3.6. Forward primers were taken directly from the DNA sequence, while reverse 

primers were the reverse and complement of the 3’ end of the forward strand.

Table 3.3.7. Sequences of primers designed for the amplification of chloroplast 

microsatellites in ash samples, with fluorescent labels.

SSR
I.D.

Gene
Region

Primer Primer Sequence Fluorescent
Label

Tm G/C
Content

CPFRAXl atpB- FCPFRAXl AGACCATGGTATTTGATTTA JOE 49.1°C 30%
rbcL RCPFRAXl GATCCGCATTCGCATTTAAC 55.3°C 45%

CPFRAX2 atpB- FCPFRAXl AGACCATGGTATTTGATTTA JOE 49.1°C 30%
rbcL RCPFRAX2 CTGTCACTATATACAACATA 49.1°C 30%

CPFRAX3 rps 16 FCPFRAX3 CAATAACTGGATCAGGCTGAA TAMRA 55.9°C 43%
RCPFRAX3 GGTTGAACTCAATACTCATG 53.2°C 40%

CPFRAX4 rps 16 FCPFRAX4 CCAACTTGAGTTATGAGTAC TAMRA 53.2°C 40%
RCPFRAX4 AATCTTAAGGTATGTATCTG 49.1°C 30%

CPFRAX5 mat K FCPFRAX5 GGAGTAATAAGACTATTCCA FAM 51.2°C 35%
RCPFRAX5 ACG ATTAATACTTTCTCTA 45.9°C 26%

CPFRAX6 mat K FCPFRAX5 GGAGTAATAAGACTATTCCA FAM 51.2°C 35%
RCPFRAX6 TTCTGCTAATGATTCTAACC 51.2°C 35%

1 1 2
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3.3.7. Microsatellite Amplification

Primer trials were carried out on a subset o f  the data set by varying the annealing 

temperatures and number o f  cycles in order to achieve the optimum concentrations 

and conditions for amplification o f the microsatellites. Table 3.3.8. illustrates the 

components o f the master mix which was made up and aliquotted into 0.5(a1 

(concentration ± 1 OOng) total DN A.

Table 3.3.8. Components o f  the chloroplast microsatellite amplification master mix.

Component Volume per Sample Concentration

Sterile ultra-pure H2O 11.375nl -

X10 Buffer (Promega) 5^1 xl

Forward Primer 2.5^1 0.4^iM

Reverse Primer 2.5^1 0.4^M

dNTP’s 0.5^1 0.2mM

MgCb 2.5^1 2.5mM

Taq (Promega) 0.125^1 1.5 units

The contents o f  the tubes were mixed and loaded onto the thermocycler, which was 

set at conditions according to Table 2.3.3. The samples were checked for successfiil 

amplification and prepared for microsatellite analysis.

3.3.8 Analysis o f Microsatellite Amphfication Products

An aliquot o f each amplification product (6.0p,l) was then mixed with 2\j\ loading 

dye and loaded onto a 1.2% w/v agarose gel containing ethidium bromide. The gel 

was allowed to run for approximately 30 minutes at 110-124V. The gel was 

examined imder UV light and a digital image o f the gel taken to check for 

successful amplification.

113



Characterisation o f Genetic Diversity o f  Common Ash {Fraxinus excelsior L.)

Amplification products were diluted as in Table 3.3.9 and combined using the 

following quantities with 0.25n,l Applied Biosystems ROX 500s size standard and 

24^1 o f Formamide (CH3NO) which is used to denature the DNA samples (Applied 

Biosystems).

Table 3.3.9. Dilutions and reaction volumes of DNA used for microsatellite 

analysis using the automated sequencer.

Label Dilution Volume per tube

FAM 1 in 30 0.6nl

TAMRA 1 in 30 1.3^1

JOE 1 in 15 0.8^1

JOE 1 in 15 0 .8^1

JOE 1 in 15 0.8^1

The samples were denatured on a heating block for 10 minutes at 95°C, transferred 

to an ice tray for 2 minutes and centrifuged. Analysis was performed on the samples 

using an ABI PRISM® 310 Genetic Analyzer. Applied Biosystems Genescan® 

analysis software version 3.1 was used to read and size each sample using 

comparisons with the ROX size standard and they were further assessed and then 

converted into tables using Genotyper® Software Version 3.7 (Applied 

Biosystems).

3.3.9. Data Collection and Analysis

The data produced fi'om the automated sequencer were checked compiled using 

Genotyper® Software Version 3.7 (Applied Biosystems). Microsoft Excel was used 

to examine the entire dataset. Haplotype sizes (in base pairs) were recorded and 

proportions of haplotypes fi'om each provenance were illustrated using pie charts. 

The overall pattern of haplotype diversity throughout Ireland and Europe was 

examined.
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Analysis into the extent o f  diversity within and among the provenances was carried 

out using a combination o f  Popgene (Yeh and Yang, 1999) and Arelquin (Schneider 

et al., 2000). Estimations o f  the extent o f  polymorphism detected using each o f  the 

primer pairs was carried out by calculating the number o f  haplotypes detected by 

each.

Genetic Diversity within and among Haplotypes

The gene diversity (also known as average heterozygosity; Section 4.3.4.) simple 

measure o f  population variation that does not assume Hardy-Weinberg conditions 

within a population (Weir, 1996). The extent o f  gene diversity within each o f the 

provenances was estimated according to N ei’s gene diversity (1973; Section 4.3.4.). 

The within sample {Hs) was estimated from the sum o f squares o f  allelic 

frequencies according to Equation 3.3.2. (Nei, 1987).

Hs = - ^ f l  -  y  -  HoHn

Equation 3.3.2. Within sample gene diversity {Hs), where the x*,j is the frequency o f  

the homozygous genotype A/A/ in population k, ns is the sample number, Ho is the

observed heterozygosity and x f  and n is the harmonic mean o f

, ~  ns 
and n =

m

The extent o f gene diversity over all samples {Hj)  was estimated using the Equation 

3.3.3. (Nei, 1987).

Hs HoA  1 —2

ynns) [Inns)

Equation 3.3.3. Over all Gene Diversity {Hr), where I ns is the mean o f

allele frequencies across all samples {Hs is the within sample gene diversity and Ho 

is the observed heterozygosity).
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Genetic structure within and among the ash provenances was assessed using both 

F-statistics (Wright 1969; Nei, 1987; Section 4.3.4.) and Analysis of Molecular 

Variance (AMOVA; Excoffier et al., 1992; Section 2.3.8.) estimated using a 

combination of the statistical analysis packages Arlequin (Schneider et al., 2000; 

and Popgene (Yeh and Yang, 1999). Hierarchical F-statistics assess the extent of 

loss of heterozygosity through inbreeding within and among provenances. F$t 

measures the reduction in heterozygosity of a provenance relative to other 

provenances (Wright, 1921; Wright 1969) and is therefore a measure of population 

differentiation (Section 4.3.4.). The extent of provenance subdivision was estimated 

using Nei’s estimation {Gsf, 1987) according to Equation 4.3.8.

G st ~  D s f  /  H f

Equation 3.3.4. Nei’s population differentiation where Dst is the among sample 

gene diversity (Equation 4.3.5) and H j is the total gene diversity in a population 

(Nei, 1987; Weir, 1996, Balloux and Lugon-Moulin, 2002).

Fct measures the reduction in heterozygosity in a group of provenances relative to 

the total dataset. Fes measures the reduction in heterozygosity in a group of 

provenances relative to other provenances.

The data were also analysed using Nei’s unbiased genetic distance measure (Nei, 

1978) using UPGMA (Unweighted Pair Group Matrix Analysis; Li, 1997; Chapter 

2; Section 2.3.8.). This was used to group the provenances from both Ireland and 

around Europe by comparing their unbiased genetic distances from each other (Nei, 

1978). Analysis of Molecular Variance (Excoffier et al., 1992; Chapter 2; Section 

2.3.8) was also carried out on the data set to test the variation within and among the 

groups of provenances detected using UPGMA. The AMOVA examined the extent 

of variance within and among the groups of provenances.
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3.4. Results

Five regions of the chloroplast genome {rps\6, rpl\6, atpB-rbcL, matK and trnL-F) 

were examined for the presence of length variable microsatellites. Primers were 

designed to flank variable regions in three chloroplast gene regions and successfully 

amplified microsatellites were genotyped and used to calculate diversity statistics 

within and among Irish and European ash provenances. Using the chloroplast 

microsateliite regions, the extent of diversity and the historical bio-geography of 

ash in Ireland and around Europe was examined.

3.4.1. Primer Design and Sequencing of Chloroplast Gene Regions

Four target DNA regions within the chloroplast genome were chosen for the 

analysis (Table 3.3.1). The primer trials successfiilly amplified each of the 

chloroplast gene regions, which were then prepared for sequencing (outlined in 

Section 3.3.2). The output fi'om the sequencer was in the form of a chromatogram 

illustrating the sequence of bases as peaks (Figure 3.4.1). The forward and reverse 

sequences of each sample within each gene region were compiled to form a contig 

sequence and samples were aligned along with those added from GenBank (NCBl 

website; Section 3.3; Table 3.3.5.).

i w n T O  I i x w u j w j i 111 ii lAlAl(V^^^^lda^>GW1G^^
240 P*»0 5>eO P7Ci P90 300 310 3?0 330 340 350

ITAAAGA^GAr TAATCGG40G^G^ATAAA3^TAG^GICCCAT^C^ACA^GTO^ATAOCQ□CA/»CAATGAAAT r̂ATAGTAAAA3GAAMTCC CIEO'N’ TTTT/W^ATOTQiCQCJTC

^ACQQ3TCX>^AAT TOCTTATCr TTCrC^TTC^TCTAr AAA333TAT T TGftQCATAA Ara A T m C T C T  TCrCA>TGTO» r  ATATAAT/O C A  I MCA ATT A A X  A/saaflATOCOOVTT

Figure 3.4.1. Chromatogram illustrating a section of a trnL-F DNA sequence of F. 

excelsior, using Applied Biosystems 310 Genetic Analyser.
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3.4.2. Identification of cpDNA Microsatellite regions and Primer Design

Variation among the sequences was detected within all five chloroplast gene 

regions while length variation was detected within three of the regions {atpB-rbch, 

rps\6 and wa/K). The other two gene regions, however contained no length 

variation {trnL-V and rpl\6). Table 3.4.1. provides an overview of the results of 

analysing the sequences at each gene region under investigation.

Table 3.4.1. Presence or absence of sequence variation within each chloroplast gene 

region in ash.

Gene Region
Sequence

Variation

Repetitive

Regions

Length

Variation

Primers

Designed

atpB-rbcL Yes Yes Yes Yes

rpsl6 Yes Yes Yes Yes

rpll6 Yes Yes No No

tmL-F Yes Yes No No

matK Yes Yes Yes Yes

Conserved sequences before and after the repetitive loci were identified, so that 

they complied with as many of the primer designing rules as possible as outlined in 

Section 3.3.6. Table 3.3.7 provides information on the primers that were chosen 

from the conserved sequences flanking the repetitive DNA in each gene region.

Sequences from the atpB-rbcL Gene Region

The atpB-rbcL gene region was sequenced and found to be approximately 763 base 

pairs long. Five F. excelsior sequences were compared at this region, which was 

found to be variable. The variation that was found to be present among the 

sequences consisted mainly of regions of poly A and poly T repeats. Most variable 

regions along the sequence, however were not variable in length. One region 

containing a length variable poly T and was detected and chosen to be flanked by 

primer sequences Figure 3.4.2 illustrates the section of chromatogram where the
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repeat was located. Two sets o f  primer pairs were chosen to span the variable 

region. The primer combination CPFRAX 1 amplified a long section o f  the atpQ- 

rbcL  sequence, while the primer combination CPFRAX 2 amplified a shorter 

section. Appendix 6.4 shows the positions o f  the primers that were designed to 

flank the variable region.

F. excelsior CGCAACCCTU^iTTTTTTTTTTACCTTTTTTGGAAT

F. excelsior CGCAACCCAATTTTTTTTTTACCTTTTTTGGAAT

F. excelsior CGCAACCCAATTTTTTTTT-ACCTTTTTTGGAAT

F. excelsior CGCAACCCAATTTTTTTTTTACCTTTTTTGGAAT

F. excelsior CGCAACCCAATTTTTTTTTTACCTTTTTTGG/VAT

Figure 3.4.2. Length variable poly T region detected within the atpB-rhcL gene 

region o f ash.

Sequences from  the rp s l6  Gene Region

The rp s\6  gene region was sequenced and found to be approximately 936 base 

pairs long. Five F. excelsior sequences and seven Fraxinus species (Table 3.3.6.) 

were compared at this region, which was also found to be variable.

The variation that was found to be present among the sequences consisted mainly o f  

several regions o f  non-length variable poly A repeats. Two regions along the 

sequence were shown to be length variable, one consisted o f  repeated T’s, while the 

other was a repeated AG sequence (Figure 3.4.3. and Figure 3.4.4.). Figure 3.4.5. 

illustrates the section o f chromatogram where the repeat was located. Both were 

chosen to be flanked by primer sequences and the primers chosen to flank the two 

variable regions were CPFRAX 3 and CPFRAX 4 (Table 3.3.7) their positions are 

indicated in Appendix 6.4. The comparison o f  several members o f  the Fraxinus 

species at this locus indicated that it may be useful for the identification o f  certain 

species, for example, an insert o f  (T4GT2) was shown to occur in F. dipetala which 

was absent from the other Fraxinus species (Appendix 6.4).
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F. ornnus TAG7\ATTTT-AAACGAGACAAACAAAAGGGGGT— AAAGACC

F. greggii TAGAATTTT-AAACGAGACAAACAAAAGGGGGT— M^AGACC

F. quarangulata TAGAATTTT-AAACGAGACAAACA7\AAGGGGGT— A7\AGACC

F. cuspidata TAGAATTTT-AAACGAGACAAACAAAAGGGGGT— AAAGACC

F. excelsior TAGAATTTT-AAACGAGACAAACAAAGGGGGGT— AT^VGACC

F. xanhhoxyloides TAGAATTTT-AAACGAGACAAAC7\AAAGGGGGT--AAAGACC

F. dipetala TAGAATTTT-AAACGAGACAAACAAAAGGGGGT— AAAGACC

F. excelsior TAGAATTTT-AAACGAGACCAACCAAAGGGGGT— AAAGACC

F. excelsior TAGAATTTTTAA-CGAGGCCAACCAAAGGGGGT— AAAGGCC

F. excelsior TAGAATTTTTAA-CGAGACCAACCAAAGGGGGTT— AAGGCC

F. excelsior TAGAATTTTTAAACGAGAC-AAACAAAAGGGGGTGAAAGGCC

F. excelsior TAGAATTTTT7\A-CGAGAC-AAACAAAAGGGGGT-AAAGACC

Figure 3.4.3. Variable repeats along the rp sl6  gene region o f Fraxinus species.

F. ornus CATTTTCAGG/y^-GGAAGAAGAAAAAAAAA----- GAC-TTAAA

greggii CATTTTCGGGAA-GGAAGAAGAAAAAAAAA----- GAC-TTAAA

F. quadrangulata CATTTTCAGGAA-GGAAGAAGAAAAAAAA--------GAC-TTAAA

F. cuspidata CATTTTCAGGAA-GGAAG7VAGAAAAAAAAA----- GAC-TTAAA

F. excelsior CAT T T T CAGGAA-GGAAGAAGAAAAAAAAAA-- GAC- TTAAA

F. xanthoxyloides CATTTTCAGGAA-GGAAGAAGAAAAAGAAAAAAAGACTTAAA

F. dipetala CATTTTCAGGAA-GGAAGAAGAAAAAAAA--------GAC-TTAAA

F. excelsior CATAAAAAAAAA-GGAAGAAGA7\AA7l7VAA7y^— GAC-TTAAA

F. excelsior CAT TAAAAAAAAGGAAGAAGAAAAAAAAAA----- G-CCT TAAA

F. excelsior CATTTTCCGGAA-GGAAGAAGAAAAAAAAAA— G-C-TTA A A

F. excelsior CAT T T T CAAAAAA- GAAGAAGAAAAAAAAAA— GAC- TTAAA

F. excelsior C AT T T T C AGAAAA- GAAGAAGGAAAAAA7\AA— GAC -  T T AAA

Figure 3.4.4. Variable repeats along the rp s\6  gene region o f Fraxinus species.
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M5 -  a-tpB-rbcl.1 R "21 4 of 790

(A).
6 rp s l6  162r “ 5 9 + of 591

(B).

Figure 3.4.5. Variable repeated regions found within cpDNA. (A). Shows a section 

of poly T base pairs contained within the atpB-rbcL sequence. (B). Shows a section 

of poly A bases within the rps\6 sequence, both were found to be variable in length 

among the samples.

Sequences from the rpll6 Gene Region

The rpl\6  gene region was sequenced and found to be approximately 969 base pairs 

long. Five F. excelsior sequences were compared at this region, which was also 

found to be a variable region for ash. The variation among the sequences was found 

to consist of several repeated regions of poly A and poly T’s, however no length 

variation at these regions was detected. Figure 3.4.6. shows the sequence variation 

that was detected along the rpl\6  gene region. This region was not included in 

further analysis, however the variation detected within this gene region may 

potentially be useful for further studies of Fraxinus species (Appendix 6.4. shows 

the entire sequence matrix of ash at this gene region).
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F. excelsior ATTTTTTAG7\ACGTTCTAAAAATTATTTATTTTTTATAA7^T

F. excelsior ATTTTTTAGAACGTTCTAAAAATTATTTATTTTTTATAAAAAT

F. excelsior ATTTTTTAGAACGTTCTAAAAAATATTTATTTTTTATAAAAAT

F. excelsior ATTTTTTAG7y\CGTTCTAAAAAATATTTATTTTTTATAAA7\AT

F. excelsior ATTTTTTAG7\ACGTTCTAAAAAATATTTATTTTTTATAAAAAT

Figure 3.4.6. Sequence variation among samples at rpl\6  gene region of F. 

excelsior, showing variation among repeated regions but no length variation.

Sequences from the trnL-F Gene Region

The trriL-¥ gene region was sequenced and found to be approximately 959 base 

pairs long. Nine F. excelsior sequences and other members of Oleaceae were 

compared at this region, which was found to contain sequence variation. Several 

sections along the sequence were found to contain poly T and poly A repeats. 

However, like rpl\6, the repeated regions displayed no length variation and 

therefore further analysis of this region was not carried out. Similar to the rpl\6 

gene region, the sequence variation within the trnL-¥ gene region has potential for 

analysis among the Fraxinus species. An insert of ATGTT was detected within the 

Olea europea sequence that was absent from other sequences, which may be a 

useful marker for separating members of Oleaceae. Figure 3.4.7. shows a sequence 

of poly T bases with no variation in length among the samples (the entire sequence 

of this gene region can be seen in the Appendix 6.4.
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F. excelsior ATTTACAAAGTCGTCTTTTTGAAGATCCAAGAAATTCCAGGACTTGG

F. excelsior ATTTACAAAGTCGTCTTTTTGAAGATCCAAGAAATTCCAGGACTTGG

F. excelsior ATTTACAAAGTCGTCTTTTTGAAGATCCAAGAAATTCCAGGACTTGG

F. excelsior ATTTACAAAGTCGTCTTTTTGAAGATCCAAGAAATTCCAGGACTTGG

F. excelsior ATTTACAAAGTCGTCTTTTTGAAGATCCAAG7U\ATTCCAGGACTTGG

F. excelsior ATTTACTVAAGTCGTCTTTTTGAAGATCCAAGAAATTCCAGGACTTGG

F. excelsior ATTTACA7y\GTCGTCTTTTTG7\AGATCC7^GAAATTCCAGGACTTGG

F. excelsior ATTTACAAAGTCGTCTTTTTGAAGATCCAAGAAATTCCAGGACTTGG

F. excelsior

F. xanthox ATTTACAAAGTCGTCTTTTTGAAGATCCAAG/y\ATTCCAGGACTTGG

F. ornus ATTTACAAAGTCGTCTTTTTGAAGATCCAAGAAATTCCAGGACTTGG

Syringa vulgaris ATTTACAAAGTCGTCTTTTTGAAGATCCAAGAAATTCCAGGACTTAG  

Olea europaea ATTGACAAAGTCGTCTTTTTGAAGATCCAAG/^TTCCAGGACTTGG

Figure 3.4.7. Aligned sequence of a section the gene region trnL-V of Fraxinus 

species and other members of Oleaceae, showing no length variation but some 

substitutions.

Sequences from the matK Gene Region

The matK gene region was sequenced and found to be approximately 2607 base 

pairs long by both: Pastorelli, et al. unpublished and Muller et al. (2004; Table 

3.3.6.). Three Fraxinus species, and two members of Oleaceae were compared. The 

region was also found to be variable. Regions containing repeats of T and A were 

detected, one of which was variable in length and chosen to be flanked by primer 

sequences. Figure 3.4.8. shows the length variable region identified among the 

sequences. Two sets of primer pairs were chosen to span the variable region. The 

first primer combination CPFRAX 5 amplified a short section of the matK. 

sequence, while the second combination CPFRAX 6 amplified a longer variable 

section (Table 3.3.7; Appendix 6.4.). The sequence of Jasmine was found to contain 

an extra TAATAA repeat that was absent fi'om the other species. This may also 

have potential in further studies of Oleaceae.
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F. excelsior AAATTATGAGATTTTACTATCTTTTTTTTTTTCCC-TTC

F. angustifolia AAATTATGAGATTTTACTATCTTTTTTTTTTTCCC-TTC

F. ornus AAATTATGAGATTTTACTATCTTTTTTTTT— C C C -T T C

Olea europea A7\ATTATGAGATTTTACTATCTTTTTTTTTTTCCC-TTC

Jasminum A AATTCTGAGATTTTACTATCTTTTTTTTTT-CCCTTTC

Figure 3.4.8. Aligned sequence o f section o f the mat¥^ gene region from Fraxinus 

species and other members o f Oleaceae showing length variation.

F. excelsior . . TCTTTTTTTTTTTCCC-TTC . . AAACCCCCTCTGA. . TT . . CCCAAAAAAT 

F. angustifolia . .TCTTTTTTTTTTTCCC-TTC. .AAACCCCCTCTGA. . TT . . CCCAAAAAAT 

F. ornus ■■TCTTTTTTTTT— CCC-TTC . . AAACCCC-TCTGA. . T T . . CCCAAAAAAT

Oleaeuropea . .TCTTTTTTTTTTTCCC-TTC. .AAACCCC-TCTGA. . T T . . CCCAAAAA-T 

Jasminum . . TCTTTTTTTTTT-CCCTTTC. . AAACCCC-TCGGA. . T T . . CCCAAAAAAT

Figure 3.4.9. Aligned sequence o f section o f the matK. gene region from Fraxinus 

species and other members o f Oleaceae showing length variation (dots indicate 

missing sections o f sequence).

3.4.3. Chloroplast Microsatellites in Fraxinus excelsior

Primer trials o f the newly designed primer combinations for the amplification of 

length variable repeated regions in ash were carried out and three out o f the six 

primer combinations were successfiilly amplified in F. excelsior. Table 3.4.2. 

outlines the amplification success with the new primer combinations. Figure 3.4.10. 

shows successful amplified samples o f F. excelsior after agarose gel 

electrophoresis.
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Table 3.4.2. Amplification success of length variable repeats using newly designed 

primer combinations.

SSR Gene Region Successful Amplification

1 CPFRAXl atpB-rbcL Long No

2 CPFRAX2 atpB-rbcL Short Yes

3 CPFRAX3 rpsl6 - No

4 CPFRAX4 rpsl6 - No

5 CPFRAX5 matK Short Yes

6 CPFRAX6 matK Long Yes

I I

i

Figure 3.4.10. Successful amplifications of microsatellite within the atpB-rbcL 

chloroplast gene region (including a 1 k.b. ladder in first well in both upper and 

lower lanes). Fragment size approximately 155 base pairs and each lane represents 

a different plant.

125



Characterisation of Genetic Diversity of Common Ash (Fraxinus excelsior L.)

The successfully amplified variable regions (CPFRAX 2, CPFRAX 5 and CPFRAX 

6) were genotyped in samples from Irish and European provenances using a 310 

Genetic Analyser (Applied Biosystems). The number of haplotypes detected and 

their presence or absence within the Irish and European data sets were recorded 

(Table 3.4.3.). The long section (CPFRAX 6) of the mat K gene region was found 

to be the most polymorphic, with thirteen alleles detected over a range of 352 to 

370 base pairs. While the shorter mat K region and the atpB-rbcL region detected 

five alleles each. Table 3.4.3. shows the frequency of each of the alleles over the 

entire data set.
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Table 3.4.3. Alleles detected from three variable regions along the chloroplast 

genome o f F. excelsior, including size range in base pairs and presence in European 

and Irish provenances.

Size in base Colour Code Present in Present in

pairs from map Ireland Europe

CPFRAX 2 (atpB-rbcL)

Allele 1 152 Green Yes Yes

Allele 2 153 Blue Yes Yes

Allele 3 154 Red Yes Yes

Allele 4 161 Yellow No Yes

Allele 5 156 Black 

CPFRAX 5 (matK)

No Yes

Allele 6 252 Yellow No Yes

Allele 7 254 Blue Yes Yes

Allele 8 255 Red Yes Yes

Allele 9 256 Black Yes Yes

Allele 10 257 Green 

CPFRAX 6 (matK)

Yes Yes

Allele 11 352 Orange Yes No

Allele 12 354 Turquoise Yes No

Allele 13 356 Brown Yes Yes

Allele 14 359 Purple Yes Yes

Allele 15 360 Yellow Yes Yes

Allele 16 361 Pink Yes Yes

Allele 17 362 Blue Yes Yes

Allele 18 363 Red Yes Yes

Allele 19 364 Black Yes Yes

Allele 20 365 Green (Lt.) Yes Yes

Allele 21 366 Green (Dk.) Yes No

Allele 22 368 While Yes Yes

Allele 23 370 Grey No Yes
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In total, 30 haplotypes were detected using the newly designed primer combinations 

(Table 3.4.4.). These haplotypes were identified by combining the allele data from 

the CPFRAX 2 and CPFRAX 6 gene regions (since CPFRAX 5 is spanned in total 

by CPFRAX 6).

Table 3.4.4. Haplotypes detected in Ireland and Europe.

Haplotype
Base Pair 

Combination
Haplotype

Base Pair 

Combination

Haplotype 1 154b.p. 363 b.p. Haplotype 16 155 b.p. 363 b.p.

Haplotype 2 154 b.p. 359 b.p. Haplotype 17 155 b.p. 368 b.p.

Haplotype 3 154 b.p. 365 b.p. Haplotype 18 153 b.p. 356 b.p.

Haplotype 4 154 b.p. 366 b.p. Haplotype 19 153 b.p. 370 b.p.

Haplotype 5 154 b.p. 368 b.p. Haplotype 20 161 b.p. 363 b.p.

Haplotype 6 154 b.p. 360 b.p. Haplotype 21 154 b.p. 370 b.p.

Haplotype 7 154 b.p. 361 b.p. Haplotype 22 153 b.p. 361 b.p.

Haplotype 8 154 b.p. 356 b.p. Haplotype 23 153 b.p. 364 b.p.

Haplotype 9 154 b.p. 354 b.p. Haplotype 24 153 b.p. 359 b.p.

Haplotype 10 154 b.p. 362 b.p. Haplotype 25 155 b.p. 362 b.p.

Haplotype 11 154 b.p. 352 b.p. Haplotype 26 155 b.p. 365 b.p.

Haplotype 12 154 b.p. 364 b.p. Haplotype 27 152 b.p. 368 b.p.

Haplotype 13 153 b.p. 363 b.p. Haplotype 28 152 b.p. 361 b.p.

Haplotype 14 152 b.p. 363 b.p. Haplotype 29 153 b.p. 360 b.p.

Haplotype 15 153 b.p. 362 b.p. Haplotype 30 156 b.p. 363 b.p.

The frequencies o f the alleles detected over the three loci are outlined in Table 

3.4.5. while frequencies of haplotypes identified are given in Table 3.4.6.
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Table 3.4.5. Frequencies o f alleles at three chloroplast microsatellite loci over all 

provenances of F. excelsior.

CPFRAX 2 CPFRAX 5 CPFRAX 6

Locus Locus Locus
Frequency Frequency Frequency

Size Size Size

152 0.031 252 0.041 352 0.072

153 0.021 254 0.103 354 0.010

154 0.660 255 0.454 356 0.099

161 0.072 256 0.340 359 0.247

156 0.072 257 0.072 360 0.021

361 0.093

362 0.010

363 0.536

364 0.021

365 0.010

366 0.010

368 0.031

370 0.031
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Table 3.4.6. Frequencies of chloroplast haplotypes detected over all provenances of 

F. excelsior.

Haplotype ID Frequency Haplotype ID Frequency

Haplotype 1 0.441 Haplotype 16 0.037
Haplotype 2 0.031 Haplotype 17 0.006
Haplotype 3 0.012 Haplotype 18 0.006
Haplotype 4 0.019 Haplotype 19 0.006
Haplotype 5 0.012 Haplotype 20 0.006
Haplotype 6 0.019 Haplotype 21 0.019
Haplotype 7 0.093 Haplotype 22 0.006
Haplotype 8 0.025 Haplotype 23 0.006
Haplotype 9 0.012 Haplotype 24 0.006
Haplotype 10 0.037 Haplotype 25 0.012
Haplotype 11 0.006 Haplotype 26 0.006
Haplotype 12 0.012 Haplotype 27 0.006
Haplotype 13 0.099 Haplotype 28 0.006
Haplotype 14 0.043 Haplotype 29 0.006
Haplotype 15 0.019 Haplotype 30 0.012

Haplotypes with a frequency of 0.012 or less were not included in the haplotype 

map so as to simplify the patterns obtained. Those haplotypes that occurred at a 

frequency higher than 0.012 will be known as ‘common haplotypes’ from this point 

on.

Table 3.4.7. shows the occurrence of each of the haplotypes within both the 

European and Irish dataset.
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Table 3.4.7. The occurrence of each haplotype within the Irish and European 

provenance dataset.

Haplotype ID
Present in 

Ireland

Present in 

Europe
Haplotype ID

Present in 

Ireland

Present in 

Europe

Haplotype 1 Yes Yes Haplotype 16 No Yes

Haplotype 2 Yes Yes Haplotype 17 No Yes

Haplotype 3 Yes No Haplotype 18 No Yes

Haplotype 4 Yes No Haplotype 19 No Yes

Haplotype 5 Yes No Haplotype 20 No Yes

Haplotype 6 Yes No Haplotype 21 No Yes

Haplotype 7 Yes Yes Haplotype 22 No Yes

Haplotype 8 Yes Yes Haplotype 23 No Yes

Haplotype 9 Yes Yes Haplotype 24 No Yes

Haplotype 10 Yes Yes Haplotype 25 No Yes

Haplotype 11 Yes Yes Haplotype 26 No Yes

Haplotype 12 Yes Yes Haplotype 27 No Yes

Haplotype 13 Yes Yes Haplotype 28 No Yes

Haplotype 14 Yes Yes Haplotype 29 No Yes

Haplotype 15 Yes Yes Haplotype 30 No Yes

Table 3.4.8. Colour code of common haplotypes from map (Figure 3.4.14. and 

Figure 3.4.20).

Common Haplotype Colour code 
from Map Common Haplotype Colour code 

from Map
Haplotype 1 Red Haplotype 10 Blue

Haplotype 2 Lt. Green Haplotype 13 Lilac

Haplotype 4 Cream Haplotype 14 Dark Blue

Haplotype 6 Lt. Blue Haplotype 15 Pink

Haplotype 7 Purple Haplotype 16 Yellow

Haplotype 8 Dk. Green Haplotype 21 Aqua
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Table 3.4.9. Over all descriptors and gene diversity estimates (Nei, 1973) for entire 

dataset.

Range of Sizes
Sample Allele / Haplotype Gene Diversity

Locus Detected
Size Number (/»)

(base pairs)

CPFRAX2 160 5 152-161 bp 0.470

CPFRAX5 160 5 252-257 bp 0.580

CPFRAX6 160 13 352-370 bp 0.610

Multilocus Haplotype 160 30 - 0.778

3.4.4. Genetic Diversity within and among Irish Provenances

The genetic diversity within and among Irish provenances of ash was assessed 

using the newly detected variable chloroplast regions and haplotype number per 

locus is outlined in Table 3.4.6. The long variable locus of the wo/K region 

(CPFRAX6) detected the highest number of alleles (12), while the other two primer 

pairs detected only 3 and 4 alleles respectively. The Irish provenances were found 

to contain fifteen haplotypes in total (Table 3.4.7.) of this, ten were identified to be 

‘common haplotypes’ and were mapped (Figure 3.4.14.)

The overall diversity within Irish provenances, detected using each of the 

microsatellites was estimated according to Nei (1973) to be 36.4% (Table 3.4.6.). 

CPFRAX 6 detected 67% diversity, CPFRAX 5 detected. 32.1% diversity and 

CPFRAX 2 detected 9.4%, while the multilocus diversity estimate was 71%.
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Table 3.4.10. Descriptive statistics and mean gene diversity {h, Nei, 1973) estimates 

within Ireland’s provenances o f ash.

Locus
Sample

Size

Allele / Haplotype Range o f Sizes 

Number Detected 

Observed (base pairs)

Gene Diversity 

(h)

CPFRAX2 82 3 152-161 bp 0.09

CPFRAX5 82 4 252-257 bp 0.32

CPFRAX6 82 12 352-370 bp 0.68

Multilocus Haplotype 82 14 - 0.71

The frequency o f each o f the haplotypes detected within the ash provenances in

Ireland is outlined in Table 3.4.11.

Table 3.4.11. Frequencies o f alleles and size in base pairs present within Irish ash 

provenances.

Size in base Colour Code Frequency in

pairs Ireland

CPFRAX 2

Allele 1 152 Green 0.012

Allele 2 153 Blue 0.037

Allele 3 154 Red 0.951

Allele 4 161 Yellow -

Allele 5 156 Black -

CPFRAX 5

Allele 6 252 Yellow -

Allele 7 254 Blue 0.049

Allele 8 255 Red 0.817

Allele 9 256 Black 0.061

Allele 10 257 Green 0.073
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Allele 11 352

CPFRAX 6

Orange 0.012

Allele 12 354 Turquoise 0.024

Allele 13 356 Brown 0.037

Allele 14 359 Purple 0.049

Allele 15 360 Yellow 0.037

Allele 16 361 Pink 0.146

Allele 17 362 Blue 0.061

Allele 18 363 Red 0.537

Allele 19 364 Black 0.122

Allele 20 365 Green (Lt.) 0.024

Allele 21 366 Green (Dk.) 0.037

Allele 22 368 While 0.024

Allele 23 370 Grey -

Table 3.4.12. Frequencies of haplotypes present within Irish ash provenances.

Haplotype Frequency in Ireland Haplotype Frequency in Ireland

Haplotype 1 0.506 Haplotype 8 0.148
Haplotype 2 0.205 Haplotype 9 0.025
Haplotype 3 0.025 Haplotype 10 0.205
Haplotype 4 0.049 Haplotype 11 0.012
Haplotype 5 0.025 Haplotype 12 0.012
Haplotype 6 0.049 Haplotype 13 0.025
Haplotype 7 0.37 Haplotype 14 0.012

Haplotype 15 0.012

The geographic patterns of allele proportions around Ireland are represented as pie 

charts positioned at their approximate origin on map of Ireland (Figure 3.4.11- 

Figure 3.4.13). Figure 3.4.11. shows the pattern of diversity detected among Irish 

ash provenances at CPFRAX 2 (the microsatellite amplified from within the atpB- 

rhcL gene region). Three alleles were found within the Irish provenances differing 

by only one base pair (ranging in size 152-154 base pairs; Table 3.4.11.). At this
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locus, the predominant haplotype detected was ‘Allele 3’, which was present in all 

fourteen provenances and had a frequency of 0.951. The second haplotype ‘Allele 

2’ was present in two provenances (Westport and Killygordan) both located in the 

north-west of the country, and had a frequency of 0.040. The third allele present 

was ‘Allele 1 ’ which was detected in just one provenance in the west of Ireland 

(Westport; at a frequency of 0.012; Figure 3.4.11.).

Figure 3.4.12. shows the pattern of diversity detected among the provenances at 

CPFRAX 5 (the first microsatellite amplified from within the mat K gene region). 

Four alleles were detected within the frish provenances ranging in size from 252- 

257 base pairs. ‘Allele 8’, was dominant in the population, present within all the 

provenances (with an over all frequency of 0.817). ‘Allele T  was present in five 

provenances (Inch, Borris, Westport, Bandon and Lough Gill; at a frequency of 

0.049). ‘Allele 9’ was detected in two provenances (Eimiskerry and Kells; at a 

frequency of 0.001) and ‘Allele 10’ was detected in four provenances (Killygordan, 

Westport, Borris and Kells; frequency: 0.073).

Figure 3.4.13. shows the pattern of diversity detected among the provenances at 

CPFRAX 6 (the second microsatellite amplified from within the mat¥^ gene 

region). A large number of alleles were detected among the Irish provenances at 

this locus (12) ranging in size from 352-368 base pairs. The predominant allele 

(‘Allele 18’) was detected within thirteen out of fourteen provenances (at a 

frequency of 0.536). Half the provenances contained ‘Allele 16’ (at a frequency of 

0.146), while the remaining alleles were present within the population at lower 

frequencies (Table 3.4.11; Figure 3.4.12.). At this locus in general, the alleles ‘12, 

13, 20’ and ‘22’ were only found in southern provenances of Ireland, while ‘Alleles 

11 ’ and ‘19’ were restricted to Enniskerry and Kells respectively.
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Allele 1

Allele 2Q Allele 3

Figure 3.4.11. Allele proportions detected in Ireland using microsatellite markers 

amplified from the atpB-rbcL gene region. The primer combination used for this 

analysis was FCPFRAXl / RCPFRAX 2. Three alleles were detected.
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AUele 7

Allele 8 H

Allele 9

Allele 10

Figure 3.4.12. Proportions of allele detected using chloroplast microsatellite region 

of mat K. Allele variation detected using the primer combination FCPFRAX 5 / 

RCPFRAX5. Four alleles were detected using this primer combination each 

differing in only one base pair.
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Allele U □

AUelel2 ■

Allele 13 ■

Allele 14 ■

Allele IS □

Allele 16 ■

Allele 17 ■

Allele 18 ■

Allele 19 ■

Allele 20 n
Allele 21 ■

Allele 22 □

Figure 3.4.13. Proportions of alleles detected in Ireland detected using the primer 

combination FCPFRAX5 / RCPFRAX6 which amplified the long cpDNA region of 

mat K. Twelve different alleles were detected using this primer combination.

Ten common haplotypes detected overall samples have been mapped and are 

represented in Figure 3.4.14. The most common haplotype within the Irish 

population was found to be ‘Haplotype 1’ which occiured at a frequency of 0.51. 

‘Haplotype 1’ was found to occur within all provenances with the exception of 

Kells, while Borris, Lough Gill and Gort were found to be monomorphic for this 

haplotype. ‘Haplotype T,  occurred at a frequency of 0.37 was detected in half of 

the Irish provenances, with a particularly scattered distribution. ‘Haplotype 6’ and
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‘Haplotype 8’ were found to be more common in southern provenances in 

comparison to northern ones (however, ‘Haplotype 6’ also occurred in Kells). 

While ‘Haplotype 15’ was unique to the provenance in Westport. The pattern of 

these ten common haplotypes is represented in Figure 3.4.14. From this a 

complicated pattern was observed with no obvious geographic trends.

#
9 .

m

Haplotype 1 

Haplotype 2 

I  I  Haplotype 4 

I I Haplotype 6

H  Haplotype 7
H [ H aplotjpe 8

H Haplotype 10

Haplotype 13

Haplotype 14 

Haplotype 15

Figure 3.4.14. Haplotype map consisting of most common haplotypes detected in 

Ireland using the combined chloroplast data. Ten different haplotypes were detected 

using this primer combination.

The extent of chloroplast diversity within and among Ireland’s ash provenances 

estimated using Hs (within sample gene diversity; Equation 3.3.2.), / /r  (total gene
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diversity; Equation 3.3.3.) and G s t  (extent o f provenance subdivision; Equation 

3.3.4.) is shown in Table 3.4.9. (for the multilocus haplotype as well as for each o f 

the chloroplast microsatellites under investigation)

A mean o f 27%; was estimated to be the total gene diversity {Hr) within Ireland’s 

provenances. While the mean estimation o f the within sample gene diversity {Hs) 

was 18.5%. The provenances were estimated to be 31% different from each other 

(Table 3.4.13.).

Table 3.4.13. Hr is an estimation o f the total gene diversity in Ireland’s 

provenances. Hs is the within sample gene diversity, Gst is an estimate of the 

genetic differentiation among the provenances (Nei, 1987).

Locus Hs H t Gst P-value

CPFRAX2 0.063 0.094 0.306 <0.001

CPFRAX5 0.230 0.311 0.267 <0.001

CPFRAX6 0.457 0.675 0.327 <0.001

Multilocus Haplotype 0.185 0.270 0.314 <0.001

The structuring o f provenances in Ireland was examined using a UPGMA analysis 

based on Nei’s unbiased genetic distance (1978). This also allowed the complex 

haplotype patterns o f the loci to be summarised. Figure 3.4.15. shows the UPGMA 

dendrogram that was produced, illustrating the groupings o f Ireland’s provenances 

with each other. From this five groups were formed (Table 3.4.14.). The groupings 

have been represented by colour on the map of Ireland (Figure 3.4.16.) A 

generalised north-south divide is evident according to the genetic distances among 

the provenances.

140



Characterisation of Genetic Diversity of Common Ash {Fraxinus excelsior L.)

Bandon

Killeshandra

Currachase

Inch

Borns

Gort

Killygordan 

Lough Gill 

Enniskerry

Portlaw

Killarney

Kells

Mt. Talbot 

Westport

Figure 3.4.15. UPGMA Dendrogram of Ireland’s provenances based on Nei’s 

unbiased genetic distance (1978).
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Figure 3.4.16. Over all patterns of provenance groupings in Ireland according to 

Nei’s unbiased genetic distance (1978).

The groupings that were formed through Nei’s unbiased genetic distance measure 

(1978) were tested using Analysis of Molecular Variance (AMOVA; Excoffier et 

al., 1992; Chapter 2; Section 2.3.8). The results are outlined in Table 3.4.15.
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Table 3.4.14. Division of provenance according to Nei’s unbiased genetic distance 

measure (1978).

Group 1 Group 2 Group 3 Group 4 Group 5

Bandon Borris Enni skerry Kells Westport

Killeshandra Gort Killamey Mt. Talbot

Currachase Killygordan Portlaw

Inch Lough Gill

The majority of the variation, according to the AMOVA, was estimated to be within 

the provenances (79.1%), with 22.9% of variation among the groupings made 

according to Nei’s unbiased genetic distance measure (1978). The variation among 

populations within groups however was low 2.0% (Table 3.4.15).

Table 3.4.15. AMOVA analysis of genetic differentiation of Ireland’s provenances 

over all three chloroplast microsatellite loci.

Source of Variation d.f. Sum of 
Squares

Variance
Components

Percentage of 
Variation

Among Groups 4 6.41 0.087 Va 22.96%

Among Populations 

within Groups
9 2.297 0.008 Vb 2.04%

Within Populations 67 20.10 0.299 Vc 79.09%

Total 80 28.79 0.379

Estimation of subdivision of genetic diversity was carried out using F-statistics 

(Section 4.3.4). The extent of differentiation among the provenances {Fst) was 

found to be low (20.9%) but significant. The extent of variation among the groups 

{Fct), was estimated to be 22.9%, while only 2.6% of the variation was found to be 

among provenances within the groups {Fsc', Table 3.4.16.)
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Table 3.4.16. Estimation o f population subdivision in Ireland using Nei’s F - 

statistics, and tested for their significance using permutations.

P-value

F s t 0.209 V c  & F s t <0.001

Fsc 0.026 V b  & Fsc <0.001

fcT 0.230 V c  &  F c t <0.001
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3.4.5. Europe’s Haolotvpe Diversity

The diversity and proportions of alleles and haplotypes around Europe was also 

estimated using the three microsatellite loci used on Irish provenances. The Irish 

provenance that was included in the dataset was one provenance randomly selected 

from the Irish provenance trial.

The genetic diversity within and among European provenances of ash was assessed 

The number of alleles detected at each locus and the multilocus haplotypes are 

outlined in Table 3.4.17. As with the Irish samples, the long microsatellite in the 

matK region (CPFRAX6) showed the highest number of alleles (12), while the 

other two primer pairs detected only 3 and 4 alleles respectively. While the 

European provenances were found to contain twenty-six haplotypes (Table 3.4.19.).

The over all diversity within European provenances, detected per locus was 

estimated according to Nei (1973) to be 62.7%. CPFRAX 6 detected 50.7% 

diversity, CPFRAX 5 detected 69.0% diversity and CPFRAX 2 detected 68.4%, the 

multilocus haplotype diversity was estimated to be 81% (Table 3.4.17.).

Table 3.4.17. Over all descriptives and gene diversity (Nei, 1973) per locus for 

European provenances.

Locus
Sample Allele / Haplotype 

Size Number

Range of Sizes 

Detected (base 

pairs)

Gene Diversity 

ih)

CPFRAX2 97 5 152-161 0.684

CPFRAX5 97 5 252-257 0.690

CPFRAX6 97 12 356-370 0.508

Multilocus Haplotype 97 ? - 0.81

The frequency of each of the haplotypes detected within the ash provenances from 

around Europe is outlined in Table 3.4.18.

145



Characterisation of Genetic Diversity of Common Asii (Fraxinus excelsior L.)

Table 3.4.18. Frequencies o f haplotypes and size in base pairs present within F.

excelsior provenances from around European.

Size Colour Present in

(in base pairs) Code Europe

CPFRAX2

Allele 1 152 Green 0.103

Allele 2 153 Blue 0.295

Allele 3 154 Red 0.449

Allele 4 161 Yellow 0.128

Allele 5 156 Black 0.026

CPFRAX 5

Allele 6 252 Yellow 0.039

Allele 7 254 Blue 0.115

Allele 8 255 Red 0.359

Allele 9 256 Black 0.397

Allele 10 257 Green 0.090

CPFRAX 6

Allele 11 352 Orange -

Allele 12 354 Turquoise -

Allele 13 356 Brown 0.256

Allele 14 359 Purple 0.026

Allele 15 360 Yellow 0.026

Allele 16 361 Pink 0.051

Allele 17 362 Blue 0.064

Allele 18 363 Red 0.692

Allele 19 364 Black 0.026

Allele 20 365 (Green (Lt.) 0.013

Allele 21 366 Green (Dk.) -

Allele 22 368 White 0.026

Allele 23 370 Grey 0.051
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Table 3.4.19. Haplotype frequency within European provenances of Fraxinus 

excelsior.

Haplotype Frequency in Europe Haplotype Frequency in Europe

Haplotype 1 0.375 Haplotype 18 0.0125
Haplotype 2 0.0125 Haplotype 19 0.0125
Haplotype 7 0.025 Haplotype 20 0.0125
Haplotype 8 0.0125 Haplotype 21 0.0375
Haplotype 9 0.0125 Haplotype 22 0.0125

Haplotype 10 0.0125 Haplotype 23 0.0125
Haplotype 11 0.0125 Haplotype 24 0.0125
Haplotype 12 0.0125 Haplotype 25 0.025
Haplotype 13 0.175 Haplotype 26 0.0125
Haplotype 14 0.075 Haplotype 27 0.0125
Haplotype 15 0.025 Haplotype 28 0.0125
Haplotype 16 0.075 Haplotype 29 0.025
Haplotype 17 0.0125 Haplotype 30 0.025

The geographic patterns of alleles proportions around Europe are represented as pie 

charts positioned at their provenance origin on the map (Figure 3.4.17-Figure 

3.4.19).

Figure 3.4.17. shows the pattern of diversity detected among European ash 

provenances at CPFRAX 2 (the microsatellite amplified from within the atpB-rbcL 

gene region). Five alleles were detected within the European provenances differing 

by only one base pair each ranging from 152-161 base pairs (Table 3.4.18; Figure 

3.4.17.). At this locus, the predominant alleles detected was ‘Allele 3’ which was 

present in thirteen out of fourteen provenances with a frequency of 0.449. The 

second haplotype ‘Allele 2’ was present in eight provenances from central Europe 

with a frequency of 0.295. The third present in the European provenances was 

‘Allele 1 ’ which was detected in three of the provenances (being fixed in Denmark) 

was estimated to be present at a frequency of 0.103 (Figure 3.4.17.). Two extra
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alleles were detected within the European provenances that were absent from the 

Irish population. ‘Allele 4’ was detected in southern England, Scotland, Poland and 

the Czech Rep at a frequency of 0.128, while ‘Allele 5’ was unique to the Spanish 

provenance.

Figure 3.4.18 shows the pattern of diversity detected among the provenances at 

CPFRAX 5 (the first microsatellite amplified from within the matK. gene region). 

Five alleles were detected within the European provenances ranging in size from 

252-257 base pairs). ‘Allele 8’, was present within eleven of the European 

provenances at a frequency of 0.359, ‘Allele T  was present in five provenances 

(Scotland, Spain, St. Paul de Salers, Vassy and Czech Rep. at a frequency of 0.115). 

While ‘Allele 9’ was detected in ten of the European provenances at a frequency of 

0.397 and ‘Allele 10’ was detected in six of the European provenances at a 

frequency of 0.090. One extra allele detected in Europe that was absent from 

Ireland was ‘Allele 6’. This allele was found to be present in three of the 

provenances (Wytham Woods, Huttenheim and Lithuania).

Figure 3.4.19. shows the pattern of diversity detected among the provenances at 

CPFRAX 6 (the second microsatellite amplified from within the matK gene 

region). One less allele was detected within the European provenances (11; 

compared to the 12 of frish provenances) ranging in size from 352-370 base pairs. 

‘Allele 18’ was also the predominant haplotype within the European populations, it 

was detected in all provenances and had a frequency of 0.692. ‘Allele 17’ was 

found to be present in three of the provenances at a frequency of 0.064, while the 

remaining alleles were present within the population at lower frequencies (Table 

3.4.18; Figure 3.4.19.).
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Figure 3.4.17. Allele proportions estimated from around Europe using a 

microsatellite amplified from the atpB-rbcL gene region. The primer combination 

used for this analysis was FCPFRAXl / RCPFRAX 2, five alleles were detected.
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Figure 3.4.18. Proportions of alleles of F. excelsior around Europe, from 

chloroplast microsatellite analysis of the matK region. The primer combination 

FCPFRAX 5 / RCPFRAX5 was used here to detect allele variation, this primer 

combination was designed to amplify the length variable region of the matK. gene 

region. Five different alleles were detected using this primer combination.
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Allele 11 □

Allele 12 ■
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Allele 14 | |

Allele 15 □

Allele 16 ■

Allele 17 ■
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Figure 3.4.19. Proportion of F. excelsior allele variation detected around Europe 

using the primer combination FCPFRAX5 / RCPFRAX6 which amplified the long 

variable region of the matK. gene region. Thirteen alleles were detected using this 

primer combination, seven extra which were detected using the short variable 

section.

Ten common haplotypes detected overall samples have been mapped and are 

represented in Figure 3.4.20 The most common haplotype within the European 

population was found to be ‘Haplotype 1’ which occurred at a frequency of 0.38. 

‘Haplotype 1’ was found to be present in eleven out of fourteen provenances. 

‘Haplotype 13’, occurred at a fi-equency of 0.18 and was found to be present within 

half the provenances tested, mainly located in central Europe. ‘Haplotype 16’ was 

found to be unique to the UK, while ‘Haplotype 15’ was unique to western France
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and Belgium. A complicated pattern o f haplotypes was detected Figure 3.4.20. 

shows no obvious geographic trends.

m
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H iplotypc 1 

H iplotype 2 
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I I H iplotype \ 6  

□  H iplotype 21

Figure 3.4.20. Haplotype map consisting of most common haplotypes detected 

around Europe using the combined chloroplast data.

The extent o f diversity within and between the ash provenances from around 

Europe was also assessed, as well as the extent o f genetic differentiation among the 

provenances. Table 3.4.20. outlines the mean estimates o f these statistics for each 

of the chloroplast microsatellites under investigation.

A mean o f 40%; was estimated to be the total gene diversity {Ht)  over all Europe’s 

provenances. While the mean estimation o f the within sample gene diversity {H$)

152



Characterisation o f Genetic Diversity o f Common Ash (Fraxinus excelsior L.)

was 58.6%. European provenances of F. excelsior were estimated to be 31.9% 

differentiated from each other (Table 3.4.20.).

Table 3.4.20. Partitioning of variation within and among the provenances of F. 

excelsior from around Europe. Hr is an estimation of the total gene diversity, Hs is 

the within sample gene diversity and Gst is an estimate of the genetic 

differentiation among the provenances (Nei, 1987).

Locus Hs Ht Gst P-value

CPFRAX2 0.406 0.684 0.407 <0.001

CPFRAX5 0.462 0.690 0.331 <0.001

CPFRAX6 0.414 0.508 0.184 <0.001

Multilocus Haplotype 0.586 0.398 0.320 <0.001

The European provenances were divided into three groups according to geographic 

location (Northern Europe/ Central Europe/ Southern Europe; Table 3.4.21.). The 

diversity within populations {H^, total diversity {Hr) and among population 

differentiation {Gst) were estimated and compared among the groups to examine if 

the diversity produced any meaningful patterns from a geographical perspective 

(Table 3.4.22.).

Table 3.4.21. Geographical grouping of F. excelsior provenances from around 

Europe.

Northern Europe Central Europe Southern Europe

Ireland Wytham Woods (England) St. Paul de Salers

Setterington (England) Czech Rep. Spain

Scotland Huttenheim (France)

Poland Vassy (France)

Denmark Germany

Lithuania Belgium
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Table 3.4.22. Over all diversity estimates within and among European provenances 

from three European regions.

Locus H s H t G s t

Northern Europe 0.296 0.507 0.415

Central Europe 0.448 0.576 0.157

Southern Europe 0.444 0.556 0.200

The structuring of provenances from around Europe was examined using a 

UPGMA analysis based on Nei’s unbiased genetic distance (1978). This analysis 

was carried out to determine if there was an association with genetic distance and 

geographic origins of the provenances. Figure 3.4.21. shows the UPGMA 

dendrogram that was produced, illustrating the groupings of Europe’s provenances 

with each other. Provenances from the UK grouped together, while freland was 

found to most similar to Poland, also grouping with Spain and Lithuania. The 

geographic pattern of these groupings are illustrated in Figure 3.4.22.
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Ireland

Poland

Lithuania
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Czech Rep.
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-  Germany

Belgium

St. Paul de  Salers

Settenngton
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Scotland

Huttenheim

Denmark D

Figure 3.4.21. UPGMA dendrogram produced using Nei’s unbiased estimation of 

distance (1978).
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Figure 3.4.22. Groupings according to UPGMA trends of European provenances.

These synthetic groupings were also tested using AMOVA (Excoffier et al., 1992; 

Chapter 2; Section 2.3.8). The divisions of provenances that were produced from 

Nei’s unbiased genetic distance (1978) are outlined in Table 3.4.23. and details of 

the AMOVA are given in Table 3.4.23.
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Table 3.4.23. Grouping of Europe’s provenance according to their geographic 

origins.

Group 1 Group 2 Group 3 Group 4

Ireland Setterington Vassy Denmark

Lithuania Wytham Woods Belgium

Spain Scotland Germany

Poland Huttenheim Czech Rep

St. Paul de Salers

From this analysis, like Ireland, the majority of the variation was found to be within 

the European provenances (79.7%), with 11.35% variation among the groups and 

only 8.92% variation among populations within groups (Table 3.4.24.).

Table 3.4.24. Analysis of Molecular Variance of European provenances based on 

chloroplast microsatellite variation of F. excelsior.

Source of Variation d.f.
Sum of Variance Percentage of

Squares Components Variation

Among Groups 

Among Populations 

within Groups 

Within 

Populations 

Total

10

4.67 0.049 Va

5.81 0.039 Vb

70 24.33 0.348 Vc

83 34.81 0.436

11.35%

8.92%

79.74%

Estimation using F-statistics of the population subdivision among the provenances 

{F st) ,  found that 20.3% of the variation was accounted for by differentiation among 

provenances. The extent of variation among the groups {F ct) , was estimated to be 

11.3% and 10.1% of the variation was found to be among provenances within the 

groups {F sc \ Table 3.4.25.).
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Table 3.4.25. Estimation of population subdivision in Ireland using Nei’s F- 

statistics. Significance of data was tested using 1000 permutations of Exact tests.

P-value'

fsT 0.203 Vq & Fst <0.001

Fsc 0.101 Vi, & Fsc <0.001

Fcr 0.113 V(. & F c t <0.001

P(random value < observed value)
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3.5. Discussion

Chloroplast DNA is used mainly for investigations into phylogenetic relationships, 

interspecies diversities and postglacial histories of a variety of plant species. Its 

main advantage is that it has low mutation rates, it doesn’t recombine, it reproduces 

clonally and is uni-parentally inherited. One problem associated with chloroplast 

DNA analysis is the lack of variation detected in some species. This problem 

however, can be addressed through the use of variable repeats microsatellites 

located on the chloroplast genome (Chapter 4). The aim of this investigation was to 

look at the extent of chloroplast microsatellite variation within and between 

populations of Fraxinus excelsior in Ireland and around Europe. It also to assessed 

if any associated bio-geographical pattern could be elucidated and explained in light 

of postglacial re-colonisation.

3.5.1. DNA Sequencing and Primer Design

As a first step to this analysis, polymorphic chloroplast microsatellites were 

identified in F. excelsior. Chloroplast variation among Fraxinus species has been 

previously evaluated and found to be insufficient for studies at the inter-species 

level (Gielly and Taberlet, 1994; Wallander and Albert 2000). Therefore new 

microsatellite markers needed to be identified in order to detect sufficient variation 

within the provenances. Once the variable regions were identified, primers were 

designed to flank them. Five chloroplast regions {atpB-rbcL, rps\6, rpl\6, /r«L-F 

and matK) were tested in order to detect variation in the form of length variable 

microsatellites. Each of the five gene regions was sequenced and found to contain 

variation among the ash samples. The variation that was detected is an indication of 

the potential of the gene regions for use in other areas of study on Oleaceae and 

Fraxinus. Studies such as investigations into phylogeny, gene flow or parentage 

identification may benefit. Wallander and Albert (2000) used two chloroplast gene 

regions {rps\6 and trriL-¥) to classify Oleaceae. They found the gene region rps\6 

to be more variable than the gene region /rnL-F. However combined, they were 

sufficiently variable for phylogenetic analysis at the infi-a-familial study range of 

Oleaceae (Wallander and Albert, 2000). In this investigation, both these regions 

along with wa/K, atpB-rbcL and rpl\6  were examined. The matK gene region may
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potentially be useful for phylogenetic studies, since the sequence from jasmine was 

found to be differentiated from the other members o f  Oleaceae by an extra 

‘TA2TA2 ’ (Appendix 6.4.). Verification o f  this potentially useful insertion is 

however, advisable. This can be done by assessing its presence in a larger number 

o f species.

In total, five length variable repeated regions within the chloroplast genome o f ash 

were detected. One within the atpB-rbcL  gene region, two within the rp s\6  gene 

region and two within the matK  gene region (one variable region was longer than 

the other; Table 3.3.7; Appendix 6.4). Primers were designed, based on a set o f  

rules, so that they flanked the variable regions for amplification. Fraxinus excelsior 

samples were successfiilly amplified using three o f  the newly developed primer 

pairs. The failure o f  the remaining three primer pairs may be the result o f  a range o f  

variables, including the 3 ’end structure o f  the primer sequence may not have 

satisfied all the primer designing guidelines; the melting temperature may have 

been too low due to a low percentage o f  G/C in the primer sequence or the primer 

sequence being too short (Section 3.3.6.).

3.5.2. Diversity Levels o f Three New Chloroplast Microsatellites

The extent o f diversity detected using the chloroplast microsatellites was assessed 

using N ei’s gene diversity statistic (1973; Table 3.4.9.). All three variable regions 

detected high levels o f  diversity within the entire data set o f  160 samples. The 

microsatellite CPFRAX 6 located within the matK. gene region was found to be the 

most variable (60.5%). The second microsatellite region from the mat)L gene region 

(CPFRAX 5) detected 58.3% diversity and the least amount o f diversity was 

detected using the microsatellite CPFRAX 2 from the atp^-rbcL  gene region 

(46.8%). The region amplified by the CPFRAX 5 primer combination is the same 

(but shorter) as the region amplified by the CPFRAX 6 primer combination. 

Therefore the data from CPFRAX5 was not independent from CPFRAX6. 

Diversity patterns from each o f  the chloroplast regions were discussed together with 

multilocus haplotype estimates, which were made by combining data from 

CPFRAX 2 and CPFRAX 6.
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3.5.3. Estimations of Diversity in Ireland

The three newly detected polymorphic microsatellites were used to determine the 

extent of chloroplast diversity present within and among Irish provenances of ash. 

Over all three loci the gene diversity within each of the Irish provenances was 

estimated using Nei’s diversity statistic (1973; Table 3.4.10.).

The extent of haplotype diversity within Ireland’s ash provenances {Hs) was found 

to be 18.5% (Table 3.4.13.). When compared to the within population diversity of 

Quercus species, also estimated from Irish populations, the diversity within ash was 

found to be higher (Table 3.5.1; Kelleher et al., 2003). The over all diversity (Hr) 

of the ash provenances in Ireland was estimated to be 27%, (a similar estimate to 

the total diversity within Irish oak populations; Table 3.5.1; Kelleher et al., 2003). 

The extent of population differentiation (Gst) from ash provenances around Ireland 

was estimated to be 31 %. The ash provenances from around Ireland are therefore 

less differentiated than the oak populations { G st '- 73%). A large estimate of G st  is 

known to be an indication of more diversity among the populations than within 

them (Table 3.5.1; Kelleher et al., 2003). However, Kelleher et al. (2003) detected 

only two dominant haplotypes within oak populations in Ireland, using PCR-RPLP. 

Therefore the data produced were heavily influenced by this lack of variation.

The pattern of seed dispersal reflects the pattern of haplotype distribution in both 

ash and oak (both maternally inherited; Dumolin et a l, 1995). Their contrasting 

methods of seed dispersal (ash uses wind, while oak uses birds and animals to 

disperse its acorns) are reflected in different apportionment of diversity among and 

within their populations (Kelleher, 2001). Both ash and oak populations were 

estimated to have similar levels of total population diversity (///•), while ash has 

higher within population diversity and lower provenance differentiation { G st)  than 

oak populations. This pattern indicates higher levels of gene flow via seed 

occurring among ash provenances than among the oak populations. A comparative 

analysis of 22 woody species from 25 forests around Europe (Petit et al., 2003), 

also found a general trend of low G $ t  estimates for species with high levels of gene 

flow through seeds. The differentiation estimates of species that use wind to 

disperse their seed were found to be low (Populus spp. G st- 0.09; Salix spp. G sf-
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0.11), while species with heavy seeds mainly dispersed by animals such as nuts had 

higher than average differentiation estimations: Corylus avellana (0.89; Petit et al., 

2003).

Table 3.5.1. Comparison between diversity statistics of native tree populations in 

Ireland.

Species Location Hs Hr Gst Reference

F. excelsior Ireland 0.185 0.270 0.314 This Study

Quercus spp. Ireland 0.101 0.374 0.730 Kelleher et al, 2003

Quercus petraea Ireland 0.082 0.286 0.713 Kelleher et al., 2003

Quercus robur Ireland 0.162 0.574 0.718 Kelleher et al., 2003

3.5.4. Patterns of Diversitv in Ireland

The numbers of alleles detected, and their frequencies at each of the three loci are 

given in Table 3.4.11. and the proportion of each allele detected per locus is 

illustrated in Figure 3.4.11 to Figure 3.4.13. Figure 3.4.11. shows the pattern of 

diversity that was detected among Irish ash provenances at CPFRAX 2 (the 

microsatellite amplified from within the atpB-rbcL gene region). This locus was 

found to be monomorphic for most of Ireland with the exception of two 

provenances in the west. Figure 3.4.12. shows the pattern of diversity detected 

among the provenances at CPFRAX 5 (the first microsatellite amplified from 

within the matK gene region). Over all, the diversity detected at this locus, was 

found to occur mainly in the east and north west of Ireland (Figure 3.4.12). Figure 

3.4.13. shows the pattern of diversity detected among the provenances at CPFRAX 

6 (the second microsatellite amplified from within the matK gene region). In 

general the diversity of alleles within this region of matK produced a picture 

consisting of high levels of diversity within provenances in the east and south, with 

less variation in northern ash provenances in Ireland. The allele composition and 

frequencies of haplotypes present in Ireland are given in Table 3.4.4 and Table 

3.4.12. Figure 3.4.14. shows the pattern of haplotype diversity among the Irish 

provenances. Similar to the patterns detected at each locus, the multilocus
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haplotypes were found to produce a complicated arrangement with no obvious 

geographic trends. There were however two haplotypes found to be unique to Irish 

provenances (‘Haplotype 4’ and ‘Haplotype 6’), both detected in southern and 

eastern provenances.

An estimation of the extent of genetic distance among provenances was carried out 

using Nei’s unbiased genetic distance (1978; Figure 3.4.15). From this analysis, 

five groups of provenances were produced (Table 3.4.14.) and have been compared 

to their geographic locations (Figure 3.4.16.). A general north-south divide is 

evident from the grouping, with group 1 (red) and group 3 (blue) predominant in 

the southern provenances, while group 2 (green) and group 4 (yellow) predominate 

in the northern and western provenances. From this analysis the provenance at 

Westport was distinct from the other groupings. The groupings were tested for 

population structuring using Analysis of Molecular Variance (AMOVA; Table 

3.4.15.). The majority of diversity was found to be located within the provenances 

(79%), while provenances within the groups contained only 2% variation. Using 

these groupings the extent of provenance differentiation was estimated around 

Ireland to be (22.9%), indicating that the groups that were formed using Nei’s 

unbiased genetic distance (1978) represent groups of provenances that are only 

22.9% different from each other.

3.5.5. Estimations of Diversity around Europe

The same three newly designed microsatellites were used to determine the extent of 

chloroplast diversity present within and among European provenances of F. 

excelsior. The mean within sample diversity {Hs) estimated for the European 

provenances was 58.6% (higher than the diversity within Ireland’s provenances 

which was 18.5%). The total diversity {Hj) over all European provenances was 

estimated to be 39.8%, also higher than the total diversity among Irish provenances 

(27.0%). The extent of population differentiation {Gst) was estimated among the 

European provenances to ash provenances to be 31.9%, which was a similar 

estimated to that of the differentiation among Irish provenances of ash (31.4%; 

Table 3.4.20.).
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Two studies have recently been published on F. excelsior (Heuertz et al., 2004* and 

Heuertz et al., 2004^). Both studies aimed at elucidating the structure of genetic 

variation within the natural range of F. excelsior, using different markers. The first 

study included 201 natural populations (with a mean of 6 trees per site) from 

around Europe (Heuertz et al., 2004'). A combination of chloroplast microsatellites 

and PCR-RFLP (6 universal primers for each) were used to look at the structure of 

genetic variation and postglacial history of F. excelsior throughout Europe. While 

the second study sampled 36 natural populations (30 trees per location) from 

around Europe, using the same nuclear microsatellite markers as were used in 

Chapter 4 of this study. The second study however, concentrated in south-eastern 

regions of Europe, while the chloroplast markers were used on a wider geographic 

area.

These estimates were compared to estimates of diversity of the ash populations 

from around Europe (Table 3.5.2; Heuertz et al., 2004') as well as within other 

European tree species (Table 3.5.3; Palme and Vendramin, 2002; Petit et al., 2003; 

Palme, 2003). Similar to the results for ash provenances around Ireland, much of 

the genetic diversity from this study was found within the provenances with lower 

differentiation among them. The estimates of diversity of F. excelsior around 

Europe using PCR-RFLP and chloroplast microsatellites showed higher 

differentiation among the provenances (0.888) than diversity within them (Heuertz 

et al., 2004*). This pattern has been suggested to be a consequence of low levels of 

initial variation or poor establishment after colonisation (Heuertz et al., 2004*). The 

lower levels of differentiation among populations (and higher within sample gene 

diversity levels) detected in this study in comparison to the more wide-scale study 

may be a consequence of the different markers that were used. Heuertz et al. 

(2004*) using the combined marker types detected only four major haplotypes 

around Europe, with most sites being monomorphic. While in this study, thirty 

different haplotypes were detected, and most locations were found to contain more 

than one. The lower Gst estimated from this study, also fits in with the theory put 

forward by Petit et al., 2003 (species with winged, wind dispersed seeds will be less 

differentiated than those with other means of dispersal). Table 3.5.2. shows the 

diversity estimates of ash compared to that of oak populations around Europe. 

Similar to that found among oak populations in Ireland, high levels of
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differentiation have been detected among populations of oak around Europe (Petit 

et al., 2002^

Table 3.5.2. Chloroplast diversity estimates of ash and oak species from around

Europe.

Species Location Hs Hr Gsi Reference

F. excelsior Europe 0.586 0.398 0.319 This Study

F. excelsior Europe 0.081 0.717 0.888 Heuertz et al., 2004*

Quercus spp. Europe 0.146 0.828 0.848 Petit et al., 2002^

From a geographical perspective, the extent of total diversity within oak 

populations has been found to decrease the ftjrther north (total diversity o f oak 

species in Denmark is estimated to be 33.5%, while in Italy it was found to be much 

higher 77.6%; Table 3.5.3.). Loss of diversity has been attributed to founder events 

and poor mixing of lineages (Petit et al., 2002').

Similar patterns of diversity have been found in other European species including 

Corylus avellana where higher levels of total diversity were foimd within 

populations from southern European regions. Also the extent of population 

differentiation was lower among northern populations of C  avellana compared to 

southern populations (Table 3.5.3; Palme and Vendramin, 2002). For Salix caprea 

and Betula pendula the diversity patterns were found to be totally different to that 

of oak and hazel species. Salix caprea was found to have little difference between 

the levels of diversity within northern, central and southern European populations 

(Table 3.5.3; Palme, 2003). However the population differentiation estimates for S. 

caprea were found to be highest for southern populations and lowest for 

populations in central Europe (Palme, 2003). The distribution of genetic diversity of 

Betula pendula throughout Europe found that central European populations were 

the most diverse, while northern and southern populations had similar diversity 

levels (Table 3.5.3; Palme, 2003; Palme et al., 2004).

The pattern of diversity that was estimated for F. excelsior provenances from 

northern, central and southern parts of Europe is given in Table 3.4.22. From this,
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little difference was found between the levels of diversity in southern, central and 

northern Europe. A slightly higher level of total diversity within provenance located 

in central Europe, and a slightly lower level in northern Europe was detected (Table 

3.4.22.). However, more provenances need to be included in the data set for 

conclusions to be drawn, since only two provenances from southern Europe were 

included in the analysis (Spain and St. Paul de Salers). More widespread sampling 

is required before conclusions can be made regarding the partitioning of genetic 

diversity of F. excelsior around Europe using these markers. Table 3.5.3. shows the 

partitioning of variation that was detected around Europe by Heuertz et al. (2004*). 

The highest levels of total diversity were detected in southern regions of Europe, 

with the lowest levels in central Europe. A similar pattern of genetic differentiation 

was detected in both studies of ash in Europe, where a decrease in genetic 

differentiation was detected in northern populations in comparison to southern 

populations of F. excelsior (Table 3.5.3.). Heuertz et al. (2004*) suggested that 

increase in differentiation from southern regions to northern regions of Europe, may 

be a consequence of founder events or low levels of mixing of ash lineages in 

northern Europe (Heuertz et al., 2004').
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Table 3.5.3. Chloroplast diversity estimates of native species from around Europe.

Species Location Hs Ht Gst Reference

Quercus robur
Western Central 

Europe
0.239 0.742 0.678 Konig et al., 2002

Quercus spp. Italy 0.100 0.776 0.870 Fineschi et al., 2002

Quercus spp. France 0.159 0.743 0.785 Petit et al., 2002^

Quercus spp. Denmark 0.130 0.335 0.611
J0hnk and Siegismund, 

1997

Quercus robur 0.224 0.66 0.661

Quercus

petraea

Britain
0.088 0.569 0.844

Cottrell et al., 2002

Quercus spp. Ireland 0.101 0.374 0.730 Kelleher et al., 2003

Corylus

avellana

Northern Europe 

Central Europe 

Southern Europe

0.022

0.184

0.212

0.022

0.533

0.667

0.00

0.655

0.682

Palme, 2003, 

Palme and Vendramin, 

2002

Northern Europe 0.321 0.613 0.477

Betula pendula Central Europe 0.522 0.69 0.244 Palme, 2003

Southern Europe 0.240 0.50 0.508

Northern Europe 0.758 0.796 0.048 Palme, 2003

Salix caprea Central Europe 0.667 0.684 0.025

Southern Europe 0.607 0.791 0.156

Calluna

vulgaris

Northern Europe 

Southern Europe 

Europe

0.576

0.322

0.443

0.75

0.891

0.842

0.232

0.639 Rendell and Ennos, 2002 

0.473

Northern Europe 0.045 0.612 0.927

F. excelsior Central Europe 0.070 0.572 0.879 Heuertz et al., 2004*

Southern Europe 0.120 0.759 0.845

Northern Europe 0.296 0.507 0.415

F. excelsior Central Europe 0.448 0.576 0.157 This Study

Southern Europe 0.444 0.556 0.200
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3.5.6. Patterns of Diversity around Europe and Refugia

The numbers of haplotypes detected, and their frequencies are given in Table

3.4.19. and the proportion of alleles detected per locus is illustrated in Figure 

3.4.17-Figure 3.4.19. The diversity that was detected at each of the three loci 

produced an extremely complicated pattern around Europe. This complex pattern of 

diversity was also detected using the combined multilocus haplotype data (Figure

3.4.20.). To clarify this pattern, the extent of genetic distance among the European 

provenances was carried out using Nei’s unbiased genetic distance (1978). The 

UPGMA dendrogram (Figure 3.4.21.) illustrates the groupings of provenances 

based on their similarity to each other at the three microsatellite loci. From this 

analysis, the European provenances were divided into four groups (Figure 3.4.22; 

Table 3.4.23). According to this grouping, provenances from Ireland, Spain, Poland 

and Lithuania are genetically similar (group 1, green). The haplotype divisions that 

were detected by Heuertz et al. (2004*) grouped populations from Spain, Ireland 

and the UK together. This method of dividing the provenances into groups has 

resulted in Ireland and the UK grouping separately. Groups 2 (red) and 3 (blue) 

show a similar distribution to Haplotype 2 and 3 from Heuertz et al. (2004') being 

widespread throughout central and western Europe. Additional sites from Italy need 

to be tested using these primers so that the proposed genetically distinct populations 

of F. excelsior in Italy and in the Alps can be clarified. Denmark (group 4, yellow), 

has been separated from the other European provenances. This distinction was not 

reflected in Heuertz et al. (2004') map, which grouped populations from Denmark 

with those from central and eastern Europe.

The groupings detected in this study were tested for population structuring using 

AMOVA. The results reflect diversity estimates (Table 3.4.24.) since the majority 

of diversity was found to be within the provenances (76.7%), while provenances 

within the groups contained 8.9% variation. Using these groupings the extent of 

differentiation of ash provenances around Europe was 11.4%. Indicating more 

differentiation in Europe than Ireland, a result of larger geographical sampling area.
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3.5.7. Glacial Refugia and Postglacial Migration Routes around Europe

A comprehensive comparison of native European species was carried out by 

Taberlet et al. (1998) using molecular markers on representatives from mammals, 

insects, amphibians, gymnosperms and angiosperms. The aim of the analysis was to 

estimate locations of Europe’s refugia during the last glacial maximum and to test if 

species used similar routes out of their refugia (Taberlet et al, 1998). From this 

investigation, three locations were identified as likely to have been refligia for a 

large proportion of Europe’s plant and animal species. The sites that were suggested 

from this study are located in the Iberian Peninsula, in southern Italy and in the 

Balkans (Figure 3.1.1.). Results from Taberlet et al., (1998) suggested that many 

plant and animal species used the same routes to migrate northwards. Ih is is 

thought to be a consequence of the topographical barriers that they encountered 

such as the Alps, the Pyrenees and the Mediterranean Sea. Confusing patterns of 

diversity have been suggested to be the result of introgression between species 

(Palme, 2003) or simultaneous migrations from different refugia (Taberlet et al., 

1998, Newton et al., 1999). Regions known as ‘suture zones’ were identified as 

areas in which migration routes from more than one reftigium converge resulting in 

confijsing genetic structure (Taberlet et al., 1998). Proposed areas in which suture 

zones are thought to exist are represented in Figure 3.1.1.

Migration routes of Quercus sp. out of European refugia has been investigated on a 

number of occasions and has shown to have typical south to north migration pattern 

(Johnk and Siegismund, 1997; Petit et al., 2002**^; Kelleher et al., 2003; 

Deguilloux et al., 2003). Figure 3.1.1. illustrates the refiigia and migration routes 

proposed by Taberlet et al. (black routes), the findings from a collaborative analysis 

of oaks carried out by Petit et al. (2002*); blue routes; data from a consortium of 

sixteen European laboratories using a sample of almost 12,000 oak trees was used 

to estimate the migration routes of Quercus species in Europe). And a more detailed 

study of Irish oak proposed a southern entry point of oak into Ireland directly from 

Europe (Kelleher et al., 2003).

Corylus avellana populations in Europe can be divided into two groups: the 

populations located in the south-eastern regions of Europe (Italian and Balkan
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peninsula) have been found to be highly diverse, while populations in the west and 

north of Europe contain little diversity. This suggests that most of Europe was 

colonised from a refugium in western Europe (probably western France), while 

smaller refugia are thought to have been located in the Balkans and Italy, where 

highly diverse populations in the south and east have remained distinct (Palme and 

Vendramin, 2002; Palme, 2003). Similar patterns of high levels of genetic diversity 

in south-eastern Europe and low diversity in western Europe, have been seen in 

species such as the hornbeam {Carpinus betulus) and beech (Fagus sylvatica), 

where south-eastern regions are thought have been main refiigia for both species 

(Demesure et a i, 1996; Grivet and Petit, 2003).

The patterns of B. pendula diversity found throughout Europe indicate a possible 

refugium in central Europe. This theory is strengthened by the fact that lower 

population differentiation was detected among populations in central Europe (Table 

3.5.4.) since Betula spp. disperses seed by wind, increased levels of gene flow are 

expected (Palme et al., 2003). However high levels of introgression within Betula 

species have resulted in complicated diversity patterns around Europe (Palme et al., 

2003).

The diversity pattern of S. caprea was found to be different to the traditional south 

to north direction. The tolerance of S. caprea to cold may have allowed it to remain 

in pockets of central Europe during the last glacial maximum. This would have 

allowed larger populations to survive and enabled gene flow in an east to west 

direction resulting in low differentiation among populations in central Europe 

(Palme, 2003). Similar patterns were observed within and among populations of 

Calluna vulgaris (Rendell and Ermos, 2002) where combined molecular and pollen 

data indicate refuges located in northern Spain, the Pyrenees and the Massif Central 

in France (Rendell and Ennos, 2002).

Pollen evidence has indicated that F. excelsior had several areas of refugia during 

the last glacial maximum (Heuertz et al., 2004**^). Suggested regions (based on 

pollen evidence) include the Balkans, and the Alps, with smaller regions in Italy 

and Iberian Peninsula (Huntley and Birks, 1983; Gilemeroth, 1997; Brewer, 2000).
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The diversity levels within provenances detected in this study from central Europe 

were found to be higher than those from northern Europe, with central regions 

having similar levels to those o f the southern provenances. The total diversity in ash 

populations in central Europe was slightly higher than that o f northern and southern 

regions, although the estimates were similar for the three geographical regions. 

Provenances located in northern Europe were found to be more differentiated than 

those o f southern regions o f Europe which is similar to the European diversity 

pattern o f B. pendula and S. caprea. All three species (F. excelsior, B. pendula and 

S. caprea) use wind to disperse their seeds, resulting in increased gene flow via 

seed. This has been reflected in the low provenance differentiation detected. The 

slightly higher levels of diversity in central Europe, concur with the proposed 

refiigial site in the Alps. However no clear pattern or direction o f migration could 

be detected from the provenances tested around Europe.

Studies into the extent o f nuclear diversity o f F. excelsior populations in Romania 

(Heuertz et al., 2003) and Bulgaria (Heuertz et al., 2001) found high levels of 

nuclear diversity within these southern regions, compared to the levels in France 

(Morand-Prieur et al., 2002^) or Ireland. An investigation into the distribution of 

diversity o f F. excelsior has recently been carried out using nuclear microsatellites 

(Heuertz et al., 2004^). From this investigation, it was found that ash populations 

from south eastern regions o f Europe were highly differentiated from each other, 

while populations from central and western parts of Europe were more 

homogenious. Heuertz et al. (2004 ) have suggested that separate gene pools o f ash 

in the Balkans are co-existing with little gene flow occurring between them. An 

eastern and a western refiigium in the Balkans has been proposed for ash, while 

diversity evidence also indicates that western Europe has been colonised to some 

extent from refiigia located in the Iberian peninsula, Italy and the Alps (Heuertz et 

ah, 2004^). Chloroplast evidence collected by Heuertz et al. (2004*) concluded that 

F. excelsior has a ‘clear-cut geographic organisation o f chloroplast DNA diversity’. 

From the patterns that they detected, they proposed several refiigia around Europe, 

mainly located in the same three peninsulas proposed by Taberlet et al. (1998). The 

Iberian peninsula was proposed to be the original refugium of Irish and UK 

populations of ash, with a route along the shore o f the Atlantic (circumventing the 

Pyrenees), similar to the route that white oaks are estimated to have taken (Petit et
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al., 2002*). Other refiigia are suggested to be located in the Apennines, eastern 

Alps, Dinaric Alps and eastern Balkans (Heuertz et al., 2004'). All of these agree 

with pollen evidence that has been collected (Huntley and Birks, 1983; Gilemeroth, 

1997; Brewer, 2002).

The diversity that has been detected in this study was insufficient for the production 

of conclusive inference of glacial origins of ash or migration routes around Europe. 

The markers however did detect increased variation in central Europe, but more 

intensive sampling needs to be carried out, with special reference to including 

provenances from southern Europe in particular Italy and the Balkans.

3.5.8. Glacial Refiigia and Migration Routes associated with Ireland

The large-scale study of white oaks around Europe carried out by Petit et al. 

(2002') included only four oak samples from Ireland. From these samples, they 

suggested that oak entered Ireland via the UK (Petit et al., 2002'). Since then, a 

more comprehensive study has been carried out on the genetic diversity and 

structure of Ireland’s oak populations (Kelleher et al., 2003) and from this 

investigation, it has been proposed that oak took a more direct route into Ireland 

from the south (Figure 2.1.1; blue routes; Kelleher et al., 2003). Studies using 

pollen analysis to investigate migrations of various species into Ireland have 

proposed entry into Ireland directly from the Irish and Celtic sea basins (Mitchell, 

2000).

Patterns of the spread of deciduous trees into Ireland after the last glaciation have 

been examined, and have been found to have come from continental Europe 

(directly as well as via the British Isles). Radiocarbon dated pollen diagrams were 

used to produce isochrone maps of the spread of tree species into the UK and 

Ireland (Birks, 1989). From these maps, the rates, timings and directions of 

migration of individual tree species into Ireland was proposed. A conclusion that 

the range limits of tree species are both dynamic and diverse was made from this 

work. Also, that the rates and timings of migrations are most likely to be the result 

of a combination of chance factors such as ‘intrinsic biological factors, interacting 

with external abiotic factors such as climate and soil’ (Birks, 1989). This
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comprehensive study of tree migrations into Ireland has been complemented by a 

study of the molecular diversity of Quercus sp. populations from around Ireland 

and compared with those of Britain and Europe (Kelleher et a l, 2003). The 

molecular evidence agreed with pollen evidence that suggested oak species entered 

Ireland from a south eastern direction (without travelling through Britain) from a 

refiige in the Iberian Peninsula (Birks, 1989; Kelleher et al., 2003). From the 

isochrone maps produced by Birks (1989), it has been suggested that Pinus 

sylvestris and Corylus avellana entered Ireland from the same direction as oak 

While Betula sp. F. excelsior, and Ulmus spp. migrated to the south-eastern tip of 

England and migrated westerly into Ireland. This investigation is similar to that of 

the one carried out on Irish oak populations (Kelleher, 2001). Diversity patterns 

were examined to assess if any geographical trends were apparent.

Fraxinus excelsior provenances from the eastern coast of Ireland were found to be 

more genetically diverse than those from western or southern regions (Figure 3.4.11 

-Figure 3.4.14.). However, no clear pattern of haplotype diversity was detected 

within the country. More extensive sampling of the data would be useful in order to 

determine if there is a general trend of higher haplotype numbers in the eastern 

provenances. Unfortunately due to time constraints, this was not possible during 

this investigation. An entry point for the migration of F. excelsior into Ireland using 

pollen data, was proposed to be somewhere along the east coast (having traversed 

the UK first). Comparing this hypothesis to the diversity patterns of ash throughout 

Ireland, it was found that it was not disproven. However the chloroplast 

microsatellite loci that were examined during this investigation indicate also that 

Ireland’s ash provenances are similar to those from Poland, Lithuania and Spain. 

Heuertz et al. (2004*) found a similar lineage of chloroplast DNA in the Iberian 

peninsula, Ireland and the UK, suggesting that Ireland’s ash provenances originated 

from a refugium in the Iberian Peninsula. The diversity patterns that were detected 

in this investigation were too complicated to make more detailed conclusions from. 

However, a link with the Iberian peninsula refiige looks likely. More samples need 

to be included from around the UK to elucidate if Irish populations of ash fravelled 

across the UK before entering Ireland. Based on my findings and data collected 

from pollen deposits (Birks, 1989), from nuclear diversity patterns and from 

generalised migration routes proposed for European species (Taberlet et al., 1998),
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I tentatively propose that F. excelsior entered Ireland from the UK having come 

from refugia located in the Iberian Peninsula and possibly from other regions 

around Europe.
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3.6. Conclusion

This investigation aimed at looking at the extent and patterns of chloroplast 

microsatellite variation within and between populations of Fraxinus excelsior in 

Ireland and around Europe. In order to do this, polymorphic microsatellites were 

designed and successfully used to genotype provenances of F. excelsior from 

Ireland and around Europe. Overall the provenances, a general trend of high levels 

of within provenance diversity and lower levels of provenance differentiation were 

detected. This pattern has been detected in other tree species that use wind to 

distribute their seeds, which allows for increased levels of gene flow in comparison 

to species that use other means of seed dispersal. The patterns of diversity of F. 

excelsior around Europe indicated several migration routes originating from several 

distinct glacial refugia, resulting in a complex diversity pattern. Locations of glacial 

refiigia for F. excelsior based on pollen evidence suggest two in the Balkans, one in 

the Alps, one in Italy and one in the Iberian Peninsula. The patterns of diversity that 

were detected in this analysis were too complex for conclusions to be made 

regarding direction of ash migration around Europe, and it has been suggested that 

further analysis be carried out using the same microsatellite loci on a more 

comprehensive sample of Europe’s ash provenances. The diversity pattern of ash in 

Ireland was also too complex to make conclusions, however, a tentative route via 

the UK has been suggested as the entry point of ash into Ireland.
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Chapter 4

Nuclear Microsatellite (SSR) Analysis of Common Ash in Ireland

4.1. Introduction

This chapter examines levels and patterns of population genetic variation of ash 

from three native woodlands and fourteen provenances around Ireland. Nuclear 

microsatellites were used to compare the diversity levels within and between the 

sites and comparisons were also made between ash populations from around 

Europe.

4.1.1. Native Woodlands

Woodlands are commonly classified using their longevity at a particular location. 

Native woodlands are woodlands, which contain species that are native to the 

location since they arrived ‘by natural means in the prehistoric times’. Another 

criterion which must be met for a wood to be considered native is that there should 

be no direct evidence of planting within the wood (Rackham, 1998). In Ireland the 

remaining native woodlands consist of patchy remnants of a once large expanses of 

mixed deciduous forest. Around 1600AD, tree cover in Ireland reached its lowest 

point (Tomlinson, 1997) due to advances in agriculture and industry (Mitchell, 

2000). ‘Ancient woodlands’ are those that still survive and are known to be wooded 

prior to 1600AD (Tomlinson, 1997). Such woods have been described as the only 

‘direct links with prehistoric primeval forests’ (Mitchell, 2000). Native woods that 

are considered ancient tend to possess distinguishing characteristics that are often 

absent from more recent wooded sites. Such characteristics include evidence of 

ancient woodland management techniques such as coppicing or pollarding. Also the 

presence of certain species that do not grow on more recently wooded sites. These 

species are known as ‘indicator species of ancient woods’ and can be used as a 

rough guide to the age of a site (Kelly and Fuller, 1988). The location of the wood 

can also be used as an indication of longevity since, remaining ancient woodlands 

tend to prevail in areas that are not considered suitable for agriculture or are not 

easily accessible (Tomlinson, 1997). The final indication of an ancient site is its
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name. In Ireland, it is common for towns and localities to be named after important 

ancient trees growing nearby, therefore patches of wood surviving at the location 

may be remains of original forests (Mac Coitir, 2003).

4.1.2. Population Diversity and Spatial Genetic Structure

Discovering the extent of genetic diversity within and between ash populations in 

Ireland and the patterns this genetic diversity forms is one of the objectives of this 

chapter.

Investigations into spatial patterns of genetic diversity within and between 

populations have been carried out on several tree species (Bodenes et al., 1997; 

Streiff et al., 1998; Ueno et al., 2000; Kelleher, 2001; Heuertz et al., 2003), each 

revealing high levels of within population diversity and low between population 

diversity levels. These findings indicate this may be a pattern for tree species in 

general (Morand-Prieur et al., 2002').

Spatial genetic structure can be defined as the “non-random distribution of 

genotypes within a population” (Vekemans and Hardy, 2004). Such structuring is 

the result of a combination of factors including restrictions to gene flow, mutation, 

selection, migration, mating system and stochastic events as well as the 

arrangement of individuals in space (Wright, 1943; Epperson, 1995; Rymer et al., 

2002; Heuertz et al., 2003). In situations where gene flow is restricted, individuals 

from a population are likely to be more genetically similar to neighbours than 

individuals at further distances. This is known as isolation by distance, and occurs 

where genetic distance increases with geographic distance between pairs of 

individuals. Models of isolation by distance were developed by Wright (1943) and 

Malecot (1948), and can be defined as “the process by which geographically 

restricted gene flow generates a genetic structiire because random genetic drift is 

occurring naturally” (Hardy and Vekemans, 1999). Isolation by distance in a 

population can be used to predict the extent of gene flow or inbreeding depression 

by indirectly estimating levels of neighbourhood size.
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Investigations into a variety of forest tree species using molecular markers, have 

produced varied results, from near random distribution of genotypes (Epperson and 

Allard, 1989) to more structured populations (StreifT et ai, 1998). The mating 

systems of species have been found to be linked to the extent of structuring that 

occurs within its populations. Obligate out-crossing species tend to be more 

genetically variable, with low differentiation among populations, while obligate 

inbreeding species tend to have low levels of variation within populations, however 

they tend to have high levels of population divergence and local structuring 

(Monestiez et al., 1994; Rymer et al., 2002; Heuertz et a i, 2003). Ash has a 

complicated breeding system, in that it produces self-compatible hermaphrodite 

flowers as well as male and female flowers (Chapter 1; Section 1.1.4.). However 

the proportions of self-pollination and fertilization are not known (Wallander and 

Dahl, 2001). A study into the siring ability of pollen from male ash flowers in 

comparison to that of hermaphrodite ash flowers found that male flowers are ten 

times more successfial than the hermaphrodites (Morand et al., 2003). The extent of 

population genetic structuring has also been suggested, to be directly correlated 

with modes of dispersal of both seed and pollen. Random genetic structure has been 

more common in species which have wind or insect dispersed pollen and efficient 

seed dispersal methods (such as through fi^lgivorous birds), whereas genetically 

structured populations tend to be composed of species which have a restriction to 

either their pollen or seed dispersal, or in some cases both (Heuertz et al., 2001; Ng 

et a l, 2004).

Ash is a wind-pollinated tree, which also uses wind to disperse its fruit (samaras; 

Figure 1.1.2.). Genetic structure has been detected on a small scale in a study of ten 

populations of ash in Bulgaria (Heuertz e/ al., 2001), as well as on a larger scale in 

populations from Romania (Heuertz et al., 2003). These studies have suggested that 

there is a difference in the contributions of seed and pollen to gene flow, and that 

this affects the genetic structure in its populations (Heuertz et a i, 2001; Heuertz et 

al, 2003).
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4.1.3. Microsatellite Markers

Microsatellites are sections of DNA that are characterised by short repeated motifs 

of typically two to six nucleotides (Goldstein and Schlotterer, 1999) and have been 

used in this thesis to study the genetic variation in Irish ash. Since their discovery, 

microsatellites have been known as simple repeats, simple sequence length 

polymorphisms (SSLP), short tandem repeats (STR) and simple sequence repeats 

(SSR-most widely used). They belong to a class of sequences known as variable 

number of tandem repeats (VNTR), characterised as repetitive sequences on the 

DNA strand, which vary in length. Other members of this class include 

minisatellites defined as repeats of ten base pairs or longer, and cryptically simple 

repeats, (defined as repeat regions which are more structured than random mutation 

model repeat regions; Goldstein and Schlotterer, 1999; Chambers and Mac Avoy, 

2000).

Microsatellites have been found at high fi-equency in every organism analysed to 

date (Schlotterer and Pemberton, 1998; Li et al., 2002). The repeated regions are 

characterised by high polymorphism and nuclear microsatellites are inherited in a 

Mendelian manner, enabling them to be particularly usefiil for genetic population 

studies and high-density genome mapping (Isagi and Suhandono, 1997). Variation 

in the length of microsatellite repeats, thought to be caused chiefly by replication 

slippage as well as by unequal crossing over, is detected efficiently with the PCR 

using specific primer pairs which flank and define the microsatellite locus (Saiki et 

al., 1985; Schlotterer and Pemberton, 1998). Their high variability has resulted in 

them being known as “hot spots of recombination” (Tautz and Renz, 1984). 

Microsatellites can be used as neutral, single locus markers (Balloux and Lugon- 

Moulin, 2002; Li et al., 2002) their co-dominant nature allows the identification of 

homologous alleles and therefore the estimation of allelic fi-equencies as well as 

fi-equencies of heterozygotes and homozygotes. Co-dominant markers have the 

advantage in that the samples can be directly tested for Hardy-Weinberg 

equilibrium a test that can not be done on dominant marker data (Silva and Russo, 

2000; Campbell et al., 2003).
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Microsatellites are for the most part are considered neutral markers with little or no 

effect on evolutionary processes (Chapter 1, Section 1.6; Schlotterer and 

Pemberton, 1998; Avise, 1994). However, a number of fiinctions have been 

proposed for repeat regions. Investigations show that some microsatellites may play 

a role in cell functions such as gene transcription, translation and DNA replication 

(Li et al., 2000). This can be backed up by the fact they seem to play a role in some 

genetic disorders (Wang et al., 1994). However more detailed investigations are 

needed in order to reach a satisfactory conclusion regarding the exact fimctioning of 

these regions. A detailed look at proposed ftmctions of microsatellite regions can be 

found in Li et al. (2000).

Applications o f Microsatellites

One of the first research areas in which microsatellite markers were utilised was to 

identify cultivars for plant breeding (grapevine, Thomas and Scott, 1993; Soybean, 

Maughan et al., 1995). The information was then used to identify and protect 

germplasm or for variety certification (Powell et al., 1996). Since then, seed source 

material has been identified and certified using microsatellites for the use in 

breeding programmes and reforestation initiatives (Powell et al., 1995; Lefort et al., 

1998; Fisher et al., 1998). On the whole, microsatellites have found uses in a wide 

range of investigations despite their time consuming developmental stage, some of 

which are described below.

Investigations into the extent of variation crop gene pools can be conducted using 

microsatellites, since they can discriminate between closely related individuals. 

Such information is vital to establish the “genetic health” of the species such as 

those important as crops. A study into the variation of rice {Oryza sativa) found that 

a significant loss (28%) of allelic variability occurred after cultivar development 

(Yang et al., 1994). hiformation of this type is valuable during domestication 

processes to avoid further losses of genetic variation. Crop breeding programmes 

rely on data from family lines and microsatellites have also been found to be useful 

in pedigree analysis (Queller et al., 1993; Dow and Ashley, 1996; Lefort et al., 

1998; Gerber et al, 2000; Morand-Prieur et al., 2002^; Wilson et al., 2003).
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Investigations into the extent of variation in native populations from a conservation 

perspective, such as the ones presented in this thesis, have become more powerfril 

through the use of microsatellites. An investigation into the degree of variation 

within and between stands of Fraxinus excelsior in Bulgaria, was carried out using 

microsatellite markers to aid the implementation of a conservation management 

plan for eastern European genetic resources (Heuertz et ai, 2001). Identification of 

threatened or sensitive populations is also an important application of 

microsatellites to prevent further degradation of the gene pool (Byrne et ai, 1996; 

Petit era/., 1998).

On a smaller scale, within population structure can be analysed using 

microsatellites. A study of oak stands was undertaken in Ireland (Lefort et ai, 

1999^), Scotland (Cottrell et al, 2003) and France (Streiff et ai, 1998) using 

microsatellite markers. In this investigation, the spatial genetic structure of native 

ash populations was analysed. Chase et al. (1996) published a study of the 

population genetics of the tropical tree Pithecollobium elegans Ducke. 

(Bigniniaceae). The efficiency of microsatellites and allozymes was compared and 

it was found that data from four microsatellite markers provided more information 

than allozyme data produced in a five-year study of the area.

Gene flow and demographic or migration histories have also been greatly 

elucidated with the use of microsatellite markers (Ouborg et al, 1999; Goldstein et 

ai, 1999). Their ability to track pollen flow and seed dispersal has implications in 

areas of crop research including impact assessment studies associated with species 

introduction or genetic modification (Flaimery, 2004).

Genomic Distribution o f Microsatellites

Found in every organism investigated to date, microsatellites are relatively evenly 

distributed across eukaryotic genomes, however they have been found to be more 

abundant in non-coding regions (Hancock, 1999). Microsatellites can be divided 

into three ‘families’, depending on the type of repeat, pure, compound and 

interrupted (Table 4.1.1; Jame and Lagoda, 1996; Li et ai, 2002; Zane et ai, 2002).
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Table 4.1.1. ‘Family’ groupings of microsatellites divided up into different groups 

on the basis of repeat type (Jame and Lagoda, 1996).

In 1993, Morgante and Olivieri analysed the feasibility of using microsatellites as 

markers in plant genetics. They screened 34 plant species from the D N A  databases 

(GenBank and EMBL) for di- and tri- repeat regions. Pooled results from this 

screening showed that microsatellites occurred at a frequency of one in every fifty 

kilobases. A higher proportion of microsatellites in non-coding regions in 

comparison to that of coding regions was reported and in particular, they reported 

high frequencies of (AT)n repeats in non-coding regions. A further survey of plant 

genomes was done by Wang et al. (1994), in which they observed microsatellite 

presence in non-coding regions of 54 plant species. The results supported the 

findings of Morgante and Olivieri (1993) in that the most abundant repeat type was 

(AT)n, and that di-nucleotide repeats were found in non-coding regions of the 

nuclear genome (while tri-nucleodide repeats tended to be abundant in coding 

regions). They also found a lower frequency of SSRs in organellar DNA in 

comparison to that of nuclear D N A  and that they are three times more frequent in 

dicotyledons than monocotyledons. Since these original investigations, further 

studies on selected species have also shown that microsatellites are mostly found in 

non-coding regions (only 11.6% of all microsatellites found in the Japanese 

pufferfish- Fugu rubripes were located in protein coding regions, Edwards et al., 

1998). Studies have also shown that di-nucleotide repeats are the most conmion 

type of microsatellites in many species (48-67%). It has been shown however that 

primate D N A contains large proportions of mono-nucleotide microsatellites (Wang 

et al., 1994; Toth et al, 2000). A  study conducted on a range of species indicated 

no taxon specificity with regards to repeat type distribution (Toth et al., 2000). 

Frequency differences between coding and non-coding regions suggest that 

selection is taking place to prevent frame shift mutations in coding regions 

(Metzgar e/a/., 1998).

Pure
Compound
Interrupted

CACACACACACACACACACACA
CACACACACAGAGAGAGAGAGA
CACATTCACACATTCACACATTCA
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Attributes and Drawbacks o f Microsatellites as Molecular Markers

Practically, microsatellites are efficient to use as they can be amplified using PCR, 

meaning that only small quantities of DNA are required for the reaction. This 

therefore widens the possible uses of these markers, including using rare or ancient 

DNA samples (Hofkin et al., 2003; Edwards et al., 2003; Biss et al., 2003). 

Microsatellites can be easily scored and compared using gel electrophoresis. 

Fluorescent labelling or blotting and hybridising methods allow more than one 

locus to be examined simultaneously on the same gel or capillary (multiplexing). 

Therefore large numbers of samples can be analysed relatively quickly. The main 

drawback associated with the use of microsatellite markers is that they are 

relatively difficult to find on the genome to begin with. Prior to analysis, for each 

species being examined the markers must first be isolated and primers developed 

for amplification, which is time consuming (Queller et al., 1993). Advantages and 

disadvantages of microsatellites are listed below:

Advantages

1. PCR can be utilised to investigate microsatellites, meaning only small 

quantities of template DNA is required for amplification.

2. They are abundantly dispersed throughout the genome.

3. They are highly polymorphic with high levels of variation detected within 

and between populations of the same species.

4. They are inherited co-dominantly therefore homozygotes and heterozygotes 

can be differentiated.

5. Analysis can be automated so they are fast and easy to type.

6. It is possible to distribute information on primer sequences and reaction 

conditions providing a “common language” for researchers to use.

(Tautz, 1989; Weising et al., 1995; Powell et al., 1996; DeSalle and Schierwater, 

1998).
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Disadvantages

1. Sequence information is needed to design flanking primers.

2. Primer design is time consuming and expensive, limiting large-scale use of 

the markers to a limited number of species.

3. Polymorphisms can be difficult to type as alleles may only differ by one or 

two base pairs and produce complicated banding patterns that are difficult to 

read in the absence of high-resolution gel or automated methods.

4. Occurrence of PCR artefacts can occur due to chance homologies of primers 

at other sites and can lead to problems in interpreting the data.

5. Null alleles - “alleles that do not amplify, leading to the false classification 

of heterozygotes as homozygotes”, can cause errors in data interpretation.

6. Shadow bands (stutter bands) due to slipped strand mispairing or failure of 

the polymerase to read through the repeats during PCR amplification can 

cause complicated banding patterns.

7. Allelic banding pattern is difficult to interpret in polyploid organisms.

(Tautz, 1989; Hughes, 1993; Schlotterer and Pemberton, 1998; Weising et ai, 

1995; Koreth et ai, 1996; DeSalle and Schierwater, 1998).

Mutational Mechanisms o f Microsatellites

The basis of microsatellite utility and attractiveness for various analyses is their 

high mutation rate. This high variability over relatively short periods of time, with 

negligible effect on the genome, enables them to be used in a wide range of studies. 

Modelling mutation rates has been a topic for debate, and has elucidated the 

complexity of the mechanism. However an understanding of the model with which 

microsatellites mutate is important for accurate statistical handling of the data
•  - f tgenerated (Balloux and Lugon-Moulm, 2002). The high rate of mutation (IC  - 10 

events per locus, per generation) has been historically attributed to slippage of DNA 

during replication, and this mechanism remains favoured by several geneticists 

(Schlotterer and Tautz, 1992; Jame and Lagoda, 1996; Li et al, 2002; Schlotterer 

and Pemberton, 1994). This ‘polymerase slippage’ causes an increase or decrease of 

the number of repeats by one unit. However studies into microsatellite mutation 

have indicated the possibility of mutations being generated by another process -
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unequal crossing over. This is the unequal crossing over of genetic material during 

meiosis, resulting in more dramatic changes in the size of repeat regions (Levinson 

and Gutman, 1987). Harding et al. (1992) suggested recombination between strands 

of DNA might be the cause of mutation in repeated regions. Interaction between 

these mechanisms has been suggested to exist following studies using wild emmer 

wheat, through the influence of replication slippage during recombination (Li et al., 

2000; Li et al., 2002).

Recently, three models have been suggested to explain microsatellite evolution, 

each with attributes and drawbacks. There is a need to determine which of the three 

is most appropriate for certain analyses of microsatellite data, however this debate 

has not yet reached a consensus. The first model proposed is the “Infinite Allele 

Model” (Kimura and Crow, 1964), the second the “/iT-Allele Model” (Crow and 

Kimura, 1970), and the third the “Stepwise Mutation Model” (Kimura and Otha 

1978).

The Infinite Allele Model (lAM) suggests that new alleles are formed at a given 

rate. The main drawback of this model is that it doesn’t allow for alleles evolving 

through homoplasy (parallel or convergent evolution producing alleles that are 

identical in state but not by descent). Ignoring the possibility of homoplasy can lead 

to underestimation of divergence of samples (Jame and Lagoda, 1996).

The A[-Allele Model (KAM) states that K  allelic states are possible when mutation 

occurs with the probability according to Equation 4.1.1.

u

Equation 4.1.1. K-Allele Model (Crow and Kimura, 1970), where u is the rate of 

mutation and k is the number of alleles.

The K-allele model assumes the mutation process removes any memory of previous 

allelic states, meaning that genetic similarity does not necessarily relate to repeat 

length (Valdes et al., 1993; Jame and Lagoda, 1996).
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The stepwise mutation model (SMM), which is often the favoured of the three, 

states that a new allele is formed through either a deletion or an insertion of all or 

part of the repeated motif. This model has been described as having “memory” 

since it assumes that similar sized alleles will be more closely related (Jame and 

Lagoda, 1996; Balloux and Goudet, 2002; Balloux and Lugon-Moulin, 2002).

Microsatellite Studies on Fraxinus Species and their Relatives

Microsatellite markers have been developed for other members of Oleaceae 

including Olea europea (Sefc et al, 2000; Rallo et ai, 2000). Transferability of 

microsatellite markers between Oleaceae species has been found to be successfiil. 

de la Rossa et al. (2002) developed primers for six polymorphic loci for olive, three 

of which successfiilly discriminated between twenty-three cultivars. Testing these 

on five species of Oleaceae {Forsythia intermedia Zabel., F. excelsior, Jasminium 

beesianum Forrest & Diels., Osmathus heterophyllus (G.Don) P.S. Green and 

Syringa vulgaris L.), it was found that four of the primer pairs produced markers 

that were polymorphic in F. excelsior. Three loci were polymorphic in Jasminium 

beesianum, and two in both Osmathus heterophyllus and Syringa vulgaris.

Only a few studies have been carried out using microsatellite markers on Fraxinus 

species. The identification and isolation of polymorphic microsatellite loci and 

design of primers for their amplification was undertaken by Lefort et al. (1999*). 

Sixteen elite trees fi'om Fraxinus were sampled fi'om both Ireland and France, and 

were used in the development of ten polymorphic primer pairs for F. excelsior, 

eight of which were found to be informative. These were then tested on twenty-five 

members of Oleaceae (including fourteen Fraxinus species). Of the eight primers 

developed, two (Femsatl 1 and Femsatl 2) were specific to Fraxinus, one (Femsatl 

5) was found to be specific to F. excelsior, while another (Femsatl 12) was found to 

be specific to F. angustifolia. A general decline in amplification success was 

observed in the ash samples as their genetic distance was increased fi'om F. 

excelsior (Lefort et al, 1999').

Brachet et al. (1999) also screened samples of fifty trees from ten locations around 

France for variation, using six newly designed markers for polymorphic loci. These
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six new loci were also tested on other members of Oleaceae (F. angustifolia, F. 

americana and Olea europea), all of which amplified successfully in F. 

angustifolia. In F. americana, four of the primers successfully amplified 

microsatellites and in O. europea, only one primer pair (M230) amplified 

microsatellites.

A subset of these polymorphic primers was used in this investigation into ash 

populations in Ireland. Other studies that have used the same set of markers 

included an investigation into the genetic diversity of ash in Bulgarian populations 

(Heuertz et ai, 2001). A study on another French population of ash revealed a 

generalised heterozygote deficiency within populations (Morand-Prieur et ai, 

2002'), while the same microsatellite markers were used to determine the ability of 

F. excelsior and F. angustifolia to hybridize with each other (Raquin et al., 2002). 

Under controlled conditions, recombination of microsateliite markers in the 

propagules of crosses between F. excelsior and F. angustifolia was detected using 

seven of the microsateliite markers developed by Lefort et al. (1999*) and Brachet 

et al. (1999). Also the spatial genetic structuring of ash populations in Romania 

along with the extent of pollen and seed contributions to gene flow has been 

investigated using microsateliite analysis (Heuertz et al., 2003). The maternal 

inheritance of chloroplasts in ash was verified using chloroplast microsateliite 

markers on a population of ash in France (Morand-Prieur et al., 2002').

Microsateliite Isolation Procedures and Detection Methods

The design of polymorphic microsateliite markers can be time consuming and 

expensive since the primer pairs are species specific. Species specificity is due to 

the fact that, microsatellites are abundant in non-coding regions along the genome. 

Problems associated with the design of universal primers for the amplification of 

microsatellites is due to the lack of conserved flanking regions across species (Zane 

et ai, 2002).

The process of microsateliite isolation and detection can be carried out using 

several different techniques that mainly involve obtaining a genomic library (either 

enriched, non-enriched or alternative) and then developing primers that successfully
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amplify polymorphic loci (Zane et al., 2002; Squirrel et al, 2003). This procedure 

has been found to be particularly time consuming and laborious and once the library 

is constructed, the detection of suitable microsatellite regions is not guaranteed. The 

identification of regions for the design of primers also has its difficulties, as not all 

sequences will be suitable due to the location of the microsatellites along the 

sequence. The next problem that is faced is successful amplification using the new 

primers and then to assess the amplified loci for polymorphisms (Squirrel et al., 

2003). A review of the most widely used methods for microsatellite detection and 

isolation can be found in Zane et al. (2002).

Methods used to detect microsatellite loci can be divided into two main groups: the 

first uses radioactive labelling techniques to detect microsatellite markers 

(Aranzana et al., 2002). While the second type of detection procedure includes non

radioactive methods such as ethidium bromide staining (Rallo et al., 2000; Dow et 

al., 1995), silver staining (Lefort et al., 1999'; Morand-Prieur et al., 2002’) and 

fluorescent labelling, (the method used for microsatellite detection in this analysis; 

Rallo et al., 2000; de la Rossa, et al, 2002; Sefc et al., 2000).
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4.2. Aims

The aim of this analysis was to investigate the extent of genetic variation found in 

populations of F. excelsior in Ireland. More precisely, the analysis undertaken 

aimed to:

1. Investigate the extent of genetic variation within native stands of ash in 

Ireland.

2. Investigate the extent of genetic variation between native stands of ash in 

Ireland.

3. Investigate the levels of spatial genetic structuring within and among native 

populations of ash in Ireland.

4. Investigate the extent of genetic variation between provenances of ash from 

around Ireland.

5. Compare the levels of variation within and between native stands of ash 

with those of the provenances.

6. Compare the levels of variation within Ireland with levels estimated from 

other locations around Europe.
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4.3. Methods

A total of 153 samples from three native ash woods and 55 samples from an ash 

provenance trial (six from each of fourteen provenances; Chapter 2; Section 2.3.1) 

were genotyped using five nuclear microsatellite markers (Table 4.3.1). The species 

specific primers used, were developed prior to this analysis (Brachet et a i, 1999; 

Lefort et a l, 1999'; Table 4.3.2 and Table 4.3.3.).

4.3.1. Site Selection and Sample Collection

Three woods consisting of suspected native ash populations were sampled for this 

analysis (D.L. Kelly, pers comm.). Two of the woods were located on limestone 

scree slopes, while the third was a mixed broadleaf wood (Table 4.3.1). All three 

sites can be described as consisting of Corylo-Fraxinetum association (Braun- 

Blanquet and Tiixen, 1952). This association generally consisting of: 1. A species- 

rich bryophyte layer. 2. A field layer consisting of species rich herbaceous species. 

3. An understory of Corylus and Fraxinus saplings. 4. A canopy layer of Fraxinus 

and also Quercus (Kelly and Kerby, 1982). Fourteen provenances from around 

Ireland were also included in the analysis (Chapter 2; Section 2.3.1; Table 4.3.1).

Table 4.3.1. Sample locations and numbers collected for analysis using nuclear 

microsatellite markers.

Source Location
Samples

Collected
GPS Reference'

Saint John’s Wood, 

Co Roscommon
51

N53°32’04”

W008°03’02”

Native Hanging Rock Wood,
52

N54°15’44”

Woodlands Co. Fermanagh W007°43’58”

Slieve Carran Wood, 

Co. Clare
50

N53°0r i l”

W009°12’47”

Provenance Trial Section 2.3.1. 55 Table 2.3.1

GPS Reference taken from GPS Garmin eTrex Legend  System using the position format
HDDD°M IN’SEC”
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Native Woodland Site Descriptions

Site 1 - Saint John’s Wood, Rindoon, Co. Roscommon

A mixed deciduous wood along the north of a peninsula on the western banks of 

Lough Ree, Co. Roscommon and is part o f the Lough Ree SAC (Special Area of 

Conservation). It covers an area o f approximately 150ha. and is divided up by a 

series o f paths (Kelly and Fuller, 1988). The Heritage Council carried out an 

ecological survey of the woodland at Rindoon located south o f Saint John’s wood 

in 1998 (Bleasdale and Conaghan), and suggested that the two woodlands were 

connected in the past. The woodland is dominated by a number o f large Quercus 

robur trees and a canopy largely consisting of Corylus avellana, Salix spp. and F. 

excelsior as well as Taxus baccata and the ground layer is mainly dominated by 

bryophyte species (an indication of low levels o f grazing).

The parent material at the location is carboniferous limestone. Biodiversity studies 

on the woodland have revealed that it consists almost entirely o f native species, 

including the understory species Neottia nidus-avis (Birds-nest Orchid) and the 

toothwort (Lathraea squamaria; Kelly and Fuller, 1988). Such species have been 

suggested to be indicators o f ancient woodland sites since they predominantly grow 

in such areas (Kelly and Kirby, 1982; Rackham, 1998).
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Figure 4.3.1. (A). Location of Rindoon wood (Black square) and Saint John’s wood 

(red square) along the shore of Lough Ree. Figure 3.3.1. (B). Saint John’s wood on 

the peninsula of Lough Ree, the position of the transect is circled in red (Map A 

modified from Bleasdale and Conaghan (1998).
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The site is almost entirely walled, with another wall bisecting the woodland from 

east to west. Historical ordinance survey map evidence of the area indicates the 

presence of a woodland at the location in the 1830’s. Prior to this, no direct 

evidence suggests a wood at the site. However, an investigation of the site using 

radiocarbon dating and pollen analysis showed the presence of pollen from 

predominantly tree species which indicates the area was a wood and an estimate of 

the presence of the wood without significant interruption was made to be at least 

7270 ± 70 years before present (Budd and von Englebrechten, 1999). Comparisons 

between aerial photographs taken in the 1970’s and the 1830’s Ordinance Survey 

map, showed that there was no significant decrease in the wooded area during this 

time period. However later aerial photographs (1995) have revealed a 1.5ha 

reduction in the woodland area.

Site 2 - Hanging Rock Wood, Blacklion, Co. Fermanagh

Hanging Rock Wood is situated adjacent to the road which links Florencecourt and 

Blacklion, Co. Fermanagh and it is part of the Hanging Rock and Rossaa Forest 

Nature Reserve. The woodland is located at the base of a north facing 50m 

limestone cliff and scree slope overlooking Lower Lough Macnean. The ash wood 

at this location is thought to be one of the best in Northern Ireland (Dr. D.L. Kelly, 

pers. commun.).

Tree species Taxus baccata L. and Juniperus communis L. predominate on the cliff 

face while the scree slopes are mainly dominated by an almost pure ash wood 

forming a canopy of up to 22m high (Cabot, 1999). Lower down the slope the 

understory consists mainly of Corylus avellana with a ground flora dominated by 

ferns and bryophytes (in particular Polystichum setiferum). This woodland also 

contains the ancient woodland indicator species Lathraea squamaria.

Local legend says that a rock from the cliff fell onto a local salt trader who was 

taking shelter from a storm. This rock has become known as Salter’s stone of 

Cloghoge and can be seen at the road side to the east of the reserve.
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Figure 4.3.2. Map of the location of Hanging Rock and Rossaa Nature Reserve, 

arrows indicate the limestone cliff and the road linking Florencecourt and 

Blacklion. The position of transects from which ash were sampled is indicated on 

the right.
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Site 3 - Slieve Carran, Burren, Co. Clare

Slieve Carran is a mountain (372m) located at the north-eastern edge of a plateau 

known as Eagles Rock in the Burren Co. Clare. The Burren is a nature reserve 

located in the west of Ireland spanning both Co. Clare and Co. Galway, consisting 

mainly of limestone pavement, grasslands and small patches of woodland. The area 

is approximately 150ha in size with the ash wood located on a limestone scree slope 

on its south-eastern face.

The Burren is an area of Carboniferous limestone covering over 450km , with 

approximately 25% exposed limestone pavement. A thin layer of soil on which 

calcareous grassland is abundant covers the remaining areas. In a few locations, 

there is shelter provided by limestone cliffs to support scrubby patches of hazel 

wood, a few other locations around the Burren have enough shelter and soil for 

other woodland species to grow (including ash which is common on the limestone 

scree slopes; Cabot, 1999). Slieve Carran is one example of this type of woodland, 

protected by the limestone cliff of Eagles Rock; it is scree woodland consisting 

mainly of F. excelsior, Prunus and Corylus with an imderstory of mosses, ferns and 

herbaceous species. The cliff is also home to a peregrine falcon’s nest making the 

area important from ornithological perspective. This woodland is part of the Slieve 

Carran nature reserve.

Sample Collection

Leaf material was collected from three native ash woods around Ireland and stored 

in silica gel for DNA extraction (Chapter 2; Section 2.3.2.). Leaf material from ash 

provenances was collected at the provenance trial at Drumsna, Co. Leitrim and 

stored in silica gel. Herbarium voucher specimens were also collected from each of 

the populations along with a minimum of fifty leaf samples (Table 4.3.1). The 

native woods were sampled systematically using a line transect sampling method.

Transect sampling was used for the collection of samples from the native woods in 

each site. A transect was used to sample five meters apart. Transect sampling is a 

popular sampling technique for vegetation analysis and has also been used in
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situations where accessibility dictated the sampling technique used (Kent and 

Coker, 1992). This type of sampling is commonly used in situations in which an 

ecological gradient is expected to cause variation in vegetation (Kent and Coker, 

1992), however this can result in bias towards locations with ecological gradients. 

Transect sampling was used for sample collection within the three native woods 

within this investigation since scree cliffs were present in two of the locations 

resulting in accessibility problems.

A sample from provenance trial (Chapter 2; Section 2.3.1) material was also 

genotyped (Table 4.3.1) where four representatives from each location in the 

provenance trial were chosen at random using random number tables. DNA was 

extracted from all of the samples using a modified CTAB method. The DNA 

samples were then purified and quantified as outlined in Chapter 2; Section 2.3.2.

4.3.2. PCR and Electrophoresis

The samples were amplified using PCR using Applied Biosystems GeneAmp* PCR 

9700. Five of the tested primers (Table 4.3.2) were found to amplify polymorphic 

products, which were then ftirther analysed using automated sequencing. 

Amplification of Femsatl 5 and Femsatl 12 loci were found to be unreliable.
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Table 4.3.2. Reverse primers were 5’ labelled using the fluorescent dyes FAM™, 

TAMRA™andJOE™.

Locus Label Colour

FEMSATL 4 FAM Blue

FEMSATL 5 FAM Blue

FEMSATL 11 TAMRA Yellow

FEMSATL 12 TAMRA Yellow

FEMSATL 16 JOE Green

FEMSATL 19 JOE Green

M-230 JOE Green

Table 4.3.3. Nuclear microsatellite primer loci with repeat motif and GenBank 

accession number, developed by Brachet et al,  (1999)' and Lefort et ai, (1999')'. 

Fragments were visualised using fluorescent labelling.

GenBank Accession
Locus

No.
Repeat Motif Primer Sequence

M2-30' AF021337 (TG ),5(A G )23
F: CGCACGTTCTTTCTATTTG 

R: GACCGGCTGACTATTTTCTC

Femsatl 4^ AF006069 (CA)2(AG)24
F: TTCATGCTTCTCCGTGTCTC 

R: GCTGTTTCAGGCGTAATGTG

Femsatl 5̂ AF028803 (GA)4,
F: GGATTGAGATTCAATTTGCA 

R: TCCGAGTGATGCCTACTCTA

Femsatl 11̂ AF029882 (G A )2o(TA)4
F:GATAGCACTATGAACACAGC 

R: TAGTTCTACTACTTCAAGAA

Femsatl 12̂ (GA)6CA(GA)g F: m  TTGGAACCCTTGATTTT 

R: GATGGACGGGCATTCTTAAT

Femsatl 16̂ AF029880 (C A )3C G (C A ),o
F: TTTAACAGTTAACTCCCTTC 

R:CAACATACAGCTACTAATCA

Femsatl 19̂ AF02400 (CA)6CGGC(CA),
F: CTGTTCAATCAAAGATCTCA 

V: TGCTCGCATATGTGCAGATA
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Each amplification reaction contained an aliquot o f the following master mix to 

make up a 25fil reaction volume (Table 4.3.4.).

Table 4.3.4. Amplification reaction volumes for each 25|al reaction.

Concentration / Amount Volume per sample

DNA ± 1OOng 0.5^1

Sterile Ultra-pure H2O - 11.375nl

X I0 PCR Buffer (Promega) X 1 5|xl

Forward Primer (4nM) 0.4nM 2.5\il

Reverse Primer (4|j,M) 0.4^M 2.5[il

dNTP’s 0.2mM 0.5nl

MgCl^^ 2.5mM 5|j.l

Tag 1.5 units 0.125nl

The samples were loaded and the thermocycler was set according to Table 4.3.5.

Table 4.3.5. PCR conditions for amplifying the SSR loci. No variation on 

conditions was needed for the various primers with the exception o f armealing 

temperatures.

Stage Temperature Time Number o f Cycles

Pre-Melt 95°C 4 minutes

Denaturing 94°C 30 seconds 1

Annealing
*
°C 45 seconds

Extension 72°C 1 minute 36

Final Extension 72°C 5 minutes 1

Soak 4°C 00 00

Annealing temperatures were dependent on primer.

The microsatellite amplification products were analysed as in Chapter 3; Section 

3.3.9.

* M 230 annealing temperature = 56°C, all others annealing temperature = 52°C.
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4.3.4. Background to Statistical Analysis

Raw data generated was analysed using Genotyper^'^ and compiled using Microsoft 

Excel 2000. Analysis of the data was completed using a range of statistical 

packages including FSTAT version 2.9.3 (Goudet, 1995 & 2001), Genetic Data 

Analysis version 1.0 (dl6c; Lewis and Zaykin, 2001), Genepop web version 

(Raymond and Rousset 1995) and Spagedi Version 1.1 (Hardy and Vekemans 

2002). The five loci used in the final analysis were found to be highly polymorphic 

for each site.

Population Genetic Diversity

Two approaches have been used to estimate the extent of diversity between the 

populations. Traditional diversity statistics (F-statistics) and specifically designed 

statistics for microsatellite data (R-statistics) were used for the analysis of the data 

generated using the nuclear microsatellites. The varying statistics that were used 

assumed different mutation models (Infinite Allele Model; lAM; Kimura and Crow, 

1964; Stepwise Mutation Model; SSM; Kimura and Otha 1978; Section 4.1.3.). The 

SMM is a model developed for high rates of mutation, while the lAM is not. 

Statistics based on the assumptions of both models were used to analyse the data set 

and their output was compared. Diversity estimates were made for within and 

among each of the natural woods, as well as within and among the Irish 

provenances.

Allelic richness (Rs) is a direct measure of diversity that is standardised to deal with 

different sample sizes (El Mousadik and Petit, 1996; Hurlbert, 1971; Goudet, 

2001). It has been suggested as an appropriate measure of diversity for conservation 

studies since it takes into account the effective population size, which can be small 

in many endangered populations (Petit et ai, 1998). The principle of allelic richness 

estimation can be found described in detail in the Help-File linked with the 

software programme FSTAT (Goudet, 2001).

Heterozygosity is a simple measure of population variation that is commonly cited 

in the literature. The expected heterozygosity (Z/^) and observed heterozygosity 

{Ho) are traditional measures of the overall variation within a population. Expected
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heterozygosity {H£) is estimated for a population in Hardy-Weinberg equilibrium, 

where there is no inbreeding, mutation or natural selection occurring in the 

population with no barriers to gene flow. The comparison between the expected 

heterozygosity {Hg) and the actual (or observed) heterozygosity {Ho) indicates the 

extent the population is deviating from Hardy-Weinberg equilibrium. The observed 

heterozygosity values were calculated according to Nei (1987; Equation 4.3.1.).

Equation 4.3.1. Observed Heterozygosity {Ho).  Where, Xk,i is the frequency of 

homozygous genotype A/A/, in population K and ns is the sample number (Nei, 

1987).

Gene diversity (also known as average heterozygosity; Nei, 1987) was estimated 

from the dataset since it does not assume Hardy-Weinberg conditions. This is an 

appropriate measure of variation for species that includes some inbreeding (such as 

selfing) in their life cycle. Populations that inbreed in nature tend to have fewer 

heterozygotes than homozygotes (than expected under HW equilibrium). However 

the variation within the population may still be high since there is often a high 

number of different homozygous types. For populations which have random mating 

the gene diversity estimates will be very close to the estimates of heterozygosity 

(Weir, 1996). The Gene diversity {Dj)  of each population was estimated according 

to Equation 4.3.2.

D t  -  1 -

a

Equation 4.3.2. Gene Diversity {Df, Weir, 1996), where /?/„ is the frequency of the 

irth allele at the /th locus.

The within sample gene diversity {H$) was estimated according to Equation 4.3.3 

(Nei, 1987).
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Hs = - ^ [ l  - Y x ^ - H o / l n

Equation 4.3.3. Within sample gene diversity (Hs), where xf  = and «

^  flSis the harmonic mean of n  ̂and n =

The overall gene diversity (Hr) was estimated using the Equation 4.3.4. to account 

for varying sample sizes (Nei, 1987).

Hs Ho
= 1 -  y  3ĉ  +

{nns) [Inns)

Equation 4.3.4. Overall Gene Diversity (Hr), where x, = / ns is the mean of

allele frequencies across all samples (Hs is the within sample gene diversity and Ho 

is the observed heterozygosity).

The among sample gene diversity Dsr was estimated using Equation 4.3.5.

D s j  =  H t -  H s

Equation 4.3.5. Among sample gene diversity { D st) ,  where H t  is the overall gene 

diversity and Hs is the within sample gene diversity.

The among sample gene diversity was corrected for varying sample size according 

to Equation 4.3.6.

/V VIS ^
D 's t ^  D si

n s - \

Equation 4.3.6. Among sample gene diversity (sample size corrected).

Genetic Structure within Populations
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The genetic structure within and among each native population and within the 

provenance trial was estimated using F-statistics. Wright developed the fixation 

index in 1921 to account for inbreeding within samples. In 1951 Wright subdivided 

this single statistic to account for a population divided into sub-populations, the 

fixation indices became hierarchical; Fst, Fjt and Fjs. F-statistics are most 

commonly used to examine the reduction in heterozygosity in comparison to other 

hierarchical levels in the population. For this analysis, three hierarchical levels o f  

heterozygote reduction were assessed. The first (F/s), which is also known as the 

‘inbreeding coefficient’. It measures the reduction in heterozygosity o f  individuals 

in comparison to their population as a whole (Wright, 1921; Wright 1969). This 

value is equivalent to the G-statistic (G/5 ) developed by Nei (1987), which was 

calculated according to Equation 4.3.7.

G,s = H s - H o / H s

Equation 4.3.7. Estimation o f  Inbreeding coefficient using diversity estimates 

where Hs is the within sample gene diversity and Ho is the observed 

heterozygosity.

The value generated from this calculation is the reduction in heterozygosity due to 

inbreeding in the population. A low level o f  Gis indicates low inbreeding levels. A 

similar statistic ‘/ ’ was developed by Weir and Cockerham (1984), the difference 

being that varying sample size is taken into account.

The second level o f  hierarchical F-statistics is ^5 7-(Wright, 1921; Wright 1969). It 

measures the reduction in heterozygosity o f  a population relative to other 

populations. It is therefore a measure o f  population differentiation or a measure o f  

the ‘Wahlund effect’ which is the effect o f  subdivision within a population resulting 

in higher levels o f  homozygotes than in Hardy-Weinberg equilibrium (Wahlund’s 

principle', Wahlund, 1928; Nei, 1987). The extent o f  population subdivision was 

estimated using N ei’s G$t according to Equation 4.3.8.

Gst ~ D s j /  Hf
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Equation 4.3.8. Nei’s population differentiation (1987) which is corrected for 

varying sample size G s t ’ = D s t ’ /  H r ’, where H r ’ =  H s  +  D st (Nei, 1987; Weir, 

1996, Balloux and Lugon-Moulin, 2002).

One of the assumptions of F$t is samples are under “normal” mutation rates. In 

situations in which the mutation rate is high (such as for microsatellite data), F s t  

has a lower expectation, which may cause errors in interpretation of results. The 

evolutionary distance between alleles needs to be accounted for since in 

microsatellites under the SMM they are directly related to size differences of 

alleles.

In order to utilise all information provided by microsatellites, Slatkin (1995) 

proposed another statistic to estimate the differentiation within populations - R st 

(Equation 4.3.9.

s

Equation 4.3.9. Estimation of population differentiation according to Slatkin 

(1995), where S  is the average square difference in allele size between all pairs of 

alleles and S w  is average sum of squares of differences in allele size within each 

sub-population.

The independence of R st from the rate of mutation can make it a more appropriate 

statistic to use on microsatellite data. It does however have some drawbacks, 

primarily its high variance in comparison to the original F s t  estimates. In 1999 

Gaggiotti e t  a l. compared the two statistics, to indirectly estimate average levels of 

gene flow in simulated data. Under ideal conditions they found that for large 

sample sizes with large numbers of loci the estimator for R st  (Pst) provided the best 

estimate. However for smaller samples sizes with low number of loci the estimator 

for F st  {Gf) preformed better. The conclusions drawn from this investigation 

suggested that R st estimators are not necessarily more reliable than the traditional 

estimators. A comparison of the statistical properties of the two estimators was 

done through computer simulations in 2002 by Balloux and Goudet. They 

concluded that under strict SMM specifically developed statistics may not be the
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most accurate estimators due to their high associated variance. Also in 2002, 

Balloux and Lugon-Moulin investigated the utility of the above statistics in 

estimation of population differentiation. They found that since mutation cannot be 

separated from migration, the estimation of differentiation in highly structured 

populations is underestimated when using Fst (however Rst is independent of 

mutation only under strict SMM). They concluded therefore that both statistics 

should be reported and carefiilly compared and interpreted for accurate population 

structure (Balloux and Lugon-Moulin, 2002). Both Fst and Rst estimates of 

population differentiation have been quoted and compared in this analysis.

The final hierarchical F-statistic which was used to describe the data is Fjf. This 

statistic measures the heterozygote deficiency of the individuals in the population in 

comparison to the population as a whole (Equation 4.3.10.). F/t is a measure of the 

overall levels of inbreeding in the populations.

Fit = (Hs -  Ho) /  Hs

Equation 4.3.10. Estimation of heterozygote deficiency of individuals in 

comparison to total population {Fit), where Hs is the within sample gene diversity 

and Ho is the observed heterozygosity.

Population Spatial Genetic Structure

The spatial genetic structure of each of the native ash woods was estimated using 

spatial autocorrelation techniques using the statistical software Spagedi version 1.1 

(Hardy and Vekemans 2002). In 1996, Epperson found that spatial autocorrelation 

was the result of isolation by distance and can be used as a measure to test the 

extent population structure fits the model of isolation by distance (the greater the 

geographic distance, the less similar the samples are to each other). Therefore the 

extent of isolation by distance can be estimated within and between populations 

using spatial autocorrelation analysis.

Spatial autocorrelation has been defined as “the association of the values of one 

variable with the values of the same variable at all other localities” (Sokal and
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Oden, 1978). It is an assessment of the correlation of a variable in reference to its 

spatial or geographical location. This was done by calculating the pairwise 

relatedness coefficients between individuals for a series of distance classes. There 

are several types of coefficient, which are commonly cited in the literature 

including ‘Kinship (or co-ancestry) coefficients’ (F^; Loiselle et al ,  1995 and 

Ritland, 1996) and ‘Relationship coefficients’ Queller and Goodnight, 1989, 

Hardy and Vekemans 1999, Lynch and Ritland, 1999 and Wang, 2002). These 

estimators have different levels of bias as well as sampling variance and a 

comparison of the statistical properties of these estimators can be found in 

Vekemans and Hardy (2004).

The kinship coefficient {Fy) chosen for this analysis was proposed by Loiselle et al. 

(1995). Fij was calculated for each pair of samples per population, and then 

compared to a reference population according to Equation 4.3.11.

Fij = (pi -p) (pj -p) /  (p(\  - p ) ) + l  !{2n-  1)

Equation 4.3.11. Kinship Coefficient Fy (Loiselle et al., 1995), where /?, and pj are 

allele frequencies of i and j ,  which take the possible values 0, 0.5 or 1. is the 

average allele frequency for a reference population and n is the sample size used to 

estimate p.

A study into an ash populations in Romania used this kinship method to analyse the 

pattern of decrease of kinship with increasing geographic distance. From this the 

extent of seed versus pollen dispersal was estimated within the populations 

(Heuertz et al., 2003). The pairwise geographic distances of samples within each of 

the native woods in this investigation were calculated from their position along the 

transect, from which they were sampled and then grouped into distance classes. A 

plot of relatedness coefficients Fy against distance class (known as a correlogram) 

was produced for each of the native woods and the extent of isolation by distance 

was estimated. To assess the correlation between genetic distance and geographic 

distance was significant, a Mantel Test (Mantel and Valand, 1970) was carried out 

using 10,000 permutations (Bohonak, 2002).
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Genetic Structure among Ash Populations in Ireland

One method o f estimating the extent o f  genetic differentiation between sets o f  

samples or populations is according to Raymond and Rousset (1995) using 

Equation 4.3.15. This method was used to examine the extent o f genetic structure 

within populations o f  ash in Bulgaria (Heuertz et al., 2001) where the plot o f  F s t /  

(1 -  F st)  against the logarithm o f geographic distance was used to show that genetic 

isolation increased with geographic distance.

Fs t / (1 -  Fst)

Equation 4.3.15. Estimation o f  among population differentiation using ^ 5 7-ratios for 

each population pair (Raymond and Rousset, 1995). Where Fst is a measure o f  the 

differentiation among the samples.

The extent o f isolation by distance among the native woods and the provenances in 

Ireland was estimated using pairwise genetic differences calculated with N ei’s 

unbiased genetic distance measure (1978). The pairwise genetic distances between 

the provenances (Appendix 6.3.) were analysed and compared to pairwise 

geographic distances (Appendix 6.4.). This was represented using a scatterplot, 

from which the extent o f isolation by distance among the samples was visualised.
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4.4. Results

4.4.1. The Microsatellite Loci

In total seven microsatellite primer pairs were tested for this analysis (Table 4.3.3). 

Of the seven primer pairs, two loci (Femsatl 12 and Femsatl 5) were omitted from 

the final dataset due to inconsistent amplification. Other studies using these primer 

pairs have reported amplification problems as well as predicting the possible 

presence of null alleles associated with these loci (Heuertz et al, 2001; Morand- 

Prieur et al., 2002’). A total of 153 samples from native stands and 55 samples from 

ash provenances were genotyped. The loci that were amplified ranged in size 

between 144 base pairs and 353 base pairs (Table 4.4.1.).

4.4.2. Genetic Variation within and between Native Ash Woods

Within and between diversity estimates were made on samples from three native 

stands. The allele size range found for each of the loci is given in Table 4.4.1.

Table 4.4.1. Range of allele sizes in base pairs per locus for Irish ash populations 

compared with other studies carried out on ash throughout Europe (Lefort et al., 

1999'; Brachet et al., 1999^; Heuertz et al., 2003^).

Total Size Range of Alleles (in base pairs)

Locus This Study Other Studies

Femsatl 11 185-240 180-226' 176-266^

Femsatl 4 160-237 164-228* 158-251^

Femsatl 16 177-210 180-200* 176-204^

Femsatl 19 144-221 174-214* 142-229^

M230 182-353 182-248^ 182-294^
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Variation within Native Ash Woods

Variation within each of the three native woods (Saint John’s Wood, SJW; Hanging 

Rock Wood, HRW; SHeve Carran Wood, SCW) was estimated. High numbers of 

alleles per locus were recorded (Table 4.4.2) indicating high allelic diversity within 

the populations genotyped.

Table 4.4.2. Allele numbers observed at each of the five loci in three native ash 

populations (Saint John’s Wood (SJW), Hanging Rock Wood (HRW) and Slieve 

Carran Wood (SCW)) as well as over all samples.

SJW HRW SCW Over All Samples

Femsatl 11 23 21 22 34

Femsatl4 23 24 20 38

Femsatl 16 10 10 7 15

Femsatl 19 18 21 25 34

M230 32 36 34 59

Mean 21 22 22 22

Comparisons between numbers of alleles found in this study and those found in

other studies using the same loci were made (Table 4.4.3.).

Table 4.4.3. Allele numbers estimated from a range of publications using

microsatellites on F. excelsior (Heuertz' et al., 2003; Lefon et al., 1999; Heuertz^

et al., 2001; Morand'* et al., 2002), blank spaces indicate locus omitted from study.

Locus Romania' Ireland/France^
•2

Bulgaria France"*

Femsatl 11 32 11 32 20

Femsatl 4 37 9 50 18

Femsatl 16 10 4 10 -

Femsatl 19 27 10 33 22

M230 42 - 59 29

Sample Number 152 16 321 60
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The allelic richness {R^ has been estimated so as to account for varying sample size 

(Table 4.4.4).

Table 4.4.4. Allelic Richness {R^  for each of the three native woods (Saint John’s 

Wood (SJW), Hanging Rock Wood (HRW) and Slieve Carran Wood (SCW)). Total 

allelic diversity {Rj) based on minimum sample size of 50 individuals per 

population.

Rs Rr

Locus SJW HRW SCW

Femsatll 1 22.1 20.6 22.0 22.9

Femsatl4 22.1 23.1 19.7 24.0

Femsatl 16 9.8 9.7 7.0 10.3

Femsatl 19 17.6 20.0 24.5 22.4

M230 31.2 34.7 33.1 36.2

Mean 20.6 21.6 21.3 -

Total 103 108 106 -

Slight discrepancies between the allelic richness (Table 4.4.4.) and allele numbers 

(Table 4.4.3.) highlight the importance of this comparison. The highest total allelic 

diversity was found to occur at M230 {Rj 36.2) whereas the lowest was at Femsatl 

16(i?7-10.3).

The extent of variation within each population was estimated by calculation of 

expected and observed heterozygosities as well as gene diversities, according to Nei 

(1987; Table 4.4.5).
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Table 4.4.5. Observed {Ho) heterozygosity and gene diversity estimates per locus 

each of the native woods A-C (Nei, 1987).

Saint John’s Wood

Ho Gene Diversity

Femsatl 11 0.745 0.891

Femsatl 4 0.843 0.901

Femsatl 16 0.451 0.710

Femsatl 19 0.765 0.903

M230 0.765 0.948

A.

Hanging Rock Wood

Ho Gene Diversity

Femsatl 11 0.731 0.913

Femsatl 4 0.596 0.905

Femsatl 16 0.404 0.637

Femsatl 19 0.731 0.804

M230 0.824 0.953

B.

Slieve Carran Wood

Ho Gene Diversity

Femsatl 11 0.729 0.903

Femsatl 4 0.824 0.891

Femsatl 16 0.367 0.626

Femsatl 19 0.72 0.908

M230 0.686 0.940

C.

2 1 0



Characterisation o f  Genetic Diversity o f  Common Ash (Fraxinus excelsior L.)

Table 4.4.6. Mean expected {He), observed {Ho) heterozygosity and gene diversity 

estimates for native woodlands.

Mean He Mean Hq Gene Diversity

Saint John’s Wood 0.87 0.714 0.871

Hanging Rock Wood 0.84 0.657 0.842

Slieve Carran Wood 0.854 0.665 0.854

Expected heterozygosities, estimated according to Hardy-Weinberg equilibrium, 

were higher than the observed value for each of the loci in each population. Gene 

diversities per population were estimated and compared to estimates of 

heterozygosity per population (Table 4.4.6). The within sample gene diversity {H$) 

was estimated for each locus (Table 4.4.7).

The extent of inbreeding within each of the populations was estimated using the 

inbreeding coefficients by Weir and Cockerham (/; 1984) and Nei {Pis', 1987). An 

estimate close to zero is an indication of little or no inbreeding occurring, while one 

close to one indicates total inbreeding (Table 4.4.7.). Within the samples the 

assimiption of Hardy-Weinberg equilibrium was tested based on 1000 

randomisations of Fis estimates at each locus and over all loci. The probabilities 

that the proportion of random estimates is larger than observed estimates is 0.001 

for each locus as well as over all loci, indicating that there is a significant amoxmt of 

inbreeding occurring within the samples therefore the samples are not in Hardy- 

Weinberg equilibrium.
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Table 4.4.7. Estimation of the extent of gene diversity per locus over all samples of 

native ash woods {Hs within sample gene diversity) and inbreeding coefficients 

estimated according to Nei (F/5; 1987), for each of the three native woods (Saint 

John’s Wood (SJW), Hanging Rock Wood (HRW) and Slieve Carran Wood 

(SCW)), as well as over all samples.

SJW HRW SCW Mean

Hs Fis F is P-value*

Femsatll 1 0.903 0.142 0.200 0.199 0.180 0.001

Femsatl4 0.899 0.064 0.320 0.058 0.148 0.001

Femsatll 6 0.658 0.365 0.366 0.401 0.377 0.001

Femsatll 9 0.872 0.153 0.091 0.213 0.155 0.001

M230 0.947 0.194 0.135 0.276 0.202 0.001

Mean 0.856 0.176 0.215 0.219 0.203 0.001

*Test for Hardy-Weinberg equilibrium within samples based on 1000 

randomisations of alleles at each locus and over all loci.

Spatial Genetic Structure within Native Ash Woods

The extent of genetic structuring within each of the native woods was estimated 

using the relationship between pairwise Kinship Coefficients (Loiselle et al., 1995) 

and the log of spatial distance. This extent of structuring was used to assess the 

extent that each of the native woods fit the Isolation by Distance models. A general 

decrease in kinship was found to occur with increasing geographic distance among 

the samples within each of the native woods under investigation (Figure 4.4.2.- 

Figure 4.4.4.).
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Hanging Rock Wood

Table 4.4.8. Pairwise geographic distances (meters) calculated for Hanging Rock 

Wood.

Distance Classes 1 2 3 4 5 6 7

Max. Distance (meters) 5 10 15 20 40 100 145

Number of Pairs 111 87 83 79 290 558 117

Mean Distance 4.05 10 15 20 32.29 67.44 118.9

Mean In(distance) 1.61 2.30 2.71 2.99 3.46 4.18 4.8

Table 4.4.9. Kinship Coefficients at each of the geographic distance classes.

estimated using Loiselle’s coefficient of Kinship (1995) for each locus and over all 

loci within Hanging Rock Wood.

Kinship Coefficients for Hanging Rock Wood

Distance Classes 1 2 3 4 5 6 7

Femsatl 11 0.004 0.006 0.027 0.008 -0.008 -0.002 -0.002

Femsatl 4 0.061 0.067 0.016 -0.015 -0.008 -0.022 -0.002

Femsatl 16 0.026 0.003 -0.029 -0.036 0.001 0.002 -0.003

Femsatl 19 0.050 -0.003 -0.019 -0.009 -0.029 0.012 -0.004

M230 0.026 -0.006 -0.010 -0.029 -0.004 0.001 -0.001

Mean 0.033 0.014 -0.001 -0.015 -0.009 -0.003 -0.001
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Hanging Rock Wood
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Figure 4.4.1. Relationship between matrix of pairwise kinship coefficients of 

individuals within Hanging Rock Wood and the maximum distance (in meters). 

Red line indicates average multilocus estimates representing a general trend of 

decreasing kinship with geographic distance. Broken grey lines represent 95% 

confidence intervals.

Saint John’s Wood

Table 4.4.10. Pairwise geographic distances (meters) calculated for Saint John’s 

Wood.

Distance Classes 1 2 3 4 5 6 7

Max. Distance (meters) 5 10 15 20 40 100 250

Number of Pairs 50 49 48 47 178 438 465

Mean Distances 5 10 15 20 32.36 70.87 153.3

Mean In(distance) 1.61 2.30 2.71 2.30 3.46 4.23 5.01
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Table 4.4.11. Kinship Coefficients at each of the geographic distance classes, 

estimated using Loiselle’s coefficient of Kinship (1995) for each locus and over all 

loci within Saint John’s Wood.

Kinship Coefficients for Saint John’s Wood

Distance Classes 1 2 3 4 5 6 7

Femsatl 11 0.142 0.033 -0.004 0.050 -0.057 -0.001 -0.007

Femsatl 4 0.064 -0.033 0.015 0.026 -0.016 0.013 -0.007

Femsatl 16 0.366 0.113 -0.072 0.007 0.035 0.000 -0.021

Femsatl 19 0.154 0.035 0.014 0.033 -0.053 -0.005 0.009

M230 0.194 0.011 -0.010 0.036 -0.025 -0.005 -0.004

Mean 0.176 0.028 -0.009 0.031 -0.026 0.001 -0.005

Saint Johns Wood
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Figure 4.4.2. Relationship between matrix of pairwise kinship coefficients of 

individuals within Saint John’s Wood and the maximum spatial distance (in 

meters). Red line indicates average multilocus estimates showing a trend of 

decreasing kinship with geographic distance. Broken grey lines represent 95% 

confidence intervals.
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Slieve Carran Wood

Table 4.4.12. Pairwise geographic distances (meters) calculated for Slieve Carran 

Wood.

Distance Classes 1 2 3 4 5 6 7

Max. Distance (meters) 5 10 15 20 40 100 130

Number of Pairs 121 90 89 92 308 549 70

Mean Distance 4 10 15 20 32 66.8 113.7

Mean In(distance) 2.30 2.71 2.99 3.46 4.17 4.73 1.61

Table 4.4.13. Kinship Coefficients at each of the geographic distance classes,

estimated using Loiselle’s coefficient of Kinship (1995) for each locus and over all 

loci within Slieve Carran Wood.

Kinship Coefficients for Slieve Carran Wood

Distance Classes 1 2 3 4 5 6 7

Femsatl 11 0.007 -0.005 0.033 0.010 -0.006 -0.013 0.020

Femsatl 4 0.018 -0.028 0.000 0.008 -0.011 0.004 -0.007

Femsatl 16 0.198 -0.008 -0.022 0.060 0.004 -0.046 -0.121

Femsatl 19 0.002 0.011 0.017 -0.015 -0.012 -0.001 0.004

M230 0.010 0.003 -0.011 -0.004 0.001 -0.010 0.022

Mean 0.036 -0.006 0.004 0.008 -0.006 -0.010 -0.007
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Slieve Carran Wood
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Figure 4.4.3. Relationship between matrix o f pairwise kinship coefficients o f 

individuals within Slieve Carran Wood and the maximum spatial distance (in 

meters). Red line indicates average multilocus estimates showing a general trend of 

decreasing kinship with geographic distance. Broken grey lines represent 95% 

confidence intervals.

Table 4.4.14. Statistical test o f significance o f the relationship between kinship and 

geographic distance within each o f the native ash woods in Ireland. Hq: exp = obs. 

Permutation tests were carried out with 10,000 permutations to test if  the degree o f 

kinship between individuals depends on geographic distance.

P-value 95% Confidence Interval

Hi:ohs<exp

Hanging Rock Wood 0.002 -0.007 0.005

Saint John’s Wood 0.036 -0.006 0.005

Slieve Carran Wood 0.001 -0.007 0.005

The plots o f the relationship between kinship and maximum spatial distance 

indicate a trend o f decreasing kinship with increasing spatial distance. A significant 

result for each o f the three native ash woods was produced for the hypothesis that
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tested that kinship decreased with log of distance. The 95% confidence range for 

each of the woods was narrow and also spanned zero indicating the relationship 

may not be significant.

Variation among Native Ash Woods

The among sample gene diversity and overall gene diversity were estimated for all 

three populations at each locus. These estimates were then weighted for varying 

sample number (Table 4.4.15.).

Table 4.4.15. Among population gene diversity and overall sample gene diversity 

both also weighted for sample size. Extent of inbreeding over all samples {Fu).

Among Sample Overall Sample Over all

Gene Diversity Gene Diversity Inbreeding

Locus Dst Hr Fit P-value*

Femsatl 11 0.008 (0.012’) 0.910(0.914’) 0.195 0.001

Femsatl 4 0.004 (0.006’) 0.903 (0.905’) 0.169 0.001

Femsatl 16 0.006 (0.009’) 0.664 (0.666’) 0.392 0.001

Femsatl 19 0.013 (0.019’) 0.885 (0.891’) 0.172 0.001

M230 0.006 (0.009’) 0.953 (0.956’) 0.207 0.001

Mean 0.007 (0.011’) 0.863 (0.867’) 0.213 0.001

‘Weighted for sample number. *Test for Hardy-Weinberg equilibrium over all 
samples using 1000 randomisations o f alleles at each locus.

The extent of population differentiation was estimated using an estimator o f the 

statistic Fs/-(Nei, 1987).
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Table 4.4.16. Among population differentiation estimated according to Nei {F sf, 

1987) and Slatkin {Rst, 1995).

F st F s t ’ Rst P-value*

Femsatll 1 0.009 0.013 0.004 0.003

Femsatl4 0.005 0.007 -0.012 0.001

Femsatll 6 0.009 0.013 0.001 0.001

Femsatll 9 0.015 0.022 0.002 0.001

M230 0.006 0.009 0.002 0.003

Mean 0.008 0.013 0.0001 0.001

*Test for population differentiation not assuming Hardy-Weinberg equilibrium 
samples for each locus based on the log-Likelihood G (Goudet et al., 1996; which 
is analogous to probability tests).

Spatial Genetic Structure among Native Ash Woods

The genetic distance between the three native woods was calculated using Nei’s 

unbiased genetic distance (1978). This was compared to the geographic distances 

between the native woods (Table 4.4.17). Among the three native woods, no 

relationship was found between genetic distance and geographic distance (Figure 

4.4.4). Since Saint John’s Wood and Slieve Carran Wood were most genetically 

similar to each other with intermediate geographic distance separating them 

(93.9km).
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Table 4.4.17. Pairwise geographic distances (Km) between three native ash 

populations in Ireland (below diagonal) and pairwise unbiased genetic distance (Nei 

1978; above diagonal).

Saint John’s Hanging Rock Slieve Carran

Wood Wood Wood

0.879 0.943

84.7 0.917

93.9 171.4

Saint John’s 

Wood 

Hanging Rock 

Wood 

Slieve Carran 

Wood
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Figure 4.4.4. Variation of genetic distance with geographic distance between native 

ash woods in Ireland (Saint John’s Wood (SJW), Hanging Rock Wood (HRW) and 

Slieve Carran Wood (SCW)).
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4.4.3. Genetic Variation within and between Ash Provenances

Samples were taken at random from fourteen Irish provenances (provenance trial 

material; Chapter 2; Section 2.3.1.). Four samples from each location were 

genotyped using nuclear microsatellites and the genetic diversity within and among 

the provenances was estimated from a sample size o f 56. Table 4.4.18 shows the 

allele numbers detected within the provenances per locus, as well as mean and total 

estimates. While Table 4.4.19 shows the allelic diversity estimates for each 

provenance.

Table 4.4.18. Allele numbers observed from each ash provenance.

Femsatl 11 Femsatl 4 Femsatl 16 Femsatl 19 M 230 Total

Killamey 5 6 4 5 5 25

Westport 6 6 7 4 6 29

Enni skerry 4 5 5 4 5 23

Portlaw 3 6 2 5 7 23

Gort 5 4 3 5 7 24

Mt. Talbot 4 7 4 4 6 25

Kells 4 5 2 7 6 24

Inch 4 4 3 5 5 21

Killeshandra 5 5 1 7 5 23

Currachase 4 5 4 6 2 21

Bandon 4 5 4 4 4 21

Lough Gill 3 5 3 6 6 23

Borris 4 5 5 7 8 29

Killygordan 5 4 5 5 7 26

Mean 4.29 5.14 3.71 5.29 5.64 24.07

Total 60 72 52 74 79 67.4
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Table 4.4.19. Allelic richness {R$) within each ash provenances per locus.

Femsatl 11 Femsatl 4 Femsatl 16 Femsatl 19 M 230 Total

Killamey 3.21 3.57 3 3.6 3.6 16.98

Westport 3.57 3.57 3.79 2.86 3.43 17.22

Enniskerry 2.77 3.21 3.21 2.77 3.36 15.32

Portlaw 2.64 3.57 1.93 2.99 3.79 14.92

Gort 3.21 3 2.41 3.21 3.79 15.62

Mt. Talbot 2.77 3.79 3 2.77 3.57 15.9

Kells 2.5 3.21 1.5 3.79 3.57 14.57

Inch 3 2.77 2 3.21 3.36 14.34

Killeshandra 2.99 3.21 1 3.79 3.21 14.2

Currachase 3 3.21 4 3.43 1.79 15.43

Bandon 3 3.21 2.77 2.77 3 14.75

Lough Gill 2.56 2.99 2.56 3.57 3.57 15.25

Borris 2.77 3.21 3.36 3.79 4 17.13

Killygordan 3.21 2.77 3.21 3.36 3.79 16.34

Mean 2.94 3.43 2.89 3.51 3.72

Total 41.2 45.29 37.74 45.91 47.83

Variation within Provenances

The extent of variation within the population o f provenance trial material was 

estimated using the same statistics as for the native sites. The provenance samples 

were analysed together as one population, which was used as a representative 

samples of Ireland’s ash population.
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Table 4.4.20. Expected (He) and observed (Ho) heterozygosity estimates per locus 

over all Irish provenances.

Locus He Ho

Femsatl 11 0.78 0.85

Femsatl 4 0.89 0.77

Femsatl 16 0.75 0.62

Femsatl 19 0.91 0.76

M230 0.95 0.85

Mean 0.82 0.77

Table 4.4.21. Observed (Ho)  and expected (He) heterozygosity per locus estimated

from provenance trial samples.

He Ho

Killamey 0.90 0.70

Westport 0.88 0.75

Enniskerry 0.90 0.80

Portlaw 0.79 0.80

Gort 0.84 0.85

Mt. Talbot 0.84 0.80

Kells 0.73 0.75

Inch 0.76 0.80

Killeshandra 0.69 0.70

Currachase 0.80 0.80

Bandon 0.80 0.75

Lough Gill 0.81 0.80

Borris 0.89 0.90

Killygordan 0.86 0.65
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Table 4.4.22. Gene diversity estimates for Irish provenance trial. H$ is an estimate 

of the within sample gene diversity, Hr is an estimation o f the total gene diversity 

within the data set. Inbreeding Coefficients estimated according to Nei {F/s', 1987) 

for the Irish ash provenances.

Locus Hs Ht Fis P-value*

Femsatl 11 0.78 0.78 -0.1 0.954

Femsatl 4 0.87 0.9 0.12 0.044

Femsatl 16 0.69 0.77 0.08 0.304

Femsatl 19 0.88 0.91 0.13 0.026

M 230 0.89 0.95 0.04 0.244

Mean 0.82 0.86 0.06 0.039

*Test for Hardy-Weinberg equilibrium within samples based on 1000
randomisations o f alleles at each locus and over all loci.

The extent of genetic differentiation among the ash provenances was estimated 

using hierarchical F-statistics and compared with R-statistics (Table 4.4.23).
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Table 4.4.23. Estimation o f the among sample gene diversity {Dst) o f ash 

provenances. Extent o f inbreeding over all ash provenances {Fit). Extent of genetic 

differentiation among Irish provenances, estimated using Nei {F sf, 1987) and 

Slatkin 1995).

Locus D st F it P-value' F st R st
•y

P-value

Femsatl 11 0.00 (0.00’) -0.09 0.928 0.00 (0.00’) 0.034 0.289

Femsatl 4 0.02 (0.03’) 0.14 0.001 0.03 (0.03’) 0.095 0.004

Femsatl 16 0.08 (0.08’) 0.18 0.001 0.10(0.11’) 0.049 0.001

Femsatl 19 0.03 (0.04’) 0.17 0.001 0.04 (0.04’) 0.015 0.019

M230 0.06 (0.07’) 0.11 0.001 0.06 (0.07’) 0.05 0.001

Mean 0.04 (0.04’) 0.1 0.001 0.05 (0.05’) 0.054 0.001

‘ Weighted for sample number.
'Test for Hardy-Weinberg equilibrium over all samples using 1000 randomisations 
of alleles at each locus.
^Test for population differentiation not assuming Hardy-Weinberg equilibrium 
among samples for each locus based on the log-Likelihood G estimate (Goudet et 
al., 1996).

The number of private alleles within each o f the three native woods were estimated 

(Table 4.4.24. and Figure 4.4.5.). Private alleles are alleles that are unique to only 

one population under investigation. They therefore give an indication of the 

distinctiveness o f each population in when compared to the others.

From this estimation Hanging Rock Wood was found to possess the highest 

numbers o f unique alleles among the native ash woods with comparable numbers of 

private alleles to that of the provenance trial. The ash population in Slieve Carran 

Wood had lower numbers of private alleles (19) and Saint John’s Wood was found 

to have only 16.
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Table 4.4.24. Numbers of Private Alleles found within the ash populations 

examined.

Ash

Provenances

Saint John’s 

Wood

Slieve Carran 

Wood

Hanging Rock 

Wood
Total

Femsatl 11 1 3 3 5 12

Femsatl 4 5 4 3 7 19

Femsatl 16 11 2 1 2 16

Femsatl 19 4 1 5 2 12

M 230 7 6 7 11 31

Total 28 16 19 27

0)

E
13
Z

<
0)
fo
>

Provenance Saint Johns Wood Slieve Carran Wood

Location

Hanging Rock 
Wood

Figure 4.4.5. Proportions of private alleles per native population and within the 

provenances from around Ireland.
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Spatial Genetic Structure among Irish Ash Provenances

The pairwise genetic distance between each of the Irish provenances was calculated 

using Nei’s unbiased genetic distance statistic (1978). The correlation between this 

genetic distance matrix and the pairwise geographic distances between each of the 

provenances is represented in Figure 4.4.6. Table 4.4.25. provides information on 

the distance classes into which they were grouped. These estimates of population 

genetic distance are based on four individuals per population (provenance). For a 

significant relationship to be assessed among the provenances, a larger sample 

number would be advisable, however due to time constraints this was not possible 

within the scope of this work. The preliminary data based on the four individuals 

per provenance is given in Figure 4.4.6. From this a general trend of increasing 

genetic distance with geographic distance was observed, however for more a more 

conclusive result the analysis needs to be carried out on a larger sample number.

Table 4.4.25. Grouping of pairwise geographic distance classes among Irish 

provenances of ash.

Distance Class Distance in Km Distance Class Distance in Km

1 0-50 7 151-170

2 51-75 8 171-200

3 76-90 9 201-250

4 91-100 10 251-300

5 101-130 11 301-350

6 131-150
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Figure 4.4.6. Change in Nei’s unbiased genetic distance, with pairwise geographic 

distance among Irish provenance trials.
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4.5. Discussion

The genetic diversity within and between native ash woods and provenances of ash 

in Ireland was examined in this analysis. In Ireland, ash is native, yet only patches 

of ash wood remain intact, generally, on land that is unsuitable for agriculture 

(Tomlinson, 1997). Ash has been present in Ireland almost since the retreat of ice 

after the last ice age, and the native populations that remain are thought to be 

remnants of the original populations and can therefore be considered direct links to 

the post-glacial forests of Ireland (Tomlinson, 1997; Mitchell, 2000) indicating that 

they may represent fragments of Ireland’s original gene pool of ash. Such historical 

links coupled with the commercial importance of ash in Ireland combine to make it 

an important species from a conservation perspective. This investigation looked at 

three native ash woods and aimed at characterising the extent of variation within 

each of them and compares them to each other and to ash provenances from around 

Ireland. Information such as this, on the variation within and between native woods 

is important as a starting point from which management strategies and conservation 

plans can be drawn up. Potential problems such as high levels of inbreeding can be 

identified and further losses of diversity can be avoided through conservation and 

management. Species-specific primers for the amplification of several nuclear 

microsatellites of ash had previously been developed (Lefort et al., 1999'; Brachet 

et al., 1999) so this time consuming first step of microsatellite analysis could be 

avoided. These primers were applied to ash in this study.

4.5.1. Locus Diversitv

Seven nuclear microsatellite regions were chosen for this investigation. However 

two of these (Femsatl 5 and Femsatl 12) were left out of the analysis due unreliable 

amplifications. Problems associated with these loci are thought to be associated 

with the presence of null alleles (Heuertz, et al, 2001; Morand-Prieur et al., 2002*). 

Null alleles are those that have reduced or no expression (Murphy et al., 1996; 

Douglas, 1998). The levels of polymorphism of each of the five microsatellites that 

were successfully amplified from ash samples were checked. Over all the analysis 

produced a wide range of allele sizes indicating that the markers were detecting 

large amounts of genetic variation within the samples. The microsatellite Femsatl
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16 was found to produce the smallest allele size range (177-210 base pairs), while 

the microsatellite M 230 was found to have the largest range of allele sizes (182- 

353 base pairs; Table 4.4.1) within the native populations. Similar results were 

found from studies carried out on ash populations around Europe (Heuertz et al., 

2003; Lefort et al., 1999'; Heuertz et al., 2001; Morand-Prieur et al., 2002'), where 

the Femsatl 16 marker amplified the lowest range of alleles while M 230 amplified 

the largest range of allele sizes. This indicates that the locus M 230 may potentially 

be the most variable region being amplified, while Femsatl 16, the least.

4.5.2. Genetic Variation within Native Ash Woods in Ireland

I'hree native ash woods were selected and sampled for this analysis (Table 4.3.1.) 

and using a variety of statistical tools, the extent of diversity within each wood was 

estimated (Table 4.4.2). It was found that allele numbers were high over all native 

woods and similar numbers were detected within each of the three woods. 

However, there was variation in the number of alleles detected at each locus, the 

lowest number was detected at Femsatl 16 locus (15 alleles), and the most was 

detected at the M 230 locus (59 alleles).

The allele numbers found within the Irish populations were compared to other 

studies carried out on ash using the same nuclear microsatellite loci (Table 4.4.3). 

This comparison illustrated the importance of sample number when comparing data 

sets. The original study carried out by Lefort et al. (1999') detected much lower 

allele numbers than found in this analysis. However the number of samples in the 

original study was much lower (16). Higher sample numbers were used for other 

studies of ash, which produced allele numbers close to those found in this study 

(Table 3.4.3; Heuertz, et al., 2003; Heuertz, et al., 2001; Morand-Prieur et al., 

2002'). This may indicate that low sample numbers may result in underestimation 

of allele numbers using these markers. The proportion of allele numbers for each 

locus were similar for all studies, with Femsatl 16 detecting the lowest number, 

M230 the highest and the others detecting similar numbers.

To take into account slightly varying sample sizes among the native woodlands, the 

allelic richness {Rs) was also estimated for each population at each locus (Table
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4.4.4). No significant difference was detected between the allele numbers (Table 

4.4.3.) and the allelic richness (Table 4.4.4.) estimates over all loci. This was 

expected since the sample number for each population only varied a little (51, 50, 

52). However, slight discrepancies between the two statistics, at some loci, 

highlight the importance of this comparison. Over all diversity estimates for the 

native ash woods was found to be highest at the M 230 locus {Rt = 36.2) and lowest 

at Femsatl 16 {R t =  10.3; Table 4.4.4.).

All descriptive statistics used, indicated that each locus produced varying levels of 

diversity, with M 230 detecting the highest proportion, and Femsatl 16 detecting the 

lowest. Multilocus estimates of within population diversity for each of the woods 

were carried out using both heterozygosity and gene diversity (Table 4.4.5). The 

expected heterozygosity {Hi) was calculated according to the assumptions of 

Hardy-Weinberg equilibrium and compared to the observed heterozygosity {Ho). 

Each of the observed heterozygosity {Ho)  values was lower than expected {He), 

indicating the populations were not likely to be in Hardy-Weinberg equilibrium. 

Similar findings have been found within twelve natural populations of ash in 

France, where a significant reduction in heterozygotes was reported (Morand-Prieur 

et a i, 2002'). In this investigation, a series of explanations for the excess 

homozygosity within the populations were proposed. These included the presence 

of null alleles, the Wahlund effect (which is the excess of homozygotes within a 

population due to the presence of sub populations) or the occurrence of inbreeding 

in the form of selfing (Morand-Prieur et al., 2002'). The samples fi’om Saint John’s 

Wood were found to be 71.4% heterozygous, while those fi'om Hanging Rock 

Wood and Slieve Carran Wood were 65.7% and 66.5% heterozygous respectively 

(Table 4.4.6).

The mating system of ash is known to be extremely complicated (Binggeli and 

Power, 1991; Wallander, 2001; Chapter 1, Section 1.1.4.), and inbreeding in the 

form of selfing is thought to occur within populations (Heuertz et al., 2001). To 

take this into account, levels of diversity within each of the populations were 

estimated using Nei’s gene diversity (1987; Section 4.3.4.). Using Nei’s gene 

diversity (1987), diversity estimates were higher for each wood, than 

heterozygosity estimates (Table 4.4.5; Table 4.4.6). Samples fi’om Saint John’s
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Wood were estimated to be 87.1% diverse, those from Hanging Rock Wood 

contained 84.2% diversity while samples from Slieve Carran Wood contained 

85.4% (Table 4.4.6). Since heterozygosity estimates assume Hardy-Weinberg 

equilibrium and gene diversity estimates do not, discrepancies between the two 

diversity statistics indicate the populations are not in Hardy-Weinberg equilibrium. 

This may be due to the occurrence of inbreeding within the populations. If this is 

the case, from these estimations, the samples from Hanging Rock Wood and Slieve 

Carran Wood may be slightly more inbred than those from Saint John’s Wood.

A comparison between the gene diversity levels found in this study and those from 

other studies of ash and oak from around Europe are outlined in Table 4.5.1.

Table 4.5.1. Comparison of diversity levels o f ash and oak populations around 

Europe.

Study Species Gene Diversity Range Reference

Romania F. excelsior 0 .5 7 -0 .9 2 Heuertz et al., 2003

Bulgaria F. excelsior 0.72 Heuertz et al., 2001

France F. excelsior 0 .52-0 .81 Morand-Prieur et al., 2002'

Ireland F. excelsior 0.84 - 0.87 This Study

Ireland Quercus sp. 0.86 - 0.88 Kelleher, 2001

This comparison indicates that the genetic diversity within native ash populations in 

Ireland is comparable to diversity levels o f ash from other locations around Europe. 

Ireland’s within population genetic diversity is estimated to be higher than the 

within population diversity in Bulgarian ash populations. The diversity levels in 

Ireland also have an over all higher average than other European locations. Irish 

native ash populations were also found to contain similar levels o f diversity to oak 

populations in Ireland (Table 4.5.1.).

The levels of inbreeding within each o f the populations were also estimated using 

the inbreeding coefficient (F/^; Table 4.4.7). Saint John’s Wood was estimated to
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contain the lowest over all estimate of inbreeding (17.6%), while Hanging Rock 

Wood and Slieve Carran had equal proportions of inbreeding (21.5% and 21.9%).

Diversity statistics indicate that Saint John’s Wood contained the most genetically 

diverse ash population with the least amount of inbreeding occurring. This may be 

an indication that higher levels of genetic drift has occurred from Hanging Rock 

Wood and Slieve Carran Wood in comparison to Saint John’s Wood. Their 

geographic locations may have influenced their slightly varying genetic diversity. 

Since Saint John’s Wood is part of a mixed deciduous wood on the shore of Lough 

Ree, while the ash populations, at Slieve Carran Wood and Hanging Rock Wood, 

both located on a limestone scree slopes which may have resulted in slightly more 

isolated conditions.

4.5.3. Spatial Genetic Structuring within Native Ash Woods

An analysis into the correlation between spatial structuring and genetic relatedness 

was carried out for each of the native ash woods. This was done with the aim of 

estimating if isolation by distance was evident within the woods. Isolation by 

distance occurs in situations where geographic distance or spatial location, act as a 

barriers to gene flow resulting in local adaptation and differentiation within 

populations. Models of isolation by distance suggest that samples will be more 

genetically distant with increasing geographic distance. The extent of the 

occurrence of isolation by distance in each of the populations was estimated using 

kinship coefficients and pairwise geographic distances between samples. 

Scatterplots of the relationship between kinship and pairwise geographic distance 

indicate an over all decrease in kinship with increasing pairwise geographic 

distance (Figure’s 4.4.1-4.4.3; Figure 4.5.1.). This decline was found to be 

significant for each of the native woods using permutation tests. Therefore genetic 

isolation by distance was found to be occurring within all three of the native woods.

The mean estimates of the relationship between kinship and spatial distance are 

shown in Figure 4.5.1.
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Figure 4.5.1. Mean estimates of the relationship between kinship and spatial 

distance within three native ash woods in Ireland.

From this investigation, it is clear that the extent of genetic kinship and geographic 

distance are linked in ash populations. For all three populations, a decrease in 

kinship with distance was observed since most positive kinships were found at 

close distances, indicating neighbouring trees were more closely related than those 

at fiirther distances. For each of the native Irish sites the x-axis was cut at 

approximately the same point (between 10 and 20 meters). From this point, as the 

kinships decrease and become negative, there is low, if any, genetic relatedness 

between the trees (Hardy and Vekemans, 1999). This structuring was also found to 

occur within four out of ten Bulgarian ash populations. They concluded that the 

lack of isolation by distance within the other populations that they examined was 

probably due to historical events, such as recent origins, management schemes or 

sampling within the neighbourhood size of the population (Heuertz et al., 2001).

The extent of isolation by distance with Romanian ash populations was also carried 

out in order to determine the contributions of seed and pollen to dispersal (Heuertz 

et al., 2003). In this investigation, three populations out of five detected significant 

isolation by distance within the samples. This investigation also used computer
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simulations to test the effect o f various contributions o f seed and pollen dispersal on 

the kinship / distance curve. It was found that a steep decrease in kinship at short 

distances occurred when seeds were less dispersed than pollen creating a leptokurtic 

composite distribution. Ash uses wind to disperse both seed and pollen. However 

the mass o f ash seeds in comparison to pollen, result in the maternal genes from the 

seed, remaining at short distances, while the paternal genes from pollen have the 

ability to move over larger distances. This results in a general pattern of pollen 

moving over longer distances than seed (Heuertz et al., 2003).

4.5.4. Genetic Variation Among Native Ash Woods in Ireland

The extent of genetic variation among the three native ash populations was 

estimated using a combination of gene diversity estimates and F-statistics (Table 

4.4.7). The extent o f gene diversity within the samples over all the three native sites 

was estimated to be 85.6%, with the M230 locus detecting 94.7% and the Femsatl 

16 locus detecting 65.8% (Table 4.4.7). Weak but significant differentiation among 

populations was found, where Fst ^  1.3% (Table 4.4.18). Indicating that o f the total 

diversity, 1.3% was attributable to differences among the populations (Table 4.4.18; 

Table 4.5.2). The (Slatkin, 1995) estimate of differentiation (0.01%) was lower 

than the Fst estimate.

Table 4.5.2. Among Population Diversity estimates from F. excelsior and Quercus 

sp. from around Europe.

Study Species Among Population 

Differentiation { F st)

Reference

Bulgaria F. excelsior 8.7% Heuertz, e ta l ,  2001

France F. excelsior 0.43% Morand-Prieur et al., 2002'

Ireland F. excelsior 1.3% This Study (Native Sites)

Ireland Quercus petraea 2.3% Kelleher, 2001

Ireland Quercus robur 1.1% Kelleher, 2001
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A comparison between the differentiation levels {Fst) among ash populations in 

Ireland with those of other locations around Europe indicate that Ireland’s ash 

populations are more structured than those examined in France (Morand-Prieur et 

al., 2002'), but significantly less differentiated than populations from Bulgaria 

(Heuertz et al., 2002). Low levels of population differentiation among tree 

populations has been found for several species including oak (Table 4.5.2.) the 

levels of population differentiation among ash populations compared to oak in 

Ireland are similar. The over all pattern of high within population diversity and low 

population diversity among forest tree species is therefore being followed by the 

native ash populations in Ireland.

Overall three of the native ash sites the average inbreeding was significantly 

estimated to be 20.3% (Table 4.4.7.). Comparisons of this to other European studies 

can be seen in Table 4.5.3.

Table 4.5.3. Estimates of Inbreeding within ash and oak populations from Europe 

and Ireland.

Study Species Total Inbreeding Reference

Romania F. excelsior 2.3% Heuertz et al., 2003

Bulgaria F. excelsior 1.4% Heuertz, et al., 2001

France F. excelsior 29.2% Morand-Prieur et al., 2002'

Ireland F. excelsior 20.3% This Study

Ireland Quercus petraea 16.5% Kelleher, 2001

Ireland Quercus robur 21.4% Kelleher, 2001

Only 1.4% inbreeding was estimated to have been occurring within populations in 

Bulgaria (Heuertz et al., 2001); a much higher estimate was calculated for French 

populations (Morand-Prieur et al., 2002*), while only 2.3% inbreeding was 

recorded within Romanian populations (Heuertz et al., 2003; Table 4.5.4.). The 

large differences between these estimates may be the result of a combination of 

variables. It seems that the levels of inbreeding tend to increase with increasing 

latitude. Lower inbreeding levels in southern European populations such as
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Romania and Bulgaria may indicate close proximity to a glacial refuge used by ash. 

The high levels of inbreeding estimated to occur within the three native ash 

populations in Ireland could also be linked to Ireland’s isolation from mainland 

Europe.

The overall extent of inbreeding {Fif, Nei, 1987) among the three native ash 

populations from Ireland was estimated to be significant for each locus, ranging 

from 17%-39%, with a multilocus estimate of 21.3% (Table 4.4.15). The over all 

inbreeding within Bulgarian populations was calculated to be lower than the Irish 

populations (10.4 %; Heuertz et al., 2001).

4.5.5. Spatial Genetic Structuring among Native Ash Woods in Ireland

The correlation between pairwise geographic distance and genetic distance was 

estimated between each of the three native ash woods in Ireland (Table 4.4.17). 

From this it was found that Saint John’s Wood and Hanging Rock Wood - the 

closest in proximity (almost 85 km between them), their genetic distance (Nei, 

1978) estimated to be 0.879. The distance between Hanging Rock Wood and Slieve 

Carran Wood is over twice that between Saint John’s Wood and Hanging Rock 

Wood (171 km), the genetic distance between these two was higher (0.917) 

indicating some relationship between distance and genetic distance. However, the 

distance between Saint John’s Wood and Slieve Carran Wood was 93.9 km and 

their genetic distance was estimated to be 0.943, (higher than either of the other two 

pairwise distances; Table 4.4.17). Therefore no significant relationship between 

Nei’s genetic distance and geographic distance was found among the three native 

woods.

In general, high levels of variation were found to occur within the three native ash 

woods in Ireland. Of the three, Saint John’s Wood, Co. Roscommon was found to 

be the most genetically diverse, with the least amount of inbreeding occurring. 

Saint John’s Wood is located on the shore of Lough Ree, close to Rindoon Wood 

(Figure 4.3.1.). Previous studies carried out in the area have suggested that these 

two woods were once joined (Bleasdale and Conaghan, 1998) and photographic 

documentation of the area suggests that the wood was intact until at least the I970’s
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(Section 4 . 3 . since then, an area of 1.5ha was felled (1995). The long-term 

presence of a large wood at the site Saint John’s Wood occupies today may have 

contributed to the high levels of genetic diversity within this ash population. The 

other two native ash woods that were analysed are growing on limestone scree 

cliffs, which, at least from one side may act as barriers to gene flow. Hanging Rock 

Wood also overlooks Lower Lough Macnean, which may act as a secondary barrier 

causing slightly higher levels of inbreeding within the ash population. The location 

of the wood at Slieve Carran also needs to be considered when discussing the 

genetic diversity within the ash population. High inbreeding levels may be the 

result of the limestone pavement, characteristic of the Burren, since low soil levels 

in the area, reduce the numbers of trees growing.

Comparisons between Irish native ash populations and populations from around 

Europe have shown that Ireland’s native stands contain comparatively high levels 

of genetic variation. Levels of inbreeding within the native Irish populations are 

quite high in comparison to Romania and Bulgaria, however France’s ash was 

estimated to have higher amounts. Population differentiation among the native 

woods in Ireland was low but significant, this follows an over all trend of trees, 

which tend to have high within population diversity and low among population 

diversity (Heuertz et al., 2001).

4.5.6. Genetic Variation within Ash Provenances in Ireland

In order to obtain an overall estimation of the ash genetic diversity in Ireland, the 

extent of diversity was estimated for a sample of trees originating from fourteen 

provenances from around Ireland (Figure 2.3.1; Table 2.3.1). The numbers of 

alleles within samples at each location were calculated (Table 4.4.18.). Most were 

found within samples Irom Westport and Borris (29 alleles each), and least within 

samples fi-om Inch, Bandon and Currachase (21). In this case the allelic richness 

estimates were the same as allele number estimates since the sample sizes were the 

same for each provenance (Table 4.4.19.).

Heterozygosity estimates indicated high levels of diversity within the provenances 

ranging between 65% and 90% (Table 4.4.21). Killygordan was found to have least
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number o f heterozygotes (0.65) while Borris had the highest number (0.90). 

Variation between the mean expected {He) and observed {Ho) heterozygosity 

estimates indicated deviations from Hardy-Weinberg equilibrium (since the mean 

He was estimated to be 82% which is greater than the mean Ho  o f 77%; Table 

4.4.21). Like the native sites, the mean within sample gene diversity {Hs, Table 

4.4.23) estimates were found to be higher than the mean within sample 

heterozygosity estimates (82% and 78% respectively). An indication o f a lack of 

Hardy-Weinberg equilibrium within the Irish provenances.

4.5.7. Overall Genetic Variation o f Ash Provenance Sample

Similar levels o f genetic diversity were found in the native woods as in the 

provenances, since the over all genetic diversity o f Irish provenances was estimated 

to be 86% the overall genetic diversity o f the native sites was 87% (Table 4.4.22; 

Table 4.4.16).

Multilocus estimates of inbreeding within the provenances from around Ireland 

were found to be significantly low (6%) in comparison to multilocus estimates 

within the native sites (20.3%) and from studies o f ash around Europe (Table 

4.5.4.). Within the provenances, however, only two loci produced significant 

estimates of inbreeding (Femsatl 4 and Femsatl 19; Table 4.4.22). The higher 

inbreeding levels within the native sites may be the result o f geographic isolation, 

since each of the native ash woods were located in remote areas o f Ireland. Two of 

the native woods were sheltered by a limestone cliff, while one was on the banks of 

a lake. Low levels o f inbreeding within the Irish provenances may be related to the 

locations of the seed sources within the respective provenances. Seed collected 

from trees at each o f the provenances was taken from local hedgerows, which may 

be sources of high genetic diversity, however little has been done to investigate this.

The among sample gene diversity { D st)  o f Irish provenances (4%; Table 4.4.23) 

was estimated to be higher than that among the native samples (1.1%; Table 

4.4.15). The increased proportion o f diversity among the provenance samples was 

most likely a result o f the wide geographic range o f the provenances.
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Over all the Irish provenances the total inbreeding (F/r) was significantly estimated 

to be 10% (Table 4.4.23), half that of the estimate of total inbreeding within the 

native sites (21.3%; Table 4.4.15) but similar to the total estimates of inbreeding 

within Bulgarian ash populations (10.4%; Heuertz et al., 2001)

Irish ash provenances were found to be significantly differentiated from each other 

( F st)  by 5% (Table 4.4.23). This differentiation is high compared to among native 

sites (1.3%; Table 4.4.16) and to other European ash populations (Table 4.5.3). The 

provenances are more geographically diverse than the native woods, so an increase 

in the extent of differentiation among the provenances was expected. However, the 

level of differentiation among ash provenances from Ireland is higher than many of 

the studies carried out around Europe (with the exception of Bulgaria-8%; Table 

4.5.3.). This significantly high provenance differentiation is an indication that ash 

populations in Ireland have the potential to adapt to their local conditions, important 

to keep in mind from a forester’s point of view. Since local provenances are 

genetically differentiated from each other, choice of seed source should take this 

into account. No difference was found between the estimate of Fst and Rsr among 

the provenances.

4.5.8. Spatial Genetic Structuring among Ash Provenances in Ireland

The extent of genetic isolation among the provenances of ash was examined using 

an analysis of the relationship between Nei’s unbiased genetic distance (Nei, 1978) 

and the pairwise geographic distances between the provenances. This estimation 

however was taken fi-om a sample number of just four, therefore the significance of 

the results would be increased with a larger samples number. From the scatterplot 

(Figure 4.4.6) a general increase of genetic distance was observed among the 

provenances with increasing geographic distance. Therefore, there is evidence of 

isolation by distance occurring among the provenances, however a larger sample 

size is required to test this hypothesis (Hardy and Vekemans, 1999). A similar 

study was carried out on a set of ash populations in Bulgaria, where the ratio of F$t 

/  (1  - F st)  was compared to the log of geographic distances for ten populations of 

ash (Heuertz et al., 2001). For this study, however due to smaller sample numbers,
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the F s t  estimates were not available for each provenance, therefore a direct 

comparison of the results with Bulgarian populations could not be carried out.

4.5.9. Comparison between Native Ash Woods and Ash Provenances

A comparison between the diversity levels within native sites and among the 

provenances (over all Ireland diversity) found that the native populations had higher 

total allelic diversity levels {R$ = 20.6-21.6) compared to the provenances {R s=  14- 

17). The gene diversity estimates were similar within the natives (84%-87%) and 

the provenances (86%), while significantly more inbreeding was estimated to occur 

within the native sites (20.3%) in comparison to the provenances (6%). As 

expected, the provenances were more differentiated (4%) than the native sites 

(1.3%), since they covered a larger geographic distance, and a relationship between 

the extent o f kinship o f genetic distance with spatial distance was found among 

samples from both data sets.

4.5.10. Comparison between Irish Ash Diversity and Ash Seed Orchard Collection 

for Ireland

A comparison was carried out between the diversity levels estimated for ash in 

Ireland from this study with estimates o f diversity within a seed orchard o f ash 

analysed in a separate study by Abbott (2004). This seed orchard was set up fi-om a 

collection of elite ash trees fi'om around Ireland (Abbott, 2004). The analysis of the 

seed orchard samples was carried out using the same nuclear microsatellite markers 

used in this analysis, therefore direct comparisons between the over all diversity of 

ash in Ireland and the samples propagated for breeding purposes could be carried 

out. Table 4.5.4. shows the comparison o f allele numbers detected in the breeding 

collection and the native ash woodlands. The breeding population was found to 

contain fewer alleles than the native sites o f ash tested in this study.

Table 4.5.5 compares genetic diversity estimates within the breeding collection 

with one of the native ash woods (Saint John’s Wood). The proportion of 

heterozygotes within the breeding collection (60%) was lower than that o f SJW
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(71%), however the multilocus gene diversity estimates for both data sets were 

estimated to be the same (87%). This indicates that the breeding collection consists 

of similar levels of variation as those detected within a native ash woodland. 

However, the variation between heterozygosity and gene diversity estimates can be 

taken as an indication of high levels of inbreeding occurring within the breeding 

collection.

Table 4.5.4. Descriptive statistics of F. excelsior within samples from breeding 

collection compared to native populations in Ireland.

Sample Number 

(Breeding Collection)

Allele Number 

(Breeding Collection)

Allele Number 

(Native Populations)

Femsatl 4 50 32 38

Femsatl 11 50 24 34

Femsatl 16 50 11 15

Femsatl 19 50 28 34

M230 50 46 59

Mean 50 28 36

Table 4.5.5. Genetic Diversity estimates of breeding collection of F. excelsior in 

Ireland compared with native ash woods.

He Ho 

Locus (Breeding (Breeding 

Collection) Collection)

Ho

(Saint John’s 

Wood)

Gene Diversity Gene Diversity 

(Breeding (Saint John’s 

Collection) Wood)

Femsatl 4 0.95 0.76 0.843 0.95 0.901

Femsatl 11 0.91 0.54 0.745 0.91 0.891

Femsatl 16 0.66 0.24 0.451 0.66 0.710

Femsatl 19 0.93 0.76 0.765 0.93 0.903

M 230 0.98 0.70 0.765 0.98 0.948

All 0.88 0.60 0.714 0.87 0.87
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The levels o f  inbreeding were estimated also (Table 4.5.6) and compared to both 

the native woodland site and the Irish provenances. The breeding collection was 

found to contain high levels o f inbreeding (32%), higher then both the native site 

(20.3%) and the provenance trial (6%; Table 4.5.6.).

Table 4.5.6. Inbreeding estimates for breeding population in comparison to native 

wood in Ireland.

Locus
Fis

(Breeding Population)

Fis

(Native Ash Woods)

Fis

(Irish Provenances)

Femsatl 4 0.20 0.148 0.12

Femsatl 11 0.41 0.180 -0.10

Femsatl 16 0.64 0.377 0.08

Femsatl 19 0.19 0.155 0.13

M 2 3 0 0.29 0.202 0.04

All 0.32 0.203 0.06

The ash collection that will in the future act as a breeding population was found to 

be genetically diverse, however lower numbers o f alleles were found within the 

sample compared to Ireland’s overall ash population. The high levels o f  inbreeding 

with the breeding collection should also be considered before this ash collection 

forms a breeding or seed source population.
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Conclusion

Native ash populations in Ireland were found to contain high levels of genetic 

variation. The three native woods that were examined (Hanging Rock Wood, Saint 

John’s Wood and Slieve Carran Wood) were found to be between 84% and 87% 

genetically diverse. While ash provenances, which were taken as a sample of 

Ireland’s ash population were found to be 86% diverse.

The comparison between native ash woods and Ireland’s ash population found 

similar levels of diversity in each. However, more alleles were detected within the 

ash provenances than within the native woods. Also Higher levels of inbreeding 

were detected within the native woods than in the provenance samples. This 

indicates that the native woods that were investigated are slightly more genetically 

isolated than the provenance samples.

The five nuclear microsatellite markers that were used to characterise diversity in 

the present study, have been used on populations of ash around Europe, therefore 

the results from the present study could be directly compared to European results. 

From this comparison, it was found that Ireland’s ash population is not genetically 

impoverished in comparison to native populations around Europe. However, 

Ireland’s ash population was found to have low inbreeding levels in comparison to 

estimates of French populations. Over all the Irish provenances the total inbreeding 

was significantly estimated to be 10% (half that of the estimate of total inbreeding 

within the native sites). Similar levels of inbreeding however were detected within 

Bulgarian ash populations (10.4%).

Genetic isolation was detected within each of the native ash woods, since kinship 

coefficients were shown to decrease with increasing geographic distance. The 

relationship between genetic kinship and geographic distance was found to decrease 

significantly after approximately 15 meters. Similar spatial autocorrelation studies 

were carried out within ash populations in Europe which also found localised 

kinship within the populations. The genetic distance among ash provenances was 

found to increase with geographic distance also, however the trend was not as 

strong.
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A comparison was also made between Ireland’s ash population and a sample o f 

plants from a seed orchard that will in time become a breeding collection. The 

breeding collection was found to be genetically diverse, however it contained high 

inbreeding levels and lower allelic richness. This comparison shows the practical 

applications o f microsatellite markers analysis for plant breeding.

2 4 5



Characterisation o f  Genetic Diversity o f  Common Ash (Fraxinus excelsior L.)

Chapter 5

General Discussion on the Genetic Characterisation of Fraxinus excelsior in

Ireland and around Europe

5.1. Introduction - Genetic Characterisation of F. excelsior

The overall aim of this work was to genetically characterise F. excelsior using a 

range of molecular marker techniques. This was carried out on three general levels: 

the first level looked at a sample of Ireland’s ash population by characterising 

provenances from fourteen locations. This characterisation was done using three 

marker techniques (AFLP, chloroplast microsatellites and nuclear microsatellites). 

Ash diversity levels and patterns were estimated along with the extent of genetic 

isolation among the provenances and a theory was proposed regarding the first 

entry routes of ash into Ireland from Europe after the last glaciation.

The second level of investigation of F. excelsior was the characterisation of 

fourteen provenances from around Europe. These provenances were examined 

using two of the marker techniques (AFLP and chloroplast microsatellites) in order 

to gain a general picture of the extent and patterns of genetic diversity among the F. 

excelsior provenances from around Europe. The provenances from around Europe 

were therefore used to look at patterns of diversity on a larger geographical scale. 

They were used to detect if the diversity around Europe followed any meaningful 

trends from a historical bio-geographic perspective. A comparison of cpDNA was 

also useful to assess the level of plastid DNA isolation found in Ireland, because in 

some tree species {Quercus', Kelleher et al., 2003) plastid DNA variation has been 

shown to be low in Ireland compared to Britain and mainland Europe.

The third level of investigation was on a smaller scale, which looked at three woods 

from Ireland that are thought to be the sites of native stands of F. excelsior. Nuclear 

microsatellite markers were used to characterise the extent of genetic diversity 

within and between these native woods as well as the degree of genetic isolation by 

geographic distance within each of the woods. A direct comparison of population 

genetic studies from Ireland (this study) were possible with other studies from
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Europe (Lefort et al., 1999‘; Heuertz et al., 2001; Morand-Prieur et al., 2002'; 

Heuertz et al., 2003), because the same nuclear microsatellite loci were studied.

5.2. Overview of the Findings

Diversity levels detected using the three marker techniques were found to be 

contrasting. This is likely to be a result of the different properties of the marker 

techniques used.

Comparison o f Marker Techniques

The molecular techniques that were employed in this analysis ranged from 

dominant to co-dominant markers, which produced both haploid and diploid data. 

Microsatellites (both chloroplast and nuclear) were found to be highly informative 

marker types since they detected the greatest degree of variation and were well 

suited to population genetic statistics. Nuclear microsatellite markers could also be 

directly compared to results of other studies from Europe, since they used the same 

markers. A large number of markers were produced using AFLP analysis and were 

found to be useful in the identification of local kinship between the samples, 

however their dominant nature limited the statistical analysis that could be 

performed on the data. AFLPs showed utility for species differentiation and 

provided many markers that may be of use for breeding purposes. In general, the 

range of marker techniques used in this analysis worked successfully together to 

produce an overall picture of the genetic diversity of ash populations in Ireland and 

Europe.

5.2.1. AFLP Analvsis of Provenances from Ireland and Europe (Chapter 2)

This study has shown the value of AFLP markers for genetic study of ash species, 

since highly polymorphic and numerous markers were produced with this method. 

Provenances of F. excelsior were found to be genetically differentiated from each 

other both in Ireland and around Europe. Similarity of samples was detected within 

provenances, while those from different provenances were expectedly less similar 

to these. Such localised kinship was also detected in populations of Quercus robur
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and Q. petraea in Ireland (Kelleher, 2001). However no obvious broader 

geographic patterns of diversity among ash provenances were detected using AFLP 

in Ireland (or around Europe). Variance estimates for both the Irish and the 

European datasets showed that the majority of the variation was located within the 

provenances, with 70.5% variation within the Irish provenances and 60.3% within 

the European provenances. The Irish provenances were found to be 29.5% 

differentiated from each other, while the European provenances were 39.7% 

differentiated. The slightly higher levels of variation within and lower 

differentiation among the Irish provenances of ash are an indication of high overall 

levels of molecular variation and gene flow (past and present) occurring among the 

provenances from Ireland. The slightly decreased levels of variation within and 

elevated differentiation among the European provenances is likely to be a 

consequence of the larger geographic area between the provenances, which is likely 

to act as a barrier to the mixing of genetic material.

AFLP markers have been shown to be effective at differentiating ash species, in 

particular F. excelsior and F. angustifolia. These two species are known to 

hybridise, but have clear AFLP identity in this study. In contrast, AFLPs failed to 

differentiate Quercus robur and Quercus petraea (Kelleher, 2001). Also, the 

markers may have identified hybrid material among the F. angustifolia samples. In 

addition to taxon identification and differentiation, AFLPs could be utilised for 

breeding purposes in ash, for example for marker aided selection (MAS) purposes 

or for quantitative loci (QTL) analysis (Flowers et al., 2000). Clearly the markers 

reported here could be applied for such purposes. They could also be used in 

micropropagation projects to verify clonal identity and detect somaclonal variation. 

Microsatellites have been used in micropropagation studies of ash to verify clonal 

identity of (Abbott, 2004) however, AFLPs have yet to be applied.

5.2.2. Chloroplast Microsatellite Analvsis of Provenances from Ireland and Europe 

(Chapter 3)

Polymorphic chloroplast microsatellites were detected via direct sequencing and 

GenBank data mining, and primers were successftilly designed to amplify them. A 

study has just been published using cpDNA on European ash using a combination
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of PCR-RFLP and microsatellites with universal primers (Heuertz et al., 2004'). 

However, the primers reported here are self-designed and in many cases, detected 

higher levels of polymorphism than detected by Heuertz et al. (2004'). Sequence 

variation along five chloroplast gene regions was detected (atpB-rcbL spacer, rps\6 

intron, rpl\6  intron, trnL-¥ intron and spacer and malK region) and showed 

potential for further studies into Fraxinus species.

The extent and patterns of diversity were estimated using the newly discovered 

microsatellites and it was found, that similar to the AFLP output, the majority of 

genetic variation was located within the provenances, with little variation among 

them. The proportions of haplotypes were calculated and patterns of diversity 

mapped. Chloroplast microsatellites were used in this investigation because of their 

slow mutation rates and maternal inheritance (which lends them to studies into 

historical spread of plant species). Levels of plastid DNA variation were high in 

Ireland suggesting that the population is not genetically impoverished in 

comparison to Britain and Europe. A total of 30 haplotypes were detected in the 

entire dataset, 15 of which were found in Ireland (a total of four haplotypes of ash 

were detected in Europe using universal primer combinations; Heuertz et al., 

2004'). The total diversity {Hr) was estimated to be 27% for Irish provenances of 

ash. While the total diversity estimate for the European provenances was 39.8% 

(this thesis). Both the Irish and the European provenances were found to have 

similar levels of differentiation {Gsf- 31.4% and 32% respectively). These diversity 

levels are low in comparison to those estimated for Quercus spp. from around 

Europe {Gsf- 84.8%; Petit et al., 2002^), however. Petit et al. (2003) reported a 

general trend of low Gst estimates for species with high levels of gene flow through 

seed dispersal. The high levels of variation detected in the ash cpDNA produced 

complicated haplotype patterns around Europe. Therefore it was not possible to 

produce conclusive inferences regarding the glacial origins of ash or its postglacial 

migration routes around Europe. The markers however did detect increased 

variation in central Europe (which agrees with the proposed refugium in the Alps; 

Heuertz et al., 2004'). Both pollen and molecular evidence indicate that many of 

the plants of Britain and Ireland were colonised from a refugium on the Iberian 

Peninsula (Huntley and Birks, 1983; Gilemeroth, 1997; Brewer, 2002; Heuertz et 

al., 2004'). However the present study detected genetic distinctiveness between the
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Irish and British ash populations. This suggests multiple introductions / migrations 

into Ireland from various sources (Chapter 3; Section 3.5.7; Section 3.5.8).

5.2.3. Nuclear Microsatellite Analvsis of Native Woods and Provenances from 

Ireland (Chapter 4)

The extent of genetic variation within and between three native ash woods in 

Ireland, as well as fourteen provenances (also used in AFLP and cpDNA studies) 

from around Ireland was examined using nuclear microsatellite markers. The 

majority of variation in both datasets was found to be within populations from the 

native woods or within the provenance populations (similar to that found using 

AFLPs and chloroplast microsatellites). Similar levels of diversity were detected 

within the native woods (0.84 - 0.87) and within the Irish provenance sample 

(0.86). In terms of allelic richness, the provenance trials showed higher values {Rf. 

37.7 - 47.8) than the native populations (̂ Rf. 20.6 - 21.6). This is a reflection of the 

geographic spread of the samples. While in France the diversity was estimated to 

range between 0.52 - 0.81; in Romania it ranged from 0.57 - 0.92 and in Bulgaria as 

was 0.72 diverse (Morand-Prieur et al., 2002’; Heuertz et al., 2003; Heuertz et al., 

2001; Table 4.5.1.). The numbers of alleles detected in the Irish provenances (21- 

29) was found to be low in comparison to those detected in Romania (152), 

Bulgaria (321) and France (60; Morand-Prieur et al., 2002'; Heuertz et al., 2003; 

Heuertz et al., 2001). The extent of inbreeding within each of the woods was 

estimated to have a mean of 20.3%, while within the provenance trial sample, the 

inbreeding was estimated to be 6%. Compared to studies carried out in eastern 

Europe, these estimates of inbreeding were 2.3% in populations of ash from 

Romania (Heuertz et al., 2003) and 1.4% in populations of ash from Bulgaria 

(Heuertz et al., 2001). While from within French populations, the inbreeding was 

estimated to be 29.2% (Morand-Prieur et al., 2002').

The degree to which genetic isolation occurred within the three woods was also 

examined using nuclear microsatellites to calculate kinship coefficients. Pairwise 

kinship was found to decrease with increasing pairwise geographic distance 

indicating that isolation by distance was occurring within the native woods. A 

significant decrease in kinship was found to occur after a geographic distance of
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approximately fifteen meters within each o f the woods (Figure 4.5.1.)- Similar 

patterns o f kinship were estimated within populations o f ash in Bulgaria where the 

kinship was estimated to be high within low geographic distances.

The relationship between pairwise genetic distance and geographic distance was 

also investigated among the provenances o f F. excelsior fi'om around Ireland. From 

this it was found that there was an increase in genetic distance with increasing 

geographic distance (Figure 4.4.6.). The trend that was detected however, was not 

strong. This may be a result o f genetic mixing occurring among provenances o f ash 

throughout Ireland.

5.3. Variation among Marker Systems

A comparison between the three markers that were used in this thesis (AFLP, 

cpSSR and nSSR) could be carried out since all three were employed for the 

analysis o f the Irish provenance samples (Table 5.1.1.). Both microsatellite markers 

(chloroplast and nuclear) detected high levels of total diversity within the samples. 

While the chloroplast SSR markers detected higher levels o f population 

differentiation among the Irish provenances than the nuclear SSRs. This result was 

expected since the chloroplast genome is knowTi to evolve at a slower rate than the 

nuclear genome due to its maternal inheritance and its relative evolutionary 

stability.

Estimates of diversity and population differentiation were found to be similar using 

chloroplast and AFLP markers (slightly lower diversity and higher differentiation in 

comparison to the nuclear markers). Since no information is available regarding the 

position of the AFLP markers along the genome, these diversity estimates may 

possibly be taken as an indication that the AFLP markers sampled more o f the 

chloroplast genome than the nuclear genome (Table 5.1.1.). Furthermore the 

chloroplast microsatellites sampled, would be expected to show higher rates of 

molecular evolution than other chloroplast markers. The AFLP markers will be a 

mixture o f loci, some o f which probably represent microsatellites but many of 

which will be slower evolving loci.
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Table 5.1.1. Comparison of total genetic diversity and population differentiation 

estimates using three marker types on the same dataset of Irish ash provenances.

Diversity Estimate Marker

AFLP cpSSR nSSR

Total Diversity 70.48% 79.09% 86%

Population differentiation 29.5% 31.4% 5%

5.4. Ash in Ireland

5.4.1. Diversity and Population Structure

The extent of diversity within Ireland was estimated using provenances from 

around the country. It was found that the population of F. excelsior that is growing 

in Ireland consists of a genetically diverse gene pool. Localised genetically distinct 

populations of F. excelsior were detected growing around Ireland (detected using 

AFLP markers). The patterns of diversity of haplotypes (detected using chloroplast 

microsatellites) were found to be complicated and no distinct trend was detected, 

apart from an apparent association between haplotypes in the south and eastem 

provenances, that were distinct from those in the north western provenances. The 

diversity of F. excelsior measured using cpDNA and nuclear markers in Ireland was 

found to be comparable to that found in different locations around Europe and had a 

general trend of high within population diversity and low population differentiation. 

A comparison between the extent of genetic variation within the native woods in 

comparison to the provenances (a sample of the Irish population as a whole) found 

similar levels of diversity, but higher allelic richness was detected within the 

provenance samples compared to the native woods. However the extent of 

inbreeding {Fjs) within the native woods was higher than that within the provenance 

sample. This was to be expected as the provenance sample covered a broad 

geographic range.
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5.4.2. History o f Ash in Ireland

The patterns of diversity that were identified using chloroplast microsatellites were 

mapped in order to detect if  there were general trends in their geographic 

distribution. Chloroplast variation is known to be a good method o f detecting 

historical patterns. No obvious patterns emerged, however a north-south pattern 

was detected in cp DNA analysis o f oak (Kelleher, 2001) but this was not seen with 

ash. However, by comparing pollen evidence and the molecular evidence, a 

possible entry point into Ireland on the east coast can be tentatively suggested, since 

higher levels o f chloroplast diversity were detected in the east o f the country. 

Further analysis of Ireland’s ash provenances needs to be carried out in order to 

further investigate this proposed entry point. However, plastid DNA variation is 

high within Ireland and it is possible that ash colonised Ireland repeatedly with 

different source material from various lineages originating from different locations 

around Europe and even different refugia. Ash disperses its seed readily and 

evidence of historical patterns will be masked by this process. However analysis o f 

higher sample numbers in future analyses may help detect underlying patterns in 

Ireland. It could be the case that gene flow and dispersal in the last 5,000 years has 

been so extensive that historical bio-geographic trends and patterns have been 

erased.

5.5. Ash around Europe

5.5.1. Diversity and Population Structure

The extent of diversity within and among provenances o f  F. excelsior from around 

Europe was also estimated. The provenances were found to be genetically distinct 

(in a similar way to the Irish ones). Patterns o f chloroplast diversity detected around 

Europe were also found to be complicated with no obvious geographical 

structuring. However, the European provenances that were included in the study 

were limited and did not include representatives from many southern regions.
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5.5.2. History of Ash around Europe

The postglacial history o f F. excelsior in Europe has only been touched on in a few 

studies in the past. However two studies have recently been published that examine 

the postglacial history of F. excelsior on a European scale (Heuertz et a i ,  2004'; 

Heuertz et ah, 2004^). These investigations suggested that ash colonised Europe 

from a number o f refugia located in southern, central and eastern Europe. Pollen 

evidence also suggested that ash was present in refugia located in the Alps, Italy, 

the Balkans and the Iberian Peninsula during the last glaciation (Huntley and Birks, 

1983; Gilemeroth, 1997; Brewer, 2002). The cpDNA analysis carried out by 

Heuertz et al. (2004') suggested that Spain is likely to be a refugium for the ash 

population in Britain and Ireland. In the present investigation, the Irish provenance 

was found to be genetically similar to the Spanish provenance (Figure 3.4.20), 

however, the British provenances were distinct. This may indicate Spain to be a 

likely refugium for Irish ash. More intensive sampling needs to be carried out 

within the British Isles to determine the extent o f Ireland’s genetic isolation, since 

pollen evidence suggests that ash originally entered Ireland after travelling across 

Britain (Huntley and Birks, 1983).

The numbers o f provenances used in this analysis, were insufficient to deduce 

routes out o f proposed refugial regions, however increased diversity was found 

around these proposed refiigial areas in particular in central Europe, where both 

pollen and molecular evidence suggests the presence o f a refugium (Gilemeroth, 

1997; Brewer, 2002; Heuertz et al., 2004').

5.6. Conservation and Forestry Issues

Fraxinus excelsior is a common hardwood tree that is grown for its timber, as well 

as being one of the main constituents of hedgerows around Ireland. Conservation of 

such a species, at first glance may seem unnecessary. However, F. excelsior 

populations can be considered threatened. Threats such as planting ash material 

from foreign provenances result in a dilution o f locally adapted genotypes, which in 

turn can affect the productivity o f growth. Until now, no information was gathered 

on the genetic diversity within populations o f F. excelsior in Ireland. There were no
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data regarding the extent o f genetic differentiation within and among 

geographically diverse provenances. The detection o f genetically distinct 

provenances in Ireland therefore has implications in the selection of seed sources 

for planting of ash. Theoretically, native provenances are locally adapted to 

environmental conditions and may have improved growth and yield from a 

monitory perspective. Also from a conservation perspective, the use and replanting 

of local provenances of ash will result in its native biodiversity remaining intact.

It is clear from this study that ash in Ireland is not genetically impoverished in 

comparison to Europe. In fact, diversity is very high even in the plastid genome 

(plastid within population variation was estimated to be 81.2% in Ireland, while the 

nuclear diversity estimated using AFLPs was estimated to be 70.5%). 

There is no apparent broad-scale regional structuring (identity) in Ireland. Identity 

seems to be based on a more local scale and it is at this scale that seed sources for 

planting purposes could be considered. However, it may not be dangerous to 

assume that Ireland’s ash is generally one big interbreeding population and 

therefore seed could be transported across the island for planting purposes. Despite 

this conclusion, I would recommend the more conservative local seed source 

option.

The second issue that needs to be taken into account with regards to F. excelsior, is 

the problem in hybridisation. F. excelsior is known to hybridise with Fraxinus 

angustifolia resulting in inferior timber and slower growth. F. angustifolia does not 

occur naturally in Ireland, and certification o f seed sources o f Fraxinus is a step to 

prevent planting o f the wrong species o f ash. The AFLP markers used in this study, 

have the potential to distinguish between these two closely related species on a 

genetic level. Therefore they have a practical use in seed source certification in 

Fraxinus species and for wider systematic studies o f ash.
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5.7. Further Study

Studies on ash are relatively few in comparison to oak. Several investigations have 

been carried out, using nuclear microsatellites, into the extent and partitioning of 

genetic variation in a range o f ash populations around Europe. These markers have 

been found on numerous occasions to be usefiil for studies o f ash. The main area in 

which further study needs to be carried out on is the historical haplotype diversity 

of ash in Ireland and around Europe using the newly designed loci. The 

identification and successfixl use o f new polymorphic chloroplast microsatellites 

that were used in this study have the potential to elucidate the postglacial history of 

ash throughout Europe. Constraints on time and money limited the number of 

provenances that were included in this study, however further analysis using these 

markers, with less limitations has the potential to clarify the historical movements 

of ash around Europe and into Ireland. Studies into the extent of gene flow are also 

needed to study parentage and pollen movement in Ireland and Europe. Also further 

investigations into the complex breeding system of ash are also required.
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Overall Conclusion

Fraxinus excelsior (ash) was genetically characterised using a range of molecular 

marker techniques. Using a combination of markers, the majority of genetic 

diversity was found to be located within provenances of ash from around Ireland, 

however low genetic differentiation was detected among the provenances. These 

patterns of diversity indicate that there is some degree of genetic mixing occurring 

among the provenances around Ireland and that ash growing in Ireland may be 

acting as a single interbreeding population. However AFLP marker analysis did 

detect a degree of similarity among samples within provenances. Therefore ash 

seems to be growing in locally adapted populations around Ireland, however the 

lack of obvious trends produced using both AFLP markers and cpDNA also 

indicate the occurrence of gene flow.

Native populations of ash contained high levels of genetic diversity, however they 

were found to have higher levels of inbreeding and lower allelic richness levels 

within them, in comparison to the population of Ireland as a whole. Spatial 

autocorrelation within the woods found that kinship decreased with increasing 

geographic distance.

Chloroplast microsatellite primers were successfully designed and implemented to 

examine the historical bio-geography of F. excelsior in Ireland and around Europe. 

High levels of diversity were detected, however no obvious geographic trends could 

be detected. Genetic similarities between Irish provenances and a provenance in 

Spain may indicate that Ireland’s population of ash originated from a refuge located 

in the Iberian Peninsula. However, further analysis using the newly designed 

primers needs to be carried out to clarify this theory. Patterns of haplotype diversity 

around Ireland were also too complicated for the detection of overall geographical 

trends. However, the theory based on pollen analysis, which predicts the migration 

of ash into Ireland via the UK was not dis-proven. More analysis needs to be 

carried out to elucidate this.

AFLP markers were tested and found to be potentially useful as markers for the 

differentiation of closely related Fraxinus species.
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6.0. Appendix

Appendix 6.1. Diversity Estimates for AFLP Data

Heterozygosity and populations structure were estimated for the dominant data according to 

Lynch and Milligan (1994). Equation 6.1.1. indicates the method of calculation allele 

frequencies, which were then used to estimate population parameters the heterozygosity 

(Equation 6.1.2.).

Equation 6.1.1. Estimation of allele frequencies from dominant data; where jc= the 

proportion of N  sampled individuals that do not exhibit the marker (null homozygote) and

Equation 6.1.2. Estimation of the heterozygosity at fragment i within population j  based on 

the frequency of the null homozygote.

The total heterozygosity {Hj) was estimated for all loci according to Equation 6.1.3.

Equation 6.1.3. Estimation of the total heterozygosity overall loci (Z,) within the same 

population (/)

Far(x) = ---------  (sampling variance of the null homozygote Var(x).
N

(0  = 2^(0[l -  q, (0 ]+  2Far[^(/)]

^ 1=1

1



Table 6.1.1. Diversity levels of individual populations based on calculations form averages 

over all polymorphic loci.

Provenance
Multilocus

Heterozygosity

Standard

Deviation
Provenance

Multilocus

Heterozygosity

Standard

Deviation

Bandon 0.148 0.086 Belgium 0.113 0.066

Borris 0.158 0.092 Czech Rep. 0.086 0.053

Currachase 0.147 0.086 Denmark 0.094 0.055

Gort 0.224 0.13 Huttenheim 0.112 0.065

Inch 0.177 0.116 St Paul de Salers 0.12 0.07

Kells 0.199 0.131 Vassy 0.105 0.061

Killamey 0.22 0.145 Germany 0.109 0.063

Killygordan 0.141 0.082 Lithuania 0.087 0.051

Killeshandra 0.158 0.118 Poland 0.092 0.054

Enni skerry 0.135 0.083 Spain 0.139 0.085

Portlaw 0.148 0.09 Setterington 0.175 0.102

Westport 0.134 0.781 Wytham Woods 0.118 0.068

Mt. Talbot 0.191 0.12 Scotland 0.142 0.087

Lough Gill 0.159 0.092
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Appendix 6.2. Pairwise geographic distance’s among Irish and European provenances

Pairwise geographic distances among Irish provenances (measured in km using GPS reference points)

Killygordan Lough Gill Westport Mt Talbot Gort CurrachaseKillameyBandonBorrisPortlaw Inch Enniskerry Kells Killeshandra

Killygordan -

Lough Gill 77 -

Westport 163.4 87.3 -

Mt Talbot 146.8 83.6 87.1 -

Gort 206.8 136.4 94.4 62.5 -

Currachase 258.7 190 142.6 112.1 53.8 -

Killamey 328.5 256.5 194.1 183.5 121.8 73.4 -

Bandon 347.1 283 234.9 200.9 147.1 93.7 63.8 -

Borris 206.9 157.8 157.8 78.4 80 91.5 160.8 152.6 -

Portlaw 280.1 233.2 223.9 152.3 133.1 109.9 152.7 115.1 75.4 -

Inch 247.5 224.6 248.4 162.2 176.8 178.2 235.5 203.6 96.5 88.5 -

Enniskerry 204.3 192.8 232.5 145.6 177.6 193.5 259.3 237.5 102.2 126.6 50.1

Kells 139.5 119.6 174.3 95.2 148.2 183.8 256.8 253.8 101.2 162.5 117.5

Killeshandra 87.6 66.8 133.2 73.7 135.9 182.7 255.5 265.6 120.1 192.5 165.4 165.3



Pairwise geographic distances among European provenances (measured in km using GPS reference points)

WvthamIreland Setterington , Scotland Huttenheim de
SalersO d l C I b

Vassy Belgium Germany Denmark Poland Lithuania Czech
Rep

Ireland -

Setterington 494.2 -

Wytham

Woods
450.6 263.1 -

Scotland 454.7 358.9 558.2 -

Huttenheim 1200 819.8 749.3 1173 -

St. Paul de 

Salers
1135 1019 789.6 1347 653.4 -

Vassy 667.6 580.9 327.2 871.4 669.2 476.5 -

Belgium 768.7 403.6 321 762.5 435.5 684.7 383.3 -

Germany 1205 831 754.2 1214 21.4 635.8 664.5 443.1 -

Denmark 1255 711.7 871.4 916.4 700.3 1280 1048 665.3 721.7.0 -

Poland 1616 1124 1232 1361 760.7 1414 1323 955.2 778.9.0 448.1 -

Lithuania 2102 1608 1741 1797 1262 1913 1844 1475 1278 898.2 521.5

Czech Rep 1755 1296 1321 1598 642.5 1247 1306 1004 651.5 763.5 422.1

Spain 1071 1271 1012 1472 1315 722.7 756.1 1137 1302 1803 2045

734.1

2563 1946

Spain



Appendix 6.3. Pairwise genetic distance’s among Irish and European provenances (Nei, 1978)

PairM>ise genetic distances among Irish provenances

Bandon Borris Currachase Enniskerry Gort Inch

Bandon -

Borris 0.12 -

Currachase 0.11 0.06 -

Enniskerry 0.14 0.09 0.14 -

Gort 0.08 0.14 0.08 0.17 -

Inch 0.14 0.14 0.08 0.17 0.05 -

Kells 0.14 0.15 0.09 0.18 0.11 0.06

Killamey 0.13 0.13 0.19 0.10 0.21 0.27

Killeshandra 0.06 0.12 0.06 0.20 0.03 0.08

Killygordan 0.06 0.13 0.12 0.15 0.14 0.14

Lough Gill 0.14 0.21 0.14 0.24 0.06 0.11

Mt. Talbot 0.03 0.12 0.09 0.14 0.06 0.11

Portlaw 0.14 0.09 0.08 0.11 0.05 0.05

Westport 0.19 0.13 0.19 0.16 0.15 0.15

Lough Mt.
Kells Killamey KilleshandraKillygordan

Gill Talbot

0.23 -

0.09 0.19 -

0.15 0.13 0.12 -

0.18 0.29 0.09 0.21 -

0.12 0.13 0.03 0.09 0.12 -

0.11 0.21 0.08 0.20 0.11 0.08

0.23 0.21 0.19 0.13 0.23 0.19

Portlaw Westport

0.15



Pairwise genetic distances among European provenances

Wytham
Provenance Ireland Setterington Scotland Czech Rep Huttenheim St. Paul Vassy Poland Lithuania Denmark Germany Belgium Spain

Woods

Ireland -

Setterington 0.49 -

Scotland 0.60 0.19 -

Wytham Woods 0.52 0.08 0.13 -

Czech Rep. 0.29 0.15 0.26 0.38 -

Huttenheim 1.00 0.12 0.34 0.34 0.13 -

St. Paul 0.39 0.20 0.46 0.35 0.05 0.39 -

Vassy 0.36 0.22 0.43 0.48 -0.07 0.11 0.08 -

Poland 0.13 0.90 0.48 0.78 0.50 1.35 0.76 0.54 -

Lithuania 0.18 0.29 0.49 0.45 0.38 0.84 0.41 0.53 0.42 -

Denmark 0.70 0.76 0.66 0.89 0.61 0.84 0.76 0.77 0.76 0.86 -

Germany 0.32 0.21 0.41 0.54 0.03 0.16 0.31 0.03 0.45 0.38 0.63

Belgium 0.17 0.57 0.64 1.00 0.17 0.56 0.48 0.14 0.14 0.35 0.45

Spain 0.14 0.19 0.20 0.30 0.14 0.48 0.30 0.28 0.31 0.15 0.57



Appendix 6.4. Complete Sequence of Five Chloroplast Regions 

Aligned sequence o f  atpB-rbcL (variable regions and primer positions indicated)'

InpuT dATA mATrix:

111111111122222222223333333333444444444455555555556666666666777 
TAxon/Node 123456789012345678901234567890123456789012345678901234567890123456789012

frAx exCelsior91 ----- CTCTGAATAAGATTCTGACAACAACAAGGTCTACTCGACACGAATTAGGCGTTAATGAAACTTTTC
frAx exCelsiorM6  TCTCTCAGATTCAGATTCTGACAACAACAAGGTCTACTCGACACGAATTAGGCGTTAATGAAACTTTTC
frAx exCelsior05 CCTACACTCTGATTAAGATTCTGACAACAACAAGGTCTACTCGACACGAATTAGGCGTTAATGAAACTTTTC
frAx exCelsior08 --------- GATTAAGCCTCTGACAACAACAAGGTCTACTCGACACGAATTAGGCGTTAATGAAACTTTTC
frAx exCelsior42 -------------------TCTGACAACAACAAGGTCTACTCGACACGAATTAGGCGTTAATGAAACTTTTC

InpuT dATA rtiATrix (ConTinued) : FCPFRAX 1

111111111111111111111111111111111111111111111 
7777777888888888899999999990000000000111111111122222222223333333333^4444 

TAxon/Node 34 56789012345678901234 5678901234 66789012345678901234 5678901234 56789012343901234

frAx exCelsior91 ACAGG-AATCTTTCACAAACTTCCCAACTAATACTAATATTATCAACTAATCAGAATGTTTGATTATTRGAC
frAx exCelsiorM6 ACAGG-AATCTTTCACAAACTTCCCAACTAATACTAATATTATCAACTAATCAGAATGTTTGATTATTAGAC
frAx exCelsior05 ACAGG-AATCTTTCACAAACTTCCCAACTAATACTAATATTATCAACTAATCAGAATGTTTGATTATTAGAC
frAx exCelsior08 -CAGG-AATCTTTCACAAACTTCCCAACTAATACTAATATTATCAACTAATCAGAATGTTTGATTATTAGAC
frAx exCelsior42 ACAGG-AATCTTTCACAAACTTCCCAACTAATACTAATATTATCAACTAATCAGAATGTTTGATTATTAGAC

InpuT dATA mATrix (ConTinued):

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2  

444445555555555666666666677777777778888888888999999999900000000001111111 
TAxon/Node 567890123456789012345678901234567890123456789012345678901234567890123456

frAx exCelsior91 CATGGTATTTGATTTACCAAATACATCATTATTGTATACTCTTTCATATATATAGCGCAACCCAATTTTTTT
frAx exCelsiorM6 CATGGTATTTGATTTACCAAATACATCATTATTGTATACTCTTTCATATATATAGCGCAACCCAATTTTTTT
frAx exCelsior05 CATGGTATTTGATTTACCAAATACATCATTATTGTATACTCTTTCATATATATAGCGCAACCCAATTTTTTT
frAx exCelsior08 CATGGTATTTGATTTACCAAATACATCATTATTGTATACTCTTTCATATATATAGCGCAACCCAATTTTTTT
frAx exCelsior42 CATGGTATTTGATTTACCAAATACATCATTATTGTATACTCTTTCATATATATAGCGCAACCCAATTTTTTT

InpuT dATA mATrix (ConTinued): RCPFRAX 1

2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2  

1 1 1 2 2 2 2 2 2 2 2 2 2 3 3 3 3 3 3 3 3 3 3 4 4 4 4 4 4 4 4 4 4 5 5 5 5 5 5 5 5 5 5 6 6 6 6 6 6 6 6 6 6 7 7 / 7 7 7 7 7 7 7 8 8 8 8 8 8 8 8 8  

TAxon/Node 78901234567 8901234567890123456789012345678901234567890/23456789012345678

frAx exCelsior91 TTTACCTTTTTTGGAATCGAAATACCTAACTAATAAGAAATTCCCTCTTGACAGTGATATATGTTGTATATG 
frAx exCelsiorM6 TTTACCTTTTTTGGAATCGAAATACCTAACTAATAAGAAATTCCCTCTTGACAGTGATATATGTTGTATATG

' Highlighted regions indicate positions o f  primer sequences and variable regions. Prefix F indicates forward 
primer sequence, while R indicates reverse primer sequence.
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frAx exCelsior05 tt-accttttttggaatcgaaatacctaactaataagaaattccctcttgacagtgatatatgttgtatatg
frAx exCelsiorOS XTTACCTTTTTTGGAATCGAAATACCTAACTAATAAGAAATTCCCTCTTGACAGGGATATATGTTGTATATG 
frAx exCelsior42 TTTACCTTTTTTGGAATCGAAATACCTAACTAATAAGAAATTCCCTCTTGACAGTGATATATGTTGTATATG

InpuT dATA mATrix (ConTinued):

TAxon/Node

222222222223333333333333333333333333333333333333333333333333333333333333
899999999990000000000111111111122222222223333333333444444444455555555556
901234567890123456789012345678901234567890123456789012345678901234567890

frAx exCelsior91 TAAATCCTAGATGTGAAAATATGCGGAATTCGTCTATGAAAGGGTATAAAAAAACGAAAAGAAAAAATATAG
frAx exCelsiorM6 TAAATCCTAGATGTGAAAATATGCGGAATTCGTCTATGAAAGGGTATAAAAAAACGAAAAGAAAAAATATAG
frAx exCelsiorOS TAAATCCTAGATGTGAAAATATGCGGAATTCGTCTATGAAAGGGTATAAAAAAACGAAAAGAAAAAATATAG
frAx exCelsiorOS TAAATCCTAGATGTGAAAATATGCGGAATTCGTCTATGAAAGGGTATAAAAAAACGAAAAGAAAAAATATAG
frAx exCelsior42 TAAATCCTAGATGTGAAAATATGCGGAATTCGTCTATGAAAGGGTATAAAAAAACGAAAAGAAAAAATATAG

InpuT dATA mATrix (ConTinued): RCPFRAX 2

TAxon/Node

33333333333333333333333/333333333333333444444444444444444444444444444444
666666666777777777788^8888889999999999000000000011111111112222222222333
1234567890123456789012345678901234567890123456789012345678901234567890127890123456

frAx exCelsior91 GCTAGGCGTAAGCGTAAATTGATATGCTGAAATAAAAAATACGAAGAACCAATGATATAGAAATAATGAATC 
frAx exCelsiorM6 GCTAGGCGTAAGCGTAAATTGA'l'ATGCTGAAATAAAAAATACGAAGAACCAATGATATAGAAATAATGAATC 
frAx exCelsiorOS GCTAGGCGT AAGCGTAAATTGATATGCTGAAAT AAAAAATACGAAGAACCAATGAT AT AGAAAT AATGAATC 
frAx exCelsiorOS GCTAGGCGT AAGCGTAAATTGATATGCTGAAATAAAAAATACGAAGAACCAATGAT AT AGAAAT AATGAATC 
frAx exCelsior42 GCTAGGCGTAAGCGTAAATTGATATGCTGAAATAAAAAATACGAAGAACCAATGATATAGAAATAATGAATC

InpuT dATA mATrix (ConTinued):

44 4444444444444444444444444444444444444444444444444444444444444444455555 
333333344444444445555555555666666666677777777778888888888999999999900000 

TAxon/Node 3456789012345678901234 56789012345678901234567890123456789012345678901234

frAx exCelsior91 CTAATGTAAATAGAGTTCAGGTTCGAATTCGATAGACTATTTTCTATAATATAGATGGGATTGTCTATCATT
frAx exCelsiorM6 CTAATGTAAATAGAGTTCAGGTTCGAATTCGATAGACTATTTTCTATAATATAGATGGGATTGTCTATCATT
frAx exCeIsior05 CTAATGTAAATAGAGTTCAGGTTCGAATTCGATAGACTATTTTCTATAATATAGATGGGATTGTCTATCATT
frAx exCelsior08 CTAATGTAAATAGAGTTCAGGTTCGAATTCGATAGACTATTTTCTATAATATAGATGGGATTGTCTATCATT
frAx exCelsior42 CTAATGTAAATAGAGTTCAGGTTCGAATTCGATAGACTATTTTCTATAATATAGATGGGATTGTCTATCATT

InpuT dATA mATrix (ConTinued):

555555555555555555555555555555555555555555555555555555555555555555555555 
000001111111111222222222233333333334444444444555555555566666666667777777 

TAxon/Node 567890123456789012345678901234567890123456789012345678901234567890123456

frAx exCelsior91 ATAGACAAATGAAAAACTTTCTCAAGATTCTTATTCATCCACTTGAAATTTTCAAAATAGCTTGGTTGAACT
frAx exCelsiorM6 ATAGACAAATGAAAAACTTTCTCAAGATTCTTATTCATCCACTTGAAATTTTCAAAATAGCTTGGTTGAACT
frAx exCelsiorOS ATAGACAAATGAAAAACTTTCTCAAGATTCTTATTCATCCACTTGAAATTTTCAAGTTCAACCAAGCTATTT
frAx exCelsiorOS ATAGACAAATGAAAAACTTTCTCAAGATTCTTATTCATCCACTTGAAATTTTCAAAATAGCTTGGTTGAACT
frAx exCelsior42 ATAGACAAATGAAAAACTTTCTCAAGATTCTTATTCATCCACTTGAAATTTTCAAAATAGCTTGGTTGAACT



InpuT dATA mATrix (ConTinued):

555555555555555555555556666666666666666666666666666666666666666666666666 
777888888888899999999990000000000111111111122222222223333333333444444444 

TAxon/Node 78901234567890123456789012345678901234 5678901234567 89012345678901234 5678

frAx exCelsior91 TGAAAATTTCAAGTGGATAAATAAGTAAACAATTGAATTGGATTCGATTGAATGGTACCAGCGAAATCCAGT 
frAx exCelsiorM6 TGAAAATTTCAAGTGGATAAATAAGTAAACAATTGAATTGGATTCGATTGAATGGTACCAGCGAAATCGAGT 
frAx exCelsior05 TGAAAATTTCAAGTGGATAAATAAGTAAACAATTGAATTGGATTCGATTGAATGGTACCAGCGAAATCGAGT 
frAx exCelsior08 TGAAAATTTCAAGTGGATAAATAAGTAAACAATTGAATTGGATTCGATTGAATGGTACCAGCGAAATCGAGT 
frAx exCelsior42 TGAAAATTTCAAGTGGAAAAATAAGTAAACAATTGAATTGGATTCGATAGAATGGTACCAGCGAAATCGAGT

InpuT dATA mATrix (ConTinued):

666666666666666666666666666666666666666666666666666777777777777777777777 
455555555556666666666777777777788888888889999999999000000000011111111112 

TAxon/Node 90123456789012345678901234 5678901234567890123456789012345678901234567890

frAx exCelsior91 GCTAACTCCCATTTCTTATTGACATTTCTTATTGAATTAACTGATCTCCGTGCTATCGG-ACC-TTTATTT-
frAx exCelsiorM6 GCTAACTCCCATTTCTTATTGACATTTCTTAGTGAATTAACTGATCTCCGTGCTATCGG-ACC-TTTATTTT
frAx exCelsiorOS GCTAACTCCCATTTCTTATTGACATTTCTTATTGAATTAACTGATCTCCGTGCTATCGG-ACC-TTTATTTT
frAx exCelsior08 GCTAACTCCCATTTCTTATTGACATTTCTTATTGAATTAACTGATCTCCGTGCTATCGG-ACC-TTTATTTT
frAx exCelsior42 GCTAACTCCCATTTCTTATTGACATTTCTTATTGAATTAACTGATCTCCGTGCTATCGG-ACC-TTTATTTT

InpuT dATA mATrix (ConTinued):

777777777777777777777777777777777777777777777777777777777777777777777777 
222222222333333333344444444445555555555666666666677777777778888888888999 

TAxon/Node 123456789012345678901234567890123456789012345678901234567890123456789012

frAx exCelsior91 GAATTCGATAATTTTCGCAAAAAAAAATT-CGACATATTTGTT----------------------------
frAx exCelsiorM6 GAATTCGATAATTTTCGCAAAAAAAA-TTTCGACATATTTGGGTTATTATT--------------------
frAx exCelsiorOS GAATTCGATAATTTTCGCAAAAAGAAATT-CGACATATTT-------------------------------
frAx exCelsiorOS GAATTCGATAATTTTCGCAAAAAAAAATT-CGACATATTTG------------------------------
frAx exCelsior42 GAATTCGATAATTTTCGCAAAAAGAAATTTCG---------------------------------------



Aligned Sequence o f  rpsl6  (variable regions and primer positions indicated/

111111111122222222223333333333444444444455555555556666666666777 
TAxon/Node 123456789012345678901234567890123456789012345678901234567890123456789012

FrAxinus ornus 
FrAxinus greggii 
FrAxinus quAdrAn 
FrAxinus CuspidA 
FrAxinus exCelsi 
FrAxinus xAnThox 
FrAxinus dipeTAl 
exCelsior-100 
exCelsior-5 
exCelsior-42 
exCelsior-8 
exCelsior-6

----------------- GACAGATCCGTTGTGGATTTTTAC-------------ATCCGCTATTTTAT
----------------- GACAGATCCGTTGTGGATTTTTAC-------------ATCCGCTATTTTAT
--------------- AGGACAGATCCGTTGTGGATTTTTAC-------------ATCCGCTATTTTAT
--------------------------- TTGTGGATTTT-AC-------------ATCCGCTATTTTAT
--------------------------- TTGTGGATTTT-AC-------------ATCCGCTATTTTAT
--------------------------- TTGTGGATTTTTAC-------------ATCCGCTATTTTAT
--------------------------------------- AC-------------ATCCGCTATTTTAT
------------ TTGGG-ANAANTGGGTGNNNAACCTACANT----GGGGGGGAACACCCTTTTT— A
-AGGCCCCCAGCNTTGTTTNGGGATTATTCGNGANTCCCCTTC----TGAGGGGACTCCGCTATTT-AT
-------- GTTTTTGGTTTGGGGAAACTGGGGGAGCCACACTACTGGGGGGACACTCCGCTATTTTAT
----------------------------------------------------- A-TCCGCTATTTTAT
----------------------------------------------------- A-TCCGCTATTT-A-

InpuT dATA mATrix (ConTinued):

111111111111111111111111111111111111111111111 
777777788888888889999999999000000000011111111112222222222333333333344444 

TAxon/Node 34567890123456789012345678901234 5678901234567890123456789012345678901234

FrAxinus ornus 
FrAxinus greggii 
FrAxinus quAdrAn 
FrAxinus CuspidA 
FrAxinus exCelsi 
FrAxinus xAnThox 
FrAxinus dipeTAl 
exCelsior-100 
exCelsior-5 
exCelsior-42 
exCelsior-8 
exCelsior-6

ATTTATATAGGAATGAA— GGTGCTCTTGGCTCGACATCGTTTGTTCT-GTTCCACTC-AAACCCTTCGTTT 
ATTTATATAGGAATGAA— GGTGCTCTTGGCTCGACATCGTTTGTTCT-GTTCCACTC-GAACCCTTCGTTT 
ATTTATATAGGAATGAA— GGTGCTCTTGGCTCGACATCGTTTGCTCT-GTTCCACTC-GAACCCTTCGTTT 
ATTTATATAGGAATGAA— GGTGCTCTTGGCTCGACATCGTTTGTTCT-GTTCCACTC-GAACCCTTCGTTT 
ATTTATATAGGAATGAA--GGTGCTCTTGGCTCGACATCGTTTGTTCT-GTTCCACTC-GAACCCTTCGTTT 
ATTTATATAGGAATGAA— GGTGCTCTTGGCTCGACATCGTTTGTTCT-GTTCCACTC-GAACCCTTCGTTT 
ATTTATATAGGAATGAA— GGTGCTCTTGGCTCGACATCGTTTGCTCT-GTTCCACTC-GAACCCTTCGTTT 
ATTTATATAGGA— TTAATG-TGCTGTTGGCT-AAACTCGTTTGTTCT-GTTCCACTCCGAACCCTTCGTTT 
ATTTATATAGGAAT-GA-TGGTGCTCTTGGCTCGACATCGTTTGTTCTAGTTCCACTC-GAACCCTTCGTTT 
ATTTATATAGGA-TTTAA-GGTGCTCTTGGCTCGACATCGTTTGTTCT-GTTCCACTC-GAACCCTTCGTTT 
ATTTATATAGGA-TTGAA-GGGGCTCTAGAC-CGACATCGTTTGTTCT-GTTCCACTC-GAACCCTTCGTTT 
ATTTATATAGGA-TTGAA-GGGGCTCTTGGCCCGACATCGTTTGATCT-GTTCCACTC-GAACCCTTCGTTT

InpuT dATA mATrix (ConTinued);

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2  

44 4445555555555666666666677777777778888888888999999999900000000001111111 
TAxon/Node 567890123456789012345678901234567890123456789012345678901234567890123456

FrAxinus ornus TTTGTT------ GGGTTGTAAATAGTCCACGATGGAGCTCGAGTAGAAAGGATTAATTCATTTCTCGGGGG
FrAxinus greggii TTTGTT------ GGGTTGTAAATAGTCCACGATGGAGCTCGAGTAGAAAGGATTAATTCATTTCTCGGGGG
FrAxinus quAdrAn TTTGTT------ GGGTTGTAAATAGTCCACGATGGAGCTCGAGTAGAAAGGATTAATTCATTTCTCGGGGG
FrAxinus CuspidA TTTGTT------ GGGTTGTAAATAGTCCACGATGGAGCTCGAGTAGAAAGGATTAATTCATTTCTCGGGGG
FrAxinus exCelsi TTTGTT------ GGGTTGTAAATAGTCCACGATGGAGCTCGAGTAGAAAGGATTAATTCATTTCTCGGGGG

 ̂ Highlighted regions indicate positions o f  primer sequences and variable regions. Prefix F indicates forward 
primer sequence, while R indicates reverse primer sequence.
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FrAxinus xAnThox TTTGTT------ GGGTTGTAAATAGTCCACGATGGAGCTCGAGTAGAAAGGATTAATTCATTTCTCGGGGG
FrAxinus dipeTAl TTTGTTTTTTGTTGGGTTGTAAATAGTCCACGATGGAGCTCGAGTAGAAAGGATTAATTCATTTCTCGGGGG
exCelsior-100 TTTGTT------ GGGTTGTAAATAGTCCACGATGGAGCTCGAGTAGAAAGGATTAATTCATTTCTCGGGGG
exCelsior-5 TTTGTT------ GGGTTGTAAATAGTCCACGATGGAGCTCGAGTAGAAAGGATTAATTCATTTCTCGGGGG
excel sior-42 TTTGTT------ GGGTTGTAAATAGTCCACGATGGAGCTCGAGTAGAAAGGATTAATTCATTTCTCGGGGG
exCelsior-8 TTTGTT------ GGGTTGTAAATAGTCCACGATGGAGCTCGAGTAGAAAGGATTAATTCATTTCTCGGGGG
exCelsior-6 TTTGTT------ GGGTTGTAAATAGTCCACGATGGAGCTCGAGTAGAAAGGATTAATTCATTTCTCGGGGG

InpuT dATA mATrix (ConTinued):

222222222222222222222222222222222222222222222222222222222222222222222222  

111222222222233333333334444444444555555555566666666667777777777888888888 
TAxon/Node 789012345678901234567890123456789012345678901234567890123456789012345678

FrAxinus ornus 
FrAxinus greggii 
FrAxinus quAdrAn 
FrAxinus CuspidA 
FrAxinus exCelsi 
FrAxinus xAnThox 
FrAxinus dipeTAl 
exCelsior-100 
exCelsior-5 
exCelsior-42 
exCelsior-8 
exCelsior-6

CAAGG-ATCTAGGGTTAATGCCAATCAA-TAAATTGGAACAACTTC— GTAAATATATCTTCGAGATAGAAA 
CAAGG-ATCTAGGGTTAATGCCAATCAA-TAAATTGGAACAACTTC— GTAAATATATCTTCGAGATAGAAA 
CAAGG-ATCTAGGGTTAATGCCAATCAA-TAAATTGGAACAACTTC— GTAAATATATCTTCGAGATAGAAA 
CAAGG-GTCTAGGGTTAATGCCAATCAA-TAAATTGGAACAACTTC— GTAAATATATCTTCGAGATAGAAA 
CAAGG-ATCTAGGGTTAATGCCAATCAA-TAAATTGGAACAACTTC— GTAAATATATCTTCGAGATAGAAA 
CAAGG-GTCTAGGGTTAATGCCAATCAA-TAAATTGGAACAACTTC— GTAAATATATCTTCGAGATAGAAA 
CAAGG-ATCTAGGGTTAATGCCAATCAA-TAAATTGGAACAACTTC— GTAAATATATCTTCGAGATAGAAA 
CAAGGGATCTAGGGTTAATGCCAATCAA-TTTTTTGGAACAACTTC— GTGAATATATCTTCGAGATAGAAA 
CAAGG-ATCTAGGGTTAATGCCAATCAA-TTTTTTGGAACAACTTC— GTAAATATATCTTCGAGATAGAM 
CAAGG-ATCTAGGGTTAATGCCAATTATTAAAATTGGAACAACTT— GGTAAATATATCTTCGAGATAGAAA 
CAAGG-ATCTAGGGTTAATGCCA-TTTTTTAAATTGGAACAACTGGGGGG-AATATATCTTCGAGATAGAAA 
CAAGG-ATCTAGGGTTAATGCCAATTATT-AAATTGGAACAACGGGGGGGAAATATATCTTCGAGATAGAAA

InpuT dATA mATrix (ConTinued):

222222222223333333333333333333333333333333333333333333333333333333333333 
899999999990000000000111111111122222222223333333333444444444455555555556 

TAxon/Node 901234567890123456789012345678901234567890123456789012345678901234567890

FrAxinus ornus TGGAAAGGATCCAATTTGAGTAAGTTTCCAATTCAAAAGCAAAACCTGTTGGAATTGATCAAACGTTTTCGA 
FrAxinus greggii TGGAAAGGATCCAATTTGAGTAAGTTTCCAATTCAAAAGCAAAACCTGTTGGAATTGATCAAACGTTTTCGA 
FrAxinus quAdrAn TGGAAAGGATCAAATTTGAGTAAGTTTCCAATTCAAAAGCAAAACCTGTTGGAATTGATCAAACGTTTTCGA 
FrAxinus CuspidA TGGAAAGGATCCAATTTGAGTAAGTTTCCAATTCAAAAGCAAAACCTGTTGGAATTGATCAAACGTTTTCGA 
FrAxinus exCelsi TGGAAAGGATCCAATTTGAGTAAGTTTCCAATTCAAAAGCAAAACCTGTTGGAATTGATCAAACGTTTTCGA 
FrAxinus xAnThox TGGAAAGGATCCAATTTGAGTAAGTTTCCAATTCAAAAGCAAAACCTGTTGGAATTGATCAAACGTTTTCGA 
FrAxinus dipeTAl TGGAAAGGATCCAATTTGAGTAAGTTTCCAATTCAAAAGCAAAACCTGTTGGAATTGATCAAACGTTTTCGA 
exCelsior-100 TGGAAAGGATCCAATTTGAGTAAGTTTCCAATTCAAAAGCAAAACCTGTTGGAATTGATCAAACGTTTTCGA
exCelsior-5 TGGAAAGGATCCAATTTGAGTAAGTTTCCAATTCAAAAGCAAAACCTGTTGGAATTGATCAAACGTTTTCGA
exCelsior-42 TGGAAAGGATCCAATTTGAGTAAGTTTCCAATTCAAAAGCAAAACCTGTTGGAATTGATCAAACGTTTTCGA
exCelsior-8 TGGAAAGGACCCAATTTGAGTAAGTTGCCAATTCAAAAGCAAAACCTGTTGGAATTGATCAAACGTTTTCGA
exCelsior-6 TGGAAAGGATCCAATTTGAGTAAGTTTCCAATCCAAAAGCAAAACCTGTTGGAATTGATCAAACGTTTTCGA



InpuT dATA mATrix (ConTinued):

333333333333333333333333333333333333333444444444444444444444444444444444 
666666666777777777788888888889999999999000000000011111111112222222222333 

TAxon/Node 123456789012345678901234567890123456789012345678901234567890123456789012

FrAxinus ornus 
FrAxinus greggii 
FrAxinus quAdrAn 
FrAxinus CuspidA 
FrAxinus exCelsi 
FrAxinus xAnThox 
FrAxinus dipeTAl 
exCelsior-100 
exCelsior-5 
exCelsior-42 
exCelsior-8 
exCelsior-6

TCCAAAGTGTATCACGCGGGAATCAACTGTTCGTAGGATTCTTTGATAGAAAGAGAAATCACAAAAAAGGGT
TCCAAAGTGTATCACGCGGGAATCAACTGTCCGTAGGATTCTTTGATAGAAAGAGAAATCACAAAAAAGGGT
TCCAAAGTGTATCACGCGGGAATCAACTGTCCGTAGGATTCTTTGATAGAAAGAGAAATCACAAAAAAGGGT
TCCAAAGTGTATTACGCGGGAATCAACTGTCCGTAGGATTCTTTGATAGAAAGAGAAATCACAAAAAAGGGT
TCCAAAGTGTATCACGCGGGAATCAACTGTTCGTAGGATTCTTTGATAGAAAGAGAAATCACAAAAAAGGGT
TCCAAAGTGTATCACGCGGGAATCAACTGTTCGTAGGATTCTTTGATAGAAAGAGAAATCACAAAAAAGGGT
TCCAAAGTGTATCACGCGGGAATCAACTGTCCGTAGGATTCTTTGATAGAAAGAGAAATCACAAAAAAGGGT
TCCAAAGTGTATCACGCGGGAATCAACTGTTCGTAGGATTCTTTGATAGAAAGAGAAATCACAAAAAAGGGT
TCCAAAGTGTATCACGCGGGAATCAACTGTTCGTAGGATTCTTTGATAGAAAGAGAAATCACAAAAAAGGGT
TCCAAAGTGTATCACGCGGGAATCAACTGTTCGTAGGATTCTTTGATAGAAAGAGAAATCACAAAAAAGGGT
TCCAAAGTGTATCACGCGGGAATCAACTGTTCGTAGGATTCTTTGATAGAAAGAGAAATC-CAAAAAAGGGT
TCCAAAGTGTATCACGCGGGAATCAACTGTTCGTAGGATTCTTTGATAGAAAGAGAAATCACAAAAAAGGGT

InpuT dATA mATrix (ConTinued):

TAxon/Node

444444444444444444444444444444444444444444444444444444444444444444455555
333333344444444445555555555666666666677777777778888888888999999999900000
345678901234567890123456789012345678901234567890123456789012345678901234

FrAxinus ornus 
FrAxinus greggii 
FrAxinus quAdrAn 
FrAxinus CuspidA 
FrAxinus exCelsi 
FrAxinus xAnThox 
FrAxinus dipeTAl 
exCelsior-100 
exCelsior-5 
exCelsior-42 
exCelsior-8 
exCelsior-6

ATGTTGCTGCCATTTTGAAAGGATTAAGAAGCACCGAAGTAATGTCTAAACCCAATGATTTAAAACAAAGAT
ATGTTGCTGCCATTTTGAAAGGATTAAGAAGCACCGAAGTAATGTCTAAACCCAATGATTTAAAACAAAGAT
ATGTTGCTGCCATTTTGAAAGGATTAAGAAGCACCGAAGTAATGTCTAAACCCAATGATTTAAAACAAAGAT
ATGTTGCTGCCATTTTGAAAGGATTAAGAAGCACCGAAGTAATGTCTAAACCCAATGATTTAAAACAAAGAT
ATGTTGCTGCCATTTTGAAAGGATTAAGAAGCACCGAAGTAATGTCTAAACCCAATGATTTAAAACAAAGAT
ATGTTGCTGCCATTTTGAAAGGATTAAGAAGCACCGAAGTAATGTCTAAACCCAATGATTTAAAACAAAGAT
ATGTTGCTGCCATTTTGAAAGGATTAAGAAGCACCGAAGTAATGTCTAAACCCAATGATTTAAAACAAAGAT
ATGTTGCTGCCATTTTGAAAGGATTAAGAAGCACCGAAGTAATGTCTAAACCCAATGATTTAAAACAAAGAT
ATGTTGCTGCCATTTTGAAAGGATTAAGAAGCACCGAAGTAATGTCTAAACCCAATGATTTAAAACAAAGAT
ATGTTGCTGCCATTTTGAAAGGATTAAGAAGCACCGAAGTAATGTCTAAACCCAATGATTTAAAACAAAGAT
ATGTTGCTGCCATTTTGAAAGGATTAAGAAGCACCGAAGTAATGTCTAAACCCAATGATTTAAAACAAAGAT
ATGTTGCTGCCATTTTGAAAGGATTAAGAAGCACCGAAGTAATGTCTAAACCCAATGATTTAAAACAAAGAT

InpuT dATA mATrix (ConTinued): FCPFRAX 3

TAxon/Node

55555555555555555555555555555555555555555555555555555555555555555555 
00000111111111122222222223333333333444444 4 44455555555556666666666777 
56789012345678901234567890123456789012345678901234567890123456789012

5555
7777
3456

FrAxinus ornus AAAGGATCCCAGAACAAGGAAACACCATTTTAATTGTCTCGATAGTCTCAATAACTGGATCAGACTGAAGAA 
FrAxinus greggii AAAGGATCCCAGAACAAGGAAACACCATTTTAATTGTCTCGATAGTCTCAATAACTGGATCAGACTGAAGAA 
FrAxinus quAdrAn AAAGGATCCCAGAACAAGGAAACACCATTTTAATTGTCTCGATAGTCTCAATAACTGGATCAGACTGAAGAA 
FrAxinus CuspidA AAAGGATCCCAGAACAAGGAAACACCATTTTAATTGTCTCGATAGTCTCAATAACTGGATCAGACTGAAGAA 
FrAxinus exCelsi AAAGGATCCCAGAACAAGGAAACACCATTTTAATTGTCTCGATAGTCTCAATAACTGGATCAGACTGAAGAA 
FrAxinus xAnThox AAAGGATCCCAGAACAAGGAAACACCATTTTAATTGTCTCGATAGTCTCAATAACTGGATCAGACTGAAGAA 
FrAxinus dipeTAl AAAGGATCCCAGAACAAGGAAACACCATTTTAATTGTCTCGATAGTCTCAATAACTGGATCAGACTGAAGAA



exCelsior-100 AAAGGATCCCAGAACAAGGAAACACCATTTTAATTGTCTCGATAGTCTCAATAACTGGATCAGACTGAAGAA
exCelsior-5 AAAGGATCCCAGAACAAGGAAACACCCTTTTAATTGTCTCGATAGTCTCAATAACTGGATCAGACTGAAGAA
exCelsior-42 AAAGGATCCCAGAACAAGGAAACACCATTTTAATTGTCTCGATAGTCTCAATAACTGGATCAGACTGAAGAA
exCelsior-8 AAAGGATCCCAGAACAAGGAAACACCCTTTTAATTGTCTCGATAGTCTCAATAACTGGATCAGACTGAAGAA
exCelsior-6 AAAGGATCCCAGAACAAGGAAACACCATTTTAATTGTCTCGATAGTTTCAATAACTGGATCAGGCTGAAGAA

InpuT dATA mATrix (ConTinued):

555555555555555555555556666666666666666666666666666666666666666666666666 
777888888888899999999990000000000111111111122222222223333333333444444444 

TAxon/Node 789012345678901234 567890123456789012345678901234567890123456789012345678

FrAxinus ornus 
FrAxinus greggii 
FrAxinus quAdrAn 
FrAxinus CuspidA 
FrAxinus exCelsi 
FrAxinus xAnThox 
FrAxinus dipeTAl 
exCelsior-100 
exCelsior-5 
exCelsior-42 
exCelsior-8 
exCelsior-6

TCAAAATAGAATTTT-AAACGAGACAAACAAAAGGGGGT-AAAGACCACTCAATAAATGAAATTTATTAAAG 
TCAAAATAGAATTTT-AAACGAGACAAACAAAAGGGGGT-AAAGACCACTCAATAAATGAAATTTATTAAAG 
TCAAAATAGAATTTT-AAACGAGACAAACAAAAGGGGGT-AAAGACCACTCAATAAATGAAATTTATTAAAG 
TCAAAATAGAATTTT-AAACGAGACAAACAAAAGGGGGT-AAAGACCACTCAATAAATGAAATTTATTAAAG 
TCAAAATAGAATTTT-AAACGAGACAAACAAAGGGGGGT-AAAGAiXACTCAATAAATGAAATTTATTAAAG 
TCAAAATAGAATTTT-AAACGAGACAAACAAAAGGGGGT-AAAGACCACTCAATAAATGAAATTTATTAAAG 
TCAAAATAGAATTTT-AAACGAGACAAACAAAAGGGGGT-AAAGA'XACTCAATAAATGAAATTTATTAAAG 
TCAAAATAGAATTTT-AAACGAGACCAACCAAAGGGGGT-AAAGACCCCTCCATAAATGAAATTTATTAAAG 
TCAAAATAGAATTTTT-AACGAGGCCAACCAAAGGGGGT-AAAGG ;CCCTCCATTAATGAAATTTATTAAAG 
TCAAAATAGAATTTTT-AACGAGACCAACCAAAGGGGGTT-AAGG XCCTCCATTAATGAATTTTATTAAAG 
TCAAAATAGAATTTTTAAACGAGACAAACAAAAGGGGGTGAAAGG ;CCCTCCATAAATGAAATTTATTAAAG 
TCAAAATAGAATTTTT-AACGAGACAAACAAAAGGGGGT-AAAGACCCCTCAATAAATGAAATTTATTAAAG

RCPFRAX 3 FCPFRAX 4
InpuT dATA mATrix (ConTinued):

TAxon/Node

6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6  

4 55555555556666666666777777777788888: 
90123456789012345678901234 567890123

56666666666666^77777777777777777777
5 8 8 8 8 9 9 9 9 9 9 9 9 /9 0 0 0 0 0 0 0 0 0 0 1 1 1 1 1 1 1 1 1 1 2

>,6789012345^89012345678901234567890

FrAxinus ornus 
FrAxinus greggii 
FrAxinus quAdrAn 
FrAxinus CuspidA 
FrAxinus exCelsi 
FrAxinus xAnThox 
FrAxinus dipeTAl 
exCelsior-100 
exCelsior-5 
exCelsior-42 
exCelsior-8 
exCelsior-6

ATTTTTTCCTTTAAGCTATTTGAGAGTTATCCAACTTGAGTTATGAGTACGAA--
ATTTTTTCCTTTAAGCTATTTGAGAGTTATCCAACTTGAGTTATGAGTACGAA--
ATTTTTTCCTTTAAGCTATTTGAGAGTTATCCAACTTGAGTTATGAGTACGAA--
ATTTTTTCCTTTAAGCTATTTGAGAGTTATCCAACTTGAGTTATGAGTATGAA--
ATTTTTTTCTTTAAGCTATTTGAGAGTTATCCAACTTGAGTTATGAGTACGAA--
ATTTTTTCCTTTAAGCTATTTGAGAGTTATCCAACTTGAGTTATGAGTACGAA--
ATTTTTTCCTTTAAGCTATTTGAGAGTTATCCAACTTGAGTTATGAGTACGAA--
ATTTTTTTCTTTAAGCTATTTTATAGTTATCCAACTTGAGTTATGAGTACCG '
ATTTTTTTCTTTAAGCTATTTGAGAGTTATCCCACTTGAGTTATGAGTACGA----
ATTTTTTTCTTTAAGCTATTTGAGAGTTATCCCACTTGAGTTTTGAGTACGAATT-
ATTTTTTTCTTTAAGCTATTTGAGAGTTATCCAACTTGAGTTATGAGTACGAA--
ATTTTTTTCTTTAAGCTATTTGAGAGTTATCCAACTTGAGTTATGAGTACGAAT—

-TGGTTTCTTTTTCAT 
-TGGTTTCTTTTTCAT 
-TGGTTTCTTTTTCAT 
-TGGTTTCTTTTTCAT 
-TGGTTTCTTTTTCAT 
-TGGTTTCTTTTTCAT 
-TGGTTTCTTTTTCAT 
CCCCCTTCTTTTTCAT 
CACCGTTCTTTTTCCT 
-TG— TTTTTTTTCAT 
-TGCCTTCTTTTTCAT 
— GGCTTCTTTTTCAT



InpuT dATfi mATrix (ConTinued):

777777777777777777777777777777777777777777777777777777777777777777777777 
222222222333333333344444444445555555555666666666677777777778888888888999 

TAxon/Node 12345678901234 5678901234567890123456789012345678901234567890123456789012

FrAxinus ornus 
FrAxinus greggii 
FrAxinus quAdrAn 
FrAxinus CuspidA 
FrAxinus exCelsi 
FrAxinus xAnThox 
FrAxinus dipeTAl 
exCelsior-100 
exCelsior-5 
exCelsior-42 
exCelsior-8 
exCelsior-6

TTTCAGGAA-GGAAGAAGAAAAAAAAA GAC-TTAAATCATAGTCTAATTGATTTTATAGGCTCATTTG
TTTCGGGAA-GGAAGAAGAAAAAAAAA GAC-TTAAATCATGGTCTAATTGATTTTATAGGTTCATTTG
TTTCAGGAA-GGAAGAAGAAAAAAAA GAC-TTAAATCATAGTCTAATTGATTTTATAGGCTCATTTG
TTTCAGGAA-GGAAGAAGAAAAAAAAA GAC-TTAAATCATAGTCTAATTGATTTTATAGGCTCATTTG
TTTCAGGAA-GGAAGAAGAAAAAAAAAA GAC-TTAAATCATAGTCTAATTGATTTTATAGGCTCATTTG
TTTCAGGAA-GGAAGAAGAAAAAGAAAAAAAGAC-TTAAATCATAGTCTAATTGATTTTATAGGCTCATTTG
TTTCAGGAA-GGAAGAAGAAAAAAAA GAC-TTAAATCATAGTCTAATTGATTTTATAGGCTCATTTG
AAAAAAAAA-GGAAGAAG-AAAAAAAAAA— GA>; -TTAAATCATAGTCTAATTGATTTTATAGGCTCATTTG 
T-AAAAAAAAGGAAGAAG-AAAAAAAAAA— G-;CCTTAAATCATAGTCTAATTGATTTTATAGGCTCATTTG 
TTTCCGGAA-GGAAGAAG-AAAAAAAAAA— G-|C-TTAAATCATAGTCTAATTGATTTTATAGGCTCATTTG 
TTTCAAAAAAG-AAGAAG-AAAAAAAAAA— GAC-TTAAATCATAGTCTAATTGATTTTATAGGCTCATTTG 
TTTCAGAAAAG-AAGAAGGAAAAAAAAA GAC-TTAAATCATAGTCTAATTGATTTTATAGGCTCATTTG

InpuT dATA mATrix (ConTinued): RCPFRAX 4
777777788888888888888888^888888888888888888888888888888888888888888888 
999999900000000001111iyill222222222233333333334444444444555555555566666 

TAxon/Node 34 5678901234567890123/56789012345678901234567890123456789012345678901234

FrAxinus ornus TCATTTATTAGAATTCCATACATAGACAAAACTTCGAATCAAATCATTTTTT-CTCGAGCCGTACGAGGAGA 
FrAxinus greggii TCATTTATTAGAATTCCATACATAGACAAAACTTCGAATCAAATCATTTTTT-CTCGAGCCGTACGAGGAGA 
FrAxinus quAdrAn TCATTTATTAGAATTCCATACATAGACAAAACTTCGAATCAAATCATTTTTT-CTCGAGCCGTACGAGGAGA 
FrAxinus CuspidA TCATTTATTAGAATTCCATACATAGACAAAACTTCGAATCAAATCATTTTTT-CTCGAGCCGTACGAGGAGA 
FrAxinus exCelsi TCATTTATTAGAATTCCATACATAGACAAAACTTCGAATCAAATCATTTTTT-CTCGAGCCGTACGAGGAGA 
FrAxinus xAnThox TCATTTATTAGAATTCCATACATAGACAAAACTTCGAATCAAATCATTTTTT-CTCGAGCCGTACGAGGAGA 
FrAxinus dipeTAl TCATTTATTAGAATTCCATACATAGACAAAACTTCGAATCAAATCATTTTTT-CTCGAGCCGTACGAGGAGA 
exCelsior-100 TCATTTATTAGAATTCCATACATAGACAAAACTTCGAATCAAATCATTTTTT-CTCGAGCCGTA-GGATTAG
exCelsior-5 TCATTTATTAGAATTCCATACATAGACAAAACTTCGAATCAAATCATTTTTT-CTCGAGCCGTACGGGGAGA
exCelsior-42 TCATTTATTAGAATTCCATACATAGACAAAACTTCGAATCAAATCATTTTTTTCTCGAGCCGTCCGAGGGTT
exCelsior-8 TCATTTATTAGAATTCCATACATAGACAAAACTTCGAATCAAATCATTTTTT-CTCGAGCCGTACGAGGGGA
exCelsior-6 TCATTTftTTAGAATTCCATACATAGACAAAACTTCGAATCAAATCATTTTTT-CTCGAGCCGTACGAGGGGT
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InpuT dATA mATrix (ConTinued):

888888888888888888888888888888888889999999999999999999999999999999999999 
666667777777777888888888899999999990000000000111111111122222222223333333 

TAxon/Node 567890123456789012346678901234567890123456789012346678901234567890123456

FrAxinus ornus 
FrAxinus greggii 
FrAxinus quAdrAn 
FrAxinus CuspidA 
FrAxinus exCelsi 
FrAxinus xAnThox 
FrAxinus dipeTAl 
exCelsior-100 
exCelsior-5 
exCelsior-42 
exCelsior-8 
exCelsior-6

A-AACTTCCTATACGTTTCTAGGGGGGGTATTGTTCAT-CTACA—
A-AACTTCCTATACGTTTCTAGGGGGGGTANTGTTCAT-CTACA--
A-AACTTCCTATACGTTTCTAGGGGGGGTATTGTTCAT-CTACA—  
A-AACTTCCTATACGTTTCTAGGGGGGGTATTGTTCAT-CTACA—  
A-AACTTCCTATACGTTTCTAGGGGGG-TATTGTTCAT-CTACA--- 
A-AACTTCCTATACGTTTCTAGGGGGGGTATTGTTCAT-CTACA—  
A-AACTTCCTATACGTATCTAGGGGGGGTATTGTTCAT-CAACA—  
ACCCCTTCCTAAGAATTTCTAGGGGGGGTATTGTTCGT-CTGTN—  
A-ACCTTCCTAAACATTTCTAGGGGGGGTATTGTTCGTGCTGCT--- 
TT-ACTTCCTATAAAATTCTAGGGGGGGTATTGTTCTC— TGCNTT-
AA-ACTTCCTATAAAATA-TAGGGGGGGTATTGTTCAG-CTAC---
TTAACTTCCTATACGAAACTAGGGGGGGTATTGTTCAT-CTGCAGC-

-TCTATCC- 
-TCTATCC- 
-TCTATCC 
-TCTATCC- 
-TCTATCC 
-TCTATCC 
-TCTATCC 
■TCCCCCCC 
-TCCCCCC 
— TCCCCCC

-CARTGAGCCGTCTAT 
-CAGTGAGCCGTCTAT 
CAATGAGCCGTCTAT 
-CAATGAGCCGTCT —
-CAA-----------
-CAATGAGCCGTCTA-
-CAATGAGCCGTC--
-CAGTTAACCGCTTNC 
— AA-GAACCGGCTNG 
-TATTATGC------

GTCCCCCTAAAATCGTCTCACCCAG

InpuT dATA mATrix (ConTinued):

111111111
999999999999999999999999999999999999999999999999999999999999999000000000 
333444444444455555555556666666666777777777788888888889999999999000000000 

TAxon/Node 7890123456789012345678901234 5678901234567890123456789012345678901234 5678

FrAxinus ornus CGAAT----------------------------------------------------------------
FrAxinus greggii CGAAT----------------------------------------------------------------
FrAxinus quAdrAn CGAAT----------------------------------------------------------------
FrAxinus CuspidA -----------------------------------------------------------------------
FrAxinus exCelsi -----------------------------------------------------------------------
FrAxinus xAnThox -----------------------------------------------------------------------
FrAxinus dipeTAl -----------------------------------------------------------------------
exCelsior-100 CCCCAGTTTTCCCNNAATNCCGACGCTNNCCCCCCTCCTNGNNCCCTCNNCCCC---------------
exCelsior-5 CCCCAATATGTCCCNAANCCAAGCTGCGGGCCTC-----------------------------------
exCelsior-42 -----------------------------------------------------------------------
exCelsior-8 -----------------------------------------------------------------------
exCelsior-6 TATCCCGAA------------------------------------------------------------

1 1



Aligned Sequences o f  rp ll6  (variable regions and primer positions indicated/

11111111112222222222333333333344444444445555555555666666666677777 
TAxon/Node 1234 5678901234567 89012345678901234 5678901234567890123456789012345678901234

f exCelsiorm4 -CCAGCCCCTAGTATGAACTAATAACCAACTCAT-CGCTTCGTATTATC-TGGATCTAAAGAACCAGTCAAGAT
f exCelsiorm3 -CCAGCCCCTAGTATGAACTAATAACCAACTCAT-CGCTTCGTATTATC-TGGATCTAAAGAACCAGTCAAGAT
f exCelsior207 -ACCGCCCCTAGTATGAACTAATAATTTACTCAT-GGCTTCGAACCATC-TGGATCTAAAGAACCAGTCAAGAT
f excelsior100 ---- GCCCATAGTATGAACTAATAACTTTCTCATGCGGGTCGTATTACCCTGGATCTAAAGAACCAGTCAAGAT
f exCelsior6 GACCGCCCCTAGTATGAACTAATA-TTAACTCAG— GGCTAAACCGAGGGCGGATCAAAAGAACCAGTCAAGAT

InpuT dATA mATrix (ConTinued):

1111111111111111111111111111111111111111111111111 
77777888888888899999999990000000000111111111122222222223333333333444444444 

TAxon/Node 5678901234567890123456789012345678901234 5678901234567890123456789012345678

f exCelsiorm4 ATGATAAATCAGTCATATCTTTGTAGCAACTGAAATTTTTTTGCATAAACTTTAATTAGAAAATTAGAAGTTGT
f exCelsiorm3 ATGATAAATCAGTCATATCTTTGTAGCAACTGAAATTTTTTTGCATAAACTTTAATTAGAAAATTAGAAGTTGT
f exCelsior207 ATGATAAATCAGTCATATCTTTGTAGCAACTGAAATTTTTTTGCATAAACTTTAATTAGAAAATTAGAAGTTGT
f exCelsiorlOO ATGATAAATCAGTCATATCTTTGTAGCAACTGAAATTTTTTTGCATAAACTTTAATTAGAAAATTAGAAGTTGT
f exCelsior6 ATGATAAATCAGTCATATCTTTGTAGCAACTGAAATTTTTTTGCATAAACTTTAATTAGAAAATTAGAAGTTGT

InpuT dATA mATrix (ConTinued):

11111111111111111111111111111111111111111111111111122222222222222222222222 
45555555555666666666677777777778888888888999999999900000000001111111111222 

TAxon/Node 90123456789012345678901234567890123456789012345678901234567890123456789012

f exCelsiorm4 AAAACAAAATGAAAGAAGTAAAGGTGTGGATAA-ATGGAAGGATGAGAGAAAGAGAGAAAAAGACATATCGAAT
f exCelsiorm3 AAAACAAAATGAAAGAAGTAAAGGTGTGGATAA-ATGGAAGGATGAGAGAAAGAGAGAAAAAGACATATCGAAT
f exCelsior207 AAAACAAAATGAAAGAAGTAAAGGTGTTGATAA-ATGGAAGGANGGGGGAAAGAGAGAAAAAGA-ATATC-AAT
f exCelsiorlOO AAAACAAAATGAAAGAAGTAAAGGTGTGTTTTATATGGAAGGATGAGAGAAAGAGAGAAAAAGA-ATATC-AAT
f exCelsior6 AAAACAAAATGAAAGAAGTAAAGGAGACGGATAAATGGAAGGGGGGGAGAAAGAGAGAAAAAGA-ATATC-AAT

InpuT dATA mATrix (ConTinued):

2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2  

22222223333333333444444444455555555556666666666777777777788888888889999999 
TAxon/Node 34567890123456789012345678901234567890123456789012345678901234567890123456

f exCelsiorm4 GATATA-GAATTCAAATATGTAAGGTCTACGAGTC-ATCTCATAAAAGACAGTGTAATAAAGCATCAATACTAA
f exCelsiorm3 GATATA-GAATTCAAATATGTAAGGTCTACGAGTC-ATCTCATAAAAGACAGTGTAATAAAGCATCAATACTAA
f exCelsior207 GATATA-GAACTCAAATATGTAAGGTCTACGAGCC-ATCTCATAAAAGACAGTGTAATAAAGCATCAATACTAA
f exCelsiorlOO GATATAAGAATTCAAATATGTAAGGTCTACGAGTC-ATCTCATAAAAGACAGTGTAATAAAGCATCAATACTAA
f exCelsior6 GAAAAA-GAACCCAAATATGTAAGGGCTACCCCCCCATCTCATAAAAGACAGGGGAATAAAGCATCAACACTAA

 ̂ Highlighted regions indicate positions o f  primer sequences and variable regions. Prefix F indicates forward 
primer sequence, while R indicates reverse primer sequence.
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InpuT dATA mATrix (ConTinued):

TAxon/Node

22233333333333333333333333333333333333333333333333333333333333333333333333
99900000000001111111111222222222233333333334444444444555555555566666666667
78901234567890123456789012345678901234567890123456789012345678901234567890

f exCelsiorm4 TTGATTTCGTCCATAATTAAATATTAAATGAATCAAGAAAAAAATAAAGAGCTTGGAGCCAATAAAGACTAAGA 
f exCelsiorm3 TTGATTTCGTCCATAATTAAATATTAAATGAATCAAGAAAAAAATAAAGAGCTTGGAGCCAATAAAGACTAAGA 
f exCelsior207 TTGATT-CGTCCATAATTAAATATTAAATGAATCAAGAAAAAAATAAAGAGCTTGGAGCCAATAAAGACTAAGA 
f exCelsiorlOO TTGATT-CGTCCATAATTAAATATTAAATGAATCAAGAAAAAAATAAAGAGCTTGGAGCCAATAAAGACTAAGA
f excelsior6 gggaggccgaccataattaaatattaaatgaatcaagaaaaaaataaagagctgggagccaataaagactaaga

InpuT dATA mATrix (ConTinued):

TAxon/Node

33333333333333333333333333333444444444444444444444444444444444444444444444
77777777788888888889999999999000000000011111111112222222222333333333344444
12345678901234567890123456789012345678901234567890123456789012345678901234

f exCelsiorm4 AGATTGACTCAGGAACAAATTGGATTATGAG— CTCCATTGTAGAATTCGGACCTAATCATTAAGTAC-GAAGC
f exCelsiorm3 AGATTGACTCAGGAACAAATTGGATTATGAG— CTCCATTGTAGAATTCGGACCTAATCATTAAGTAC-GAAGC
f exCelsior207 AGATTGACTCAGGAACAAATTGGATTATGAG— CTCCATTGTAGAATTCGGACCTAATCATTAAGTAC-GAAGC
f exCelsiorlOO AGATTGACTCAGGAACAAATTGGATTATGAG— CTCCATTGTAGAATTCGGACCTAATCATTAAGTACCGAAGC
f exCelsior6 AGATTGACTCAGGAACAAATTGGATTATGGAGCCCCCATTGGAGAATCCGGACCTAACCATTAAGTACCGAAGC

InpuT dATA mATrix (ConTinued):

44444444444444444444444444444444444444444444444444444445555555555555555555 
44 444555555555566666666667777777777888888888899999999990000000000111111111 

TAxon/Node 56789012345678901234567890123456789012345678901234567890123456789012345678

f exCelsiorm4 GATGGGAACGATGGAACCTGTGCATGCAAAAGATTTTATTGAAAAAATGAATCTTAATGATTCAC-TAGTCGGG
f exCelsiorm3 GATGGGAACGATGGAACCTGTGCATGCAAAAGATTTTATTGAAAAAATGAATCTTAATGATTCAC-TAGTCGGG
f exCelsior207 GATGGGAACGATGGAACCTGTGCATGCAAAAGATTTTATTGAAAAAATGAATCTTAATGATTCAC-TAGTCGGG
f exCelsiorlOO GATGGGAACGATGGAACCTGTGCATGCAAAAGATTTTATTGAAAAAATGAATCTTAATGATTCACCTAGTCGGG
f excelsior6 GATGGGAACGATGGAACCTGTGCATGCAAAAGATTTTATTGAAAAAATGAATCTWAATGATTCACTCAGTCGGG

InpuT dATA mATrix (ConTinued):

55555555555555555555555555555555555555555555555555555555555555555555555555 
122222222223333333333444444 4 4445555555555666666666677777777778888888888999 

TAxon/Node 90123456789012345678901234567890123456789012345678901234567890123456789012

f exCelsiorm4 
f exCelsiorm3 
f exCelsior207 
f exCelsiorlOO 
f exCelsior6

-ATGGC-GAAATGAACCGGATATCAATTCATCTA-TTGAGAGAAGTCAC-GAACGAGCCCTACAAATAAAATAG
-ATGGC-GAAATGAACCGGATATCAATTCATCTA-TTGAGAGAAGTCAC-GAACGAGCCCTACAAATAAAATAG
-ATGGC-GAAATGAACCGGATATCAATTCATCTA-TTGAGAGAAGTCACCGAACGAGCCCTACAAATAAAATAG
-ATGGC-GAAATGAACCGGATATCAATTCATCTA-GTGAGAGAAGTCAC-GAACGAGCCCTACAAATAAAATAG
GACGGCCGAAATGAACCGGATATCAATTCATCTAATTGAGAGAAGTCCGAAACGGAGCCCTACAAATAAAATAA



InpuT dATA mATrix (ConTinued):

55555556666666666666666666666666666666666666666666666666666666666666666666 
999999900000000001111111111222222222233333333334444444 44455555555556666666 

TAxon/Node 345678901234 567890123456789012345678901234567890123456789012345678901234 56

f exCelsiorm4 AGATTGAAAGAGTAAATATTCGCCCCCGAAAACTTTTTTTTAGTTGCTAAACTTGGATAAAGGACAAAACAAAA 
f exCelsiorm3 AGATTGAAAGAGTAAATATTCGCCCCCGAAAACTTTTTTTTAGTTGCTAAACTTGGATAAAGGACAAAACAAAA 
f exCelsior207 AGATTGAAAGAGTAAATATTCGCCCGCGAAAACTTTTTTTTAGTTGCTAAACTTGGATAAAGGACAAAACAAAA 
f exCelsiorlOO AGATTGAAAGAGTAAATATTCGCCCGCGAAAACTTTTTTTTAGTTGCTAAACTTGGATAAAGGACAAAACAAAA 
f exCelsior6 AGAWTGGAAGAGTAAATATTCGCCCGCGAAAACTTTTTTTTAGTTGCTAAACTTGGATAAAGGACAAAACAAAA

InpuT dATA tnATrix (ConTinued) :

66666666666666666666666666666666677777777777777777777777777777777777777777 
66677777777778888888888999999999900000000001111111111222222222233333333334 

TAxon/Node 78901234 567890123456789012345678901234567890123456789012345678901234567890

f exCelsiorm4 TAAATATTTTTTAGAACGTTCTAAAAATTATTTATTTTTTATAAAAATGTTAATCAT-TTCAATTAAATGTTTT
f exCelsiormS TAAATATTTTTTAGAACGTTCTAAAAATTATTTATTTTTTATAAAAATGTTAATCAT-TTCAATTAAATGTTTT
f exCelsior207 TAAATATTTTTTAGAACGTTCTAAAAAATATTTATTTTTTATAAAAATGTTAATCGT-TTCAATTAAATGTTTT
f exCelsior 100 TAAATATTTTTTAGAACGTTCTAAAAAATATTTATTTTTTATAAAAATGTTAATCAT-TTCAATTAAATGTTTT
f exCelsior6 TAAATATTTTTTAGAACGTTCTAAAAAATATTTATTTTTTATAAAAATGTTAATCATGTTCACTTCCATGTTTT

InpuT dATA mATrix (ConTinued):

77777777777777777777777777777777777777777777777777777777777888888888888888 
44444444455555555556666666666777777777788888888889999999999000000000011111 

TAxon/Node 12345678901234 5678901234 5678901234567890123456789012345678901234 5678901234

f exCelsiorm4 TAATCCTTTTATTCGTGAGGAGCTGGATGAGAAGAAACTCTCACGTCCGGTTCTGTAGTAGAGATGGAATTGTA
f exCelsiorm3 TAATCCTTTTATTCGTGAGGAGCTGGATGAGAAGAAACTCTCACGTCCGGTTCTGTAGTAGAGATGGAATTGTA
f exCelsior207 TAATCCTTTTATTCGTGAGGAGCTGGATGAGAAGAAACTCTCCCGTCCGGTTCTGTAATAAAAATGGAATTGTA
f exCelsiorlOO TAATCCTTTTATTCGTGAGGAGCTGGATGAGAAGAACCCCCCCCGTCCGGTTCTAAAAAAAAGATGGAATTGTA
f exCelsior6 TAATCCTTTTATTCGTGAGGAGCTGGATGAGAAGAAACTCTCCCGCCCGGTTCTGTAGTAAAAATGGAATTGTA

InpuT dATA mATrix (ConTinued):

8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8  

111112222222222333333333344 44444444555555555566666666667777777777888888888 
TAxon/Node 56789012345678901234567890123456789012345678901234567890123456789012345678

f exCelsiorm4 
f exCelsiorm3 
f exCelsior207 
f exCelsiorlOO 
f exCelsior6

AAACAACCATCAACTATAACCCCAAAAGAACTAGATTCC-GTAAACAACATAGAGGAAGACTGAAGGGAATATC
a a a c a a c c a t c a a c t a t a a c c c c a a a a g a a c t a g a t t c c-g t a a a c a a c a t a g a g g a a g a c t g a a g g g a a t a t c
AA-CAACCATCAACTATAACCCCAAAAGAACTAGATTCC-GTAAACAACATAGAGGAAGACTGAAGGGAATATC
a a a c a a c c a t c a a c t a t a a c c c c a a a a g a a c t a g a t t n c c g t a a a c a a c a t a g a g g a a g a c t g a a g g g a a t a t c

AAACAACCATCAACTATAACCCCAAAAGAACTAGATTCC-GTAAACAACATAGAGGAAGACTGAAGGGAATATC
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InpuT dATA mATrix (ConTinued):

88888888888999999999999999999999999999999999999999999999999999999999999999 
89999999999000000000011111111112222222222333333333344444444445555555555666 

TAxon/Node 90123456789012345678901234567890123456789012345678901234567890123456789012

f exCelsiorm4 TTATCG-AGGTAATCATATTTGTTTCGGTAAATATGCT-CTTCAGGCACTTGAACC-TGCTTGGATCACATCTA
f exCelsiorm3 TTATCG-AGGTAATCATATTTGTTTCGGTAAATATGCT-CTTCAGGCACTTGAACC-TGCTTGGATCACATCTA
f exCelsior207 TTATCGCAGGTAATCATATTTGTTTCGGTAAATATGCTACTTCGGGCACTTCCCCCCTGAAAAAATCAC-TCTA
f exCelsiorlOO TTATCG-AGGTAATCATATTTGTTTCGGTAAATATGCT-GGTNAGGCCCCCCAACC AAAAGGTCACNTCTA
f exCelsior6 TTATCG-AGGTAATCATATTTGTTTCGGTAAATATGCT-CTTCGGGCTCTTGCCCC— TGCAAAATCAC-TCTA

InpuT dATA mATrix (ConTinued):

99999999999999999999999999 
66666667777777777888888888 

TAxon/Node 34 567890123456789012345678

f exCelsiorm4 GACAAATCGAAGCAGGTGGCGAGCAC
f exCelsiorm3 GACAAATCGAAGCAGGTGGCGAGCAC
f exCelsior207 GCACAATC------------------
f exCelsiorlOO GNCNAT--------------------
f exCelsior6 ACAATC--------------------



Aligned Sequences o f  trnL- F  (variable regions and primer positions indicated)

InpuT dATA mATrix
111111111122222222223333333333444444444455555555556666666666777 

TAxon/Node 1234 567890123456789012345678901234567 89012345678901234567890123456789012

f exCelsior 8 ----- ATGATTTTGGGTGGACCCACTAAGTGGTAACTTTCAAATTCTT— GAAACCCCGG-AATTAACAAA
f exCelsior 91 -------- CTGGGGGGGANACCTACTAAGTGGTAACTTTCAAATCATT— TAAACCCCGG-AAT-AACAAA
f exCelsior 100 ------------ TGTGGGGAAANACTACTCGGTAACTTTCAAATTCAGTATACTCCCGGG-AGTTAATAAA
f exCelsior 5 ---- CGCACTACTTAGGGGAACCCCTAAGTGGTAACTTTCAAATTCAG-AGATACCCCGG-GATTAATAAA
FrAxinus xAnThox ----------------- AAACCTACTAAGTGGTAACTTTCAAATTCAG-AGAAACCCCGG-AATTAATAAA
FrAxinus ornus ------------------AAACCTACTAAGTGGTAACTTTCAAATTCAG-AGAAACCCCGG-AATTAATAAA
FrAxinus exCelsi ----------------- AAACCTACTAAGTGGTAACTTTCAAATTCAG-AGAAACCCCGG-AATTAATAAA
SyringA vulgAris ------------------CTACCTACTAAGTGGTAACTTTCAAATTCAG-AGAAACCCCGG-AATTAATAAA
OleA europAeA  AAACCTACTAAGTGGTAACTTTCAAATTCAG-AGAAACCCCGG-AATTAATAAA
f exCelsior 9 ------------------- ACCTACTAAGTGGTAACTTTCAAATTCAG-AGAAACCCCGG-AATTAATAAA
f exCelsior 42 -------------------------- AAGTGGTAACTTTCAAATTCAT-CTAAACCCGGG-AATTAAACAA
f exCelsior 207 CACNACGAAACTGGGGGGGAANCTACTAAGTGGTAACTTTCAAATTCAGTTTAAACCCGGGGAATTAAAACA
f exCelsior 6 -----------------------------------------------------------------------

InpuT dATA mATrix (ConTinued):

111111111111111111111111111111111111111111111 
777777788888888889999999999000000000011111111112222222222333333333344444 

TAxon/Node 3456789012345678901234 56789012345678901234567890123456789012345678901234

f exCelsior 8 AAT— GGGCAATCCTG-AGCCAAATCCTGTTTTCCCAAAACAAAGGTTCAGAAAAGAAAAAAGGATAGGTGC
f exCelsior 91 AAT— GGGCAATCCTGGAGCCAAATCCTGTTTTCCCAAAACAAAGGTTCAGAAA-GAAAAAAGGATAGGTGC
f exCelsior 100 CCT— GGGCAATCCTG-AGCCAAATCCTGTTTTCCCAAAACAAAGGTTCAGAAA-GAAAAAAGGATAGGTGC
f exCelsior 5 AAT— GGGCAATCCTG-AGCCAAATCCTGTTTTCCCAAAACAAAGGTTCAGAAA-GAAAAAAGGATAGGTGC
FrAxinus xAnThox AAT— GGGCAATCCTG-AGCCAAATCCTGTTTTCCCAAAACAAAGGTTCAGAAA-GAAAAAAGGATAGGTGC 
FrAxinus ornus AAT— GGGCAATCCTG-AGCCAAATCCTGTTTTCCCAAAACAAAGGTTCAGAAA-GAAAAAAGGATAGGTGC 
FrAxinus exCelsi AAT— GGGCAATCCTG-AGCCAAATCCTGTTTTCCCAAAACAAAGGTTCAGAAA-GAAAAAAGGATAGGTGC 
SyringA vulgAris AAT— GGGCAATCCTG-AGCCAAATCCTGTTTTCCCAAAACAAAGGTTCAGAAA-GAAAAAAGGATAGGTGC 
OleA europAeA AAT— GGGCAATCCTG-AGCCAAATCCTGTTTTCCCAAAACAAAGGTTCAGAAA-GAAAAAAGGATAGGTGC
f exCelsior 9 AAATGGGGCAATCCTG-AGCCAAATCCTGTTTTCCCAAAACAAAGGTTCAGAAA-GAAAAAAGGATAGGTGC
f exCelsior 42 AAT— GGGCAATCCTG-AGCCAAATCCTGTTTTCCCAAAACAAAGGTTCAGAAA-GAAAAAAGGATAGGTGC
f exCelsior 207 AAT— GGGCAATCCTG-AGCCAAATCCTGTTTTCCCAAAACAAAGGTTCAGAAA-GAAAAAAGGATAGGTGC
f exCelsior 6 AAGGGGGGCAAACCAAGAGCCAAATCCTGTTTTCCCAAAACAAAGGTTCAGAAA-GAAAAAAGGATAGGTGC

primer sequence, while R indicates reverse primer sequence.

16



InpuT dATA mATrix (ConTinued):

TAxon/Node

111111111111111111111111111111111111111111111111111111122222222222222222 
4 44445555555555666666666677777777778888888888999999999900000000001111111 
5678901234 56789012345678901234567 890123456789012345678901234567890123456

f exCelsior 8 AGAGA-CTCAATGGAAGCTGTTCTAACAAATGGAGTGGACTGCGTTGGTAGAGGAATTTTTCCATC-GAAAC
f exCelsior 91 AGAGNACTCAATGGAAGCTGTTCTAACAAATGGAGTGGACTGCGTTGGTAGAGGAATTTTTCCATC-GAAAC
f exCelsior 100 AGAGA-CTCAATGGAAGCTGTTCTAACAAATGGAGTGGACTGCGTTGGTAGAGGAATCTTTTTTTTTGAAAC
f exCelsior 5 AGAGA-CTCAATGGAAGCTGTTCTAACAAATGGAGTGGACTGCGTTGGTAGAGGAATCTTTTTTTC-GAAAC
FrAxinus xAnThox AGAGA-CTCAATGGAAGCTGTTCTAACAAATGGAGTGGACTGCGTTGGTAGAGGAATCTTTCCATC-GAAAC
FrAxinus ornus AGAGA-CTCAATGGAAGCTGTTCTAACAAATGGAGTGGACTGCGTTGGTAGAGGAATCTTTCCATC-GAAAC
FrAxinus exCelsi AGAGA-CTCAATGGAAGCTGTTCTAACAAATGGAGTGGACTGCGTTGGTAGAGGAATCTTTCCATC-GAAAC
SyringA vulgAris AGAGA-CTCAATGGAAGCTGTTCTAACAAATGGAGTGGACTGCGTTGGTAGAGGAATCTTTCCATC-AAAAC
OleA europAeA AGAGA-CTCAATGGAAGCTGTTCTAACAAATGGAGTGGACTGCGTTGGTAGAGGAATCTTTCCATC-GAAAC
f exCelsior 9 AGAGA-CTCAATGGAAGCTGTTCTAACAAATGGAGTGGACTGCGTTGGTAGAGGAATCTTTCCATC-GAAAC
f exCelsior 42 AGAGA-CTCAATGGAAGCTGTTCTAACAAATGGAGTGGACTGCGTTGGTAGAGGAATTTTTTCATC-GAAAC
f exCelsior 207 AGAGA-CTCAATGGAAGCTGTTCTAACAAATGGAGTGGACTGCGTTGGTAGAGGAATTTTTTCATC-GAAAC
f exCelsior 6 AGAGA-CTCAATGGAAGCTGTTCTAACAAATGGAGTGGACTGCGTTGGTAGAGGAATTTTTCCATC-GAAAC

InpuT dATA mATrix (ConTinued):

222222222222222222222222222222222222222222222222222222222222222222222222  

111222222222233333333334444444444555555555566666666667777777777888888888 
TAxon/Node 78901234567890123456789012345678901234 5678901234 567890123456789012345678

f exCelsior 8 TTCAGAGGGGATGAAGGATAAACGTATATATTGAATACTATATCAAATGATTAATGACGACTCGAATCTCTA
f excelsior 91 TTCAGAAAGGATGAAGGATAAACGTATATATTGAATACTATATCAAATGATTAATGACGACTCGAATCTCTA
f exCelsior 100 TTCAGAAAGGATGAAGGATAAACGTATATATTGAATACTATATCAAATGATTAATGACGACTCGAATCTCTA
f exCelsior 5 TTCAGAAAGGATGAAGGATAAACGTATATATTGAATACTATATCAAATGATTAATGACGACTCGAATCTCTA
FrAxinus xAnThox TTCAGAAAGGATGAAGGATAAACGTATATATTGAATACTATATCAAATGATTAATGACGACTCGAATCTCTA 
FrAxinus ornus TTCAGAAAGGATGAAGGATAAACGTATATATTGAATACTATATCAAATGATTAATGACGACTCGAATCTCTA 
FrAxinus exCelsi TTCAGAAAGGATGAAGGATAAACGTATATATTGAATACTATATCAAATGATTAATGACGACTCGAATCTCTA 
SyringA vulgAris TTCAGAAAGGATGAAGGATAAACGTATATATTGAATACTATATCAAATGATTAATGACGACTCGAATCTCTA 
OleA europAeA TTCAGAAAGGATGAAGGATAAACGTATATATTGAATACTATATCAAATGATTAATGACGACTCGAATCTCTA
f exCelsior 9 TTCAGAAAGGATGAAGGATAAACGTATATATTGAATACTATATCAAATGATTAATGACGACTCGAATCTCTA
f exCelsior 42 TTCAGAGGGGATGAAGGATAAACGTATATATTGAATACTATATCAAATGATTAATGACGACTCGAATCTCTA
f exCelsior 207 TTGAGGGGGGATGAAGGATAAACGTATATATTGAAATCTTTATCAAATGATTAATGACGACTCGAATCTCTA
f exCelsior 6 TGGGGGGGGGATGAAGGATAAACGTATATATAGAAAACAATACCAAATGATTAATGACGACTCGAATCTCTA

InpuT dATA mATrix (ConTinued):

222222222223333333333333333333333333333333333333333333333333333333333333 
899999999990000000000111111111122222222223333333333444444444455555555556 

TAxon/Node 901234567890123456789012345678901234567890123456789012345678901234567890

f exCelsior 8 TCTGCATTTTTTTATATGAAAAATGGAAGAATTGATTCCACATTGAAGAAATAATCGAATATTCATTGATCA
f exCelsior 91 TSTGCATTTTTTTATATGAAAAATGGAAGAATTGATTCCACATTGAAGAAATAATCGAATATTCATTGATSA
f exCelsior 100 TCTGCATTTTTTTATATGAAAAATGGAAGAATTGATTCCACATTGAAGAAATAATCGAATATTCATTGATCA
f exCelsior 5 TCTGCATTTTTTTATATGAAAAATGGAAGAATTGATTCCACATTGAAGAAATAATCGAATATTCATTGATCA



FrAxinus xAnThox TCTGCATTTTTTTATATGAAAAATGGAAGAATTGATTCCACATTGAAGAAATAATCGAATATTCATTGATCA 
FrAxinus ornus TCTGCATTTTTTTATATGAAAAATGGAAGAATTGATTCCACATTGAAGAAATAATCGAATATTCATTGATCA 
FrAxinus exCelsi TCTGCATTTTTTTATATGAAAAATGGAAGAATTGATTCCACATTGAAGAAATAATCGAATATTCATTGATCA 
SyringA vulgAris TCTGTATTTTTTTATATGAAAAATGGAAGAATTGATTCCACATTGAAGAAAGAATCGAATATTCATTGATCA 
OleA europAeA TCTGTATTTTTTTATATGAAAAATGGAAGAATTGATTCCACATTGAAGAAAGAATCGAATATTCATTGATCA
f exCelsior 9 TCTGCATTTTTTTATATGAAAAATGGAAGAATTGATTCCACATTGAAGAAATAATCGAATATTCATTGATCA
f exCelsior 42 TCTGCATTTTTTTATATGAAAAATGGAAGAATTGATTCCACATTGAAGAAATAATCGAATATTCATTGATCA
f exCelsior 207 TCTGCATTTTTTTATATGAAAAATGGAAGAATTGATTCCACATTGAAGAAATAATCGAATATTCATTGATCA
f exCelsior 6 TCTGCATTTTTTTATATGAAAAATGGAAGAATTGATTCCACATTGAAGAAATAATCGAATATTCATTGATCA

InpuT dATA mATrix (ConTinued):

333333333333333333333333333333333333333444444444444444444444444444444444
666666666777777777788888888889999999999000000000011111111112222222222333 

TAxon/Node 123456789012345678901234567890123456789012345678901234567890123456789012

f exCelsior 8 AATCATTCACTCCATAGTCTGATAGATCTTTTAAAGAACTGATTAATCGGACGAGAATAAAGATAGAGTCCC
f exCelsior 91 AATCATTCACTCCATAGTMTGATAGATCTTTTAAAGAACTGATTAATCGGACGAGAATAAAGATAGAGTCCC
f exCelsior 100 AATCATTCACTCCATAGTCTGATAGATCTTTTAAAGAACTGATTAATCGGACGAGAATAAAGATAGAGTCCC
f exCelsior 5 AATCATTCACTCCATAGTCTGATAGATCTTTTAAAGAACTGATTAATCGGACGAGAATAAAGATAGAGTCCC
FrAxinus xAnThox AATCATTCACTCCATAGTCTGATAGATCTTTTAAAGAACTGATTAATCGGACGAGAATAAAGATAGAGTCCC 
FrAxinus ornus AATCATTCACTCCATAGTCTGATAGATCTTTTAAAGAACTGATTAATCGGACGAGAATAAAGATAGAGTCCC 
FrAxinus exCelsi AATCATTCACTCCATAGTCTGATAGATCTTTTAAAGAACTGATTAATCGGACGAGAATAAAGATAGAGTCCC 
SyringA vulgAris AATCATTCACTCCATAGTCTGATAGATCTTTTAAAGAACTGATTAATCGGACGAGAATAAAGATAGAGTCCC 
OleA europAeA AATCATTCACTCCATAGTCTGATAGATCTTTTAAAGAACTGATTAATCGGACGAGAATAAAGATAGAGTCCC 
f exCelsior 9 AATCATTCACTCCATAGTCTGATAGATCTTTTAAAGAACTGATTAATCGGACGAGAATAAAGATAGAGTCCC
f exCelsior 42 AATCATTCACTCCATAGTCTGATAGATCTTTTAAAGAACTGATTAATCGGACGAGAATAAAGATAGAGTCCC
f exCelsior 207 AATCATTCACTCCATAGTCTGATAGATCTTTTAAAGAACTGATTAATCGGACGAGAATAAAGATAGAGTCCC
f exCelsior 6 AATCATTCACTCCATAGTCTGATAGATCTTTTAAAGAACTGATTAATCGGACGAGAATAAAGATAGAGTCCC

InpuT dATA mATrix (ConTinued):

444444444444444444444444444444444444444444444444444444444444444444455555
333333344444444445555555555666666666677777777778888888888999999999900000 

TAxon/Node 345678901234567890123456789012345678901234567890123456789012345678901234

f exCelsior 8 ATTCTACATGTCAATACCGGCAACAATGAAATTTATAGTAAAAGGAAAATCCGTCGACTTTTAAAATCGTGA
f exCelsior 91 ATTCTACATGTCAATACCGGCAACAATGAAATTTATAGTAAAAGGAAAATCCGTCGACTTTTAAAATCGTGA
f exCelsior 100 ATTCTACATGTCAATACCGGCAACAATGAAATTTATAGTAAAAGGAAAATCCGTCGACTTTTAAAATCGTGA
f exCelsior 5 ATTCTACATGTCAATACCGGCAACAATGAAATTTATAGTAAAAGGAAAATCCGTCGACTTTTAAAATCGTGA
FrAxinus xAnThox ATTCTACATGTCAATACCGGCAACAATGAAATTTATAGTAAAAGGAAAATCCGTCGACTTTTAAAATCGTGA 
FrAxinus ornus ATTCTACATGTCAATACCGGCAACAATGAAATTTATAGTAAAAGGAAAATCCGTCGACTTTTAAAATCGTGA 
FrAxinus exCelsi ATTCTACATGTCAATACCGGCAACAATGAAATTTATAGTAAAAGGAAAATCCGTCGACTTTTAAAATCGTGA 
SyringA vulgAris ATTCTACATGTCAATACCGGCAACAATGAAATTTATAGTAAAAGGAAAATCCGTCGACTTTAAAAATCGTGA 
OleA europAeA ATTCTACATGTCAATACCGGCAACAATGAAATTTATAGTAAAAGGAAAATCCGTCGACTTTTAAAATCGTGA 
f exCelsior 9 ATTCTACATGTCAATACCGGCAACAATGAAATTTATAGTAAAAGGAAAATCCGTCGACTTTTAAAATCGTGA
f exCelsior 42 ATTCTACATGTCAATACCGGCAACAATGAAATTTATAGTAAAAGGAAAATCCGTCGACTTTTAAAATCGTGA
f exCelsior 207 ATTCTACATGTCAATACCGGCAACAATGAAATTTATAGTAAAAGGAAAATCCGTCGACTTTTAAAATCGTGA
f exCelsior 6 ATTCTACATGTCAATACCGGCAACAATGAAATTTATAGTAAAAGGAAAATCCGTCGACTTTTAAAATCGTGA



InpuT dATA mATrix (ConTinued):

555555555555555555555555555555555555555555555555555555555555555555555555 
000001111111111222222222233333333334444444444555555555566666666667777777 

TAxon/Node 5678901234567890123456789012345678 90123456789012345678901234567890123456

f exCelsior 8 GGGTTCAAGTCCCTCTATCCCCAAAAAGCCTATTTGACTCCCCAAATATTTATCCTATCC-CTTTTTCATTA
f exCelsior 91 GGGTTCAAGTCCCTCTATCCCCAAAAAGCCTATTTGACTCCCCAAATATTTATCCTATCC-CTTTTTCATTA
f exCelsior 100 GGGTTCAAGTCCCTCTATCCCCAAAAAGCCTATTTGACTCCCCAAATATTTATCCTATCC-CTTTTTCATTA
f exCelsior 5 GGGTTCAAGTCCCTCTATCCCCAAAAAGCCTATTTGACTCCCCAAATATTTATCCTATCC-CTTTTTCATTA
FrAxinus xAnThox GGGTTCAAGTCCCTCTATCCCCAAAAAGCCTATTTGACTCCCCAAATATTTATCCTATCC-CTTTTTCATTA
FrAxinus ornus GGGTTCAAGTCCCTCTATCCCCAAAAAGCCTATTCGACTCCCCAAATATTTATCCTATCC-CTTTTTCATTA
FrAxinus exCelsi GGGTTCAAGTCCCTCTATCCCCAAAAAGCCTATTTGACTCCCCAAATATTTATCCTATCC-CTTTTTCATTA
SyringA vulgAris GGGTTCAAGTCCCTCTATCCCCAAAAAGACTATTTGACTCCCCAAATATTTATCCCAACCGCTTTTTCATTA
OleA europAeA GGGTTCAAGTCCCTCTATCCCCAAAAAGCCTATTTGACTCCCCAAATATTTATCCTATCC-CTTTTTCATTA
f exCelsior 9 GGGTTCAAGTCCCTCTATCCCCAAAAAGCCTATTTGACTCCCCAAATATTTATCCTATCC-CTTTTTCATTA
f exCelsior 42 GGGTTCAAGTCCCTCTATCCCCAAAAAGCCTATTTGACTCCCCAAATATTTATCCTATCC-CTTTTTCATTA
f exCelsior 207 GGGTTCAAGTCCCTCTATCCCCAAAAAGCCTATTTGACTCCCCAAATATTTATCCTATCC-CTTTTTCATTA
f exCelsior 6 GGGTTCAAGTCCCTCTATCCCCAAAAAGCCTATTTGACTCCCCAAATATTTATCCTATCC-CTTTTTCATTA

InpuT dATA mATrix (ConTinued):

555555555555555555555556666666666666666666666666666666666666666666666666 
77788888888889999999999000000000011111111112222222222333333333344444444 4 

TAxon/Node 789012345678901234567890123456789012345678901234567890123456789012345678

f excelsior 8 GCGGTTCCAAATTCCTTATCTTTCTCATTCACTCTATAAACGTATTCGAGCATAAATGATTTTCTCTTCTCA
f exCelsior 91 GCGGTTCCAAATTCCTTATCTTTCTCATTCACTCTATAAACGTATTCGAGCATAAATGATTTTCTCTTCTCA
f exCelsior 100 GCGGTTCCAAATTCCTTATCTTTCTCATTCACTCTATAAACGTATTCGAGCATAAATGATTTTCTCTTCTCA
f exCelsior 5 GCGGTTCCAAATTCCTTATCTTTCTCATTCACTCTATAAACGTATTGGAGCATAAATGATTTTCTCTTCTCA
FrAxinus xAnThox GCGGTTCCAAATTCCTTATCTTTCTCATTCACTCTATAAACGTATTCGAGCATAAATGATTTTCTCTTCTCA 
FrAxinus ornus GCGGTTCCAAATTCCTTATCTTTCTCATTCACTCTATAAACGTATTCGAGCATAAATGATTTTCTCTTCTCA 
FrAxinus exCelsi GCGGTTCCAAATTCCTTATCTTTCTCATTCACTCTATAAACGTATTCGAGCATAAATGATTTTCTCTTCTCA 
SyringA vulgAris GCGGTTCCAAATTCCTTATCTTTCTCATTCACTCTATAAACGTATTTGAGCGTAAATGATTTTCTCTTCTCA 
OleA europAeA GCGGTTCCAAATTCCTTATCTTTTTCATTCACTCTATAAACGTATTTGAGCGTAAATGATTTTCTCTTCTCA
f exCelsior 9 GCGGTTCCAAATTCCTTATCTTTCTCATTCACTCTATAAACGTATTCGAGCATAAATGATTTTCTCTTCTCA
f exCelsior 42 GCGGTTCCAAATTCCTTATCTTTCTCATTCACTCTATAAACGTATTCGAGCATAAATGATTTTCTCTTCTCA
f exCelsior 207 GCGGTTCCAAATTCCTTATCTTTCTCATTCACTCTATAAACGTATTCGAGCATAAATGATTTTCTCTTCTCA
f exCelsior 6 GCGGTTCCAAATTCCTTATCTTTCTCATTCACTCTATAAACGTATTCGAGCATAAATGATTTTCTCTTCTCA

InpuT dATA mATrix (ConTinued):

666666666666666666666666666666666666666666666666666777777777777777777777
455555555556666666666777777777788888888889999999999000000000011111111112 

TAxon/Node 901234567890123456789012345678901234567890123456789012345678901234567890

f exCelsior 8 CATGTGATATATAATACACATCCAAATTAAGCAAGGAATCCCCATTTGAATAAAAAACAGTCAATATCATTA
f exCelsior 91 CATGTGATATATAATACACATCCAAATTAAGCAAGGAATCCCCATTTGAATAAT-AACAGTCAATATCATTA
f exCelsior 100 CATGTGATATATAATACACATCCAAATTAAGCAAGGAATCCCCATTTAAATAATTCACAGTCAATATCATTA



f exCelsior 5 CATGTGATATATAATACACATCCAAATTAAGCAAGGAATCCCCATTTGAAAAATTCACAGTCAATATCATTA
FrAxinus xAnThox CATGTGATATATAATACACATCCAAATTAAGCAAGGAATCCCCATTTGAATGATTCACAGTCAATATCATTA 
FrAxinus ornus CATGTGATATATAATACACATACAAATTAAGCAAGGAATCCCCATTTGAATGATTCACAGTCAATATCATTA 
FrAxinus exCelsi CATGTGATATATAATACACATCCAAATTAAGCAAGGAATCCCCATTTGAATGATTCACAGTCAATATCATTA 
SyringA vulgAris CATGTGATATATAATACACATCCAAATTAAGCAAGGAATCCCCATTTGAATGATTCACAATCAATATCATTA 
OleA europAeA CATGTGATATATAATACACATCCAAATTAAGCAAGGAATCCCCATTTGAATGATTCACAGTCAATATCATTA
f exCelsior 9 CATGTGATATATAATACACATCCAAATTAAGCAAGGAATCCCCATTTGAATGATTCACAGTCAATATCATTA
f exCelsior 42 CATGTGATATATAATACACATCCAAATTAAGCAAGGAATCCCCATTTGAATAATTCACAGTCAATATCATTA
f exCelsior 207 CATGTGATATATAATACACATCCAAATTAAGCACCCCCTCCCCATTTGAAAAATTCACAGTCAATATCATTA
f exCelsior 6 CATGTGATATATAATACACATCCAAATTAAGCAAGGAATCCCCATTTGAATGAAAAACAGTCAATATCATTA

InpuT dATA mATrix (ConTinued);

777777777777777777777777777777777777777777777777777777777777777777777777 
222222222333333333344444444445555555555666666666677777777778888888888999 

TAxon/Node 123456789012345678901234567890123456789012345678901234567890123456789012

£ exCelsior 8 CTCATACTGAAATTTACAAAGTCGTCTTTTTGAAGATCCAAGAAATTCCAGGACTTGGAGAAAACTTTGTAA
f exCelsior 91 CTCATACTGAAATTTACAAAGTCGTCTTTTTGAAGATCCAAGAAATTCCAGGACTTGGAGAAAACTTTGTAA
f exCelsior 100 CTCATACTGAAATTTACAAAGTCGTCTTTTTGAAGATCCAAGAAATTCCAGGACTTGGAGAAAACTTTGTAA
f exCelsior 5 CTCATACTGAAATTTACAAAGTCGTCTTTTTGAAGATCCAAGAAATTCCAGGACTTGGAGAAAACTTTGTAA
FrAxinus xAnThox CTCATACTGAAATTTACAAAGTCGTCTTTTTGAAGATCCAAGAAATTCCAGGACTTGGAGAAAACTTTGTAA
FrAxinus ornus CTCATACTGAAATTTACAAAGTCGTCTTTTTGAAGATCCAAGAAATTCCAGGACTTGGAGAAAACTTTGTAA
FrAxinus exCelsi CTCATACTGAAATTTACAAAGTCGTCTTTTTGAAGATCCAAGAAATTCCAGGACTTGGAGAAAACTTTGTAA
SyringA vulgAris CTCATACTGAAATTTACAAAGTCGTCTTTTTGAAGATCCAAGAAATTCCAGGACTTAGAGAAAACTTTGTAA
OleA europAeA CTCATACTGAAATTGACAAAGTCGTCTTTTTGAAGATCCAAGAAATTCCAGGACTTGGAGAAAACTTTGTAA
f exCelsior 9 CTCATACTGAAATTTACAAAGTCGTCTTTTTGAAGATCCAAGAAATTCCAGGACTTGGAGAAAACTTTGTAA
f exCelsior 42 CTCATACTGAAATTTACAAAGTCGTCTTTTTGAAGATCCAAGAAATTCCAGGACTTGGAGAAAACTTTGTAA
f exCelsior 207 CTCATACTGAAATTTACAAAGTCGTCTTTTTGAAGATCCAAGAAATTCCAGGACTTGGAGAAAACTTTGTAA
f exCelsior 6 CTCATACTGAAATTTACAAAGTCGTCTTTTTGAAGATCCAAGAAATTCCAGGACTTGGAGAAAACTTTGTAA

InpuT dATA mATrix (ConTinued):

777777788888888888888888888888888888888888888888888888888888888888888888
999999900000000001111111111222222222233333333334444444444555555555566666

TAxon/Node 345678901234567890123456789012345678901234567890123456789012345678901234

f exCelsior 8 TCCCCCCTTGTCCTTTTAATTGACATAGACCCC-AGTCAGCT-AATAAAATGAGGAAAG-A-TGTTA----
f exCelsior 91 TCCCCCCTTGTCCTTTTAATTGACATAGACCCC-AGTCGGCT-AATAAAATGAGGAAAA-AATGTTA----
f exCelsior 100 TCCCCCCTTGTCCTTTTAATTGACATAGACCCCGAGTCATCT-AATAAAATGAAGATGG-GATGTTA----
f exCelsior 5 TCCCCCCTTGTCCTTTTAATTGACATAGACCCC-AGTCATCT-AATAAAATGAAAATGG-GATGTTA----
FrAxinus xAnThox TCCCCCCTTGTCCTTTTAATTGACATAGACCCC-AGTCATCT-AATAAAATGAGGATGG-GATGTTA----
FrAxinus ornus TCCCCCCTTGTCCTTTTAATTGACATAGACCCC-AGTCATCT-AATAAAATGAGGATGG-GATGTTA----
FrAxinus exCelsi TCCCCCCTTGTCCTTTTAATTGACATAGACCCC-AGTCATCT-AATAAAATGAGGATGG-GATGTTA----
SyringA vulgAris TCCCCC-TTGTCCTTTTAATTGACATAGACCCC-AGTCATCT-AATAAAATGAGGATGG-GATGCTA----
OleA europAeA TCCCCCCTTGTCCTTTTAATTGACATAGACCCC-AGTCATCT-AATAAAATGAGGATGG-GATGTTAATGTT
f exCelsior 9 TCCCCCCTTGTCCTTTTAATTGACATAGACCCC-AGTCATCT-AATAAAATGAGGATGG-GATGTTA----
f exCelsior 42 TCCCCCCTTGTCCTTTTAATTGACATAGACCCC-AGTCGTCT-AATAAAATGAGGAAAA-GATGTTA----
f exCelsior 207 TCCCCCCTTGTCCTTTTAATTGACATAGACCCC-AGTCGTTTTAATACCATGAGAAAAAANATGTTA----
f exCelsior 6 TCCCCCCTTGTCCTTTTAATTGACATAGACCCC-AGTCAGCT-AATAAAATGAGGAAAA-AATGTTA----



InpuT dATA mATrix (ConTinued):

888888888888888888888888888888888889999999999999999999999999999999999999 
666667777777777888888888899999999990000000000111111111122222222223333333 

TAxon/Node 5678901234 56789012345678901234567890123456789012345678901234567890123456

f exCelsior 8 
f exCelsior 91 
f exCelsior 100 
f exCelsior 5 
FrAxinus xAnThox 
FrAxinus ornus 
FrAxinus exCelsi 
SyringA vulgAris 
OleA europAeA 
f exCelsior 9 
f exCelsior 42 
t exCelsior 207 
f exCelsior 6

-CATTGGGAA-GGTCGGGATANCTCCCCGGAGTAAGGGGTTCC-
-CAT-GGGAA-GGTCGGGATGGGTC------------------
-CATTGGGAA-GGGCGGGTAACCCCACCC--------------
-CATTGGGAA-GGTCGGGTTG----------------------
-CATTGGGAATGGTCGGGATAGCTCAGCTG-------------
-CATTGGGAATGGTCGGGATAGCTCAGCTG-------------
-CATTGGGAATGGTCGGGATAGCTCAGCTG-------------
-CATTGGGAATGGTCGGGATAGCTCAGCTG-------------
ACATTGGGAATGGTCGGGATAGCTCAGCTG-------------
-CATTGGGAA-GGTCGGGATAGCTCAGCGGG------------
-CATTGGGAA-GGTCGGGAGGNTTCCCCCGGA-----------
-CATTGGGAATGGGCGGGA------------------------
-CATTGGGAA-GGTCGGGT------------------------



Aligned sequences o f  matK (variable regions and primer positions indicated/

InpuT dATA mATrix:

1111111111222222222233333333334444444444555555555566666666667777 
TAxon/Node 1234567890123456789012345678901234 567890123456789012345678901234567890123

f. exCelsior  GGGTTGCCCGGGATTCGAACCCGGAACTAGTCGGATGGAGTAGATAATT
f. AngusTifoliA ----------------------- GGGTTGCCCGGGATTCGAACCCGGAACTAGTCGGATGGAGTAGATAATT
f. ornus  GGGTTGCCCGGGATTCGAACCCGGAACTAGTCGGATGGAGTAGATAATT
oleA europeA rC ------------------------------------------------------------------------
j Asminum rC AAAGGTGGAATACTCAGTTGATTTCACCCTTATTCCATATTCCATACTACATCAACATTTCAGAATAGTGTGT

InpuT dATA mATrix (ConTinued):

11111111111111111111111111111111111111111111111 
7777778888888888999999999900000000001111111111222222222233333333334444444 

TAxon/Node 45678901234567890123456789012345678901234 56789012345678901234567890123456

f. exCelsior TCCTTGTTATGTTAATTAAAGTTATGTTAATTAAATAAGGAAAAACCCCTCCCCAAGCCGTGCTTGCATTTTT
f. AngusTifoliA TCCTTGTTATGTTAATTAAAGTTATGTTAATTAAATAAGGAAAAACCCCTCCCCAAGCCGTGCTTGCATTTTT
f. ornus TACTTGTTA----AA— AAA— TAGG---- TAAA-----AAAA-TCCCTCCCCAAGCCGTGCTTGCATCTTT
oleA europeA rC --------------------------------------- AAAAACCCCTCCCCAAGCCGTGCTTGCATTTTT
j Asminum r C GGAAATCCTTTGTTCTCTCTTTGTCCATTTCATTTTGATTTATGAATTTTGCTTTCGAATTTAGGAAAAATTC

InpuT dATA mATrix (ConTinued) :

1111111111111111111111111111111111111111111111111111122222222222222222222 
4445555555555666666666677777777778888888888999999999900000000001111111111 

TAxon/Node 7890123456789012345678901234 567890123456789012345678901234567890123456789

f . exCelsior CATTGCACACGGCTTTCCCTATGTATACATC-------- ATTTCCTTTCTTATAAA-GACTTTTAA---- AA
f . AngusTifoliA CATTGCACACGGCTTTCCCTATGTATACATC------- ATTTCCTTTCTTATAAA-GACTTTTAA---- AA
f. ornus CATTGCCTACGGCTTTCCCTATGTATACATCTAACACTCAGTGCATTTCCTAGAGGGGACTCT-AATAAGAAA
OleA europeA rC CATTGCACACGGCTTTCCCTATGTATACATC------- ATTTCCTTTCTTATAAA-GACTTT-AAAAA---
j Asminum rC GATTTTCGATTCGAAACGTCCGTTTCGAAAGGAAAGGAAGAAATTATCTAAATTGAAAAAATGAGAAAGATTC

InpuT dATA mATrix (ConTinued):

2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2  

2222222222333333333344444444445555555555666666666677777777778888888888999 
TAxon/Node 01234 56789012345678901234567890123456789012345678901234567890123456789012

f. exCelsior GTTGAATACTCAGTTGATTTAACCCTTATTACATCCTACATCAACATTTCAGAATAGTGGAAATCACATTTTT
f. AngusTifoliA GTTGAATACTCAGTTGATTTAACCCTTATTACATCCTACATCAACATTTCAGAATAGTGGAAATCACATTTTT 
f. ornus GTTGAATACTTAGTCGATC-AACCCCTAT-GCTTACTGAATAAACATTTCATAATAGAAATGAATGCATTTTT
OleA europeA rC GTTGAATACTCAGTTGATTTAACCCTTATTACATACTACATCAACATTTCAGAATAGTGGAAATCACATTTTT 
j Asminum rC TATTCTTTCTATTTTAGATAAATAAAATGAAGGAATAATAAAATGAAGGAATATTATCAATATTACGTAATTT

 ̂ Highlighted regions indicate positions o f  primer sequences and variable regions. Prefix F indicates forward 
primer sequence, while R indicates reverse primer sequence.
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InpuT dATA mATrix (ConTinued):

2222222333333333333333333333333333333333333333333333333333333333333333333 
9999999000000000011111111112222222222333333333344 444444445555555555666666 

TAxon/Node 3456789012345678901234567890123456789012345678901234567890123456789012345

f. excelsior ATTTTGGTTATCTCTTCATCCATTTAATTTAGGAAAAATTTCTATTTCCAAGCTTTCAGAAT-AATTATTTAT
f. AngusTifoliA ATTTTGGTTATCTCTTCATCCATTTAATTTAGGAAAAATTTCTATTTCCAAGCTTTCAGAAT-AATTATTTAT
f. ornus  TTG-TTATCTCTTCATTCATTTAA-----GAATAAGTTCCATTTACAAGGTCTCATAACCAATCATTCAT
oleA europeA rC ATTTTG-TTATTTCTTCATCCATTTAATTTAGGAAAAATTTCTATTTCCAAGCTTTCAGAAT-AATTATTTCT 
jAsminura rC CTTAATTGATGAAGTACAGCATTTCAAAAAATTGCAGTTAAAGATTTCCAAGCCTTCAGAAT-AATTATTTCT

InpuT dATA mATrix (ConTinued):

3333333333333333333333333333333333444444444444444444444444444444444444444 
6666777777777788888888889999999999000000000011111111112222222222333333333 

TAxon/Node 678901234567890123456789012345678901234567890123456789012345678901234 5678

f. exCelsior GATTGACCAGATCATTGATACAAATAATATCCAAATACCAAATCCGACTTCTATATACTCCCCGCAAAGTGGA
f. AngusTifoliA GATTGACCAGATCATTGATACAAATAATATCCAAATACCAAATCCGACTTCTATATACTCCCCGCAAAGTGGA 
f. ornus GATTGGCCAGACCATTGATGAAAATAATATCCAAATACCAAACTCGACCTCTATATAACCTTCGCAAAGTAAA
oleA europeA rC GATTGATCAGATCATTGATACAAATAATATCCAAATACCAAATCCGACTTCTATATACTCCCCGCAAAGTGGA 
j Asminum rC GATTGACCAGATCATGGAGACAAATAATATCCAAAAACCAAATCCGACTTCGATATACTCCCCGCAACGTGGA

InpuT dATA mATrix (ConTinued):

44444444444444444444444444444444444444444444444444 44444444444555555555555 
344 4444444455555555556666666666777777777788888888889999999999000000000011 

TAxon/Node 9012345678901234567890123456789012345678901234567890123456789012345678901

f. exCelsior AGAAGCTTTTGGAAAGGTCAAAGAAAGAA-CTTGTTCTTCCGACATAA-GAAATTCTTCCAATAA-----TT
f. AngusTifoliA AGAAGCTTTTGGAAAGGTCAAAGAAAGAA-CTTGTTCTTCCGACATAA-GAAATTCTTCCAATAA-----TT
f . ornus GGAAGTTCATGGGAAGATCAAAGAAAGAAACT-CCTCTTCCTCGGTAAAGAA-TTCTTGGACGAA----- TT
OleA europeA rC AGAAGCTTTTGGGAAGGTCAAAGAAAGAA-CTTGTTCTTCCGACATAA-GAAATTCTTCCAATAA----- TT
j Asminum rC AGAAGCTTTTGGGAAGGTCAAAGAAAGAA-CTTGTTCTTCCGACATAA-GAAATTCTTCCAATAATAATAATT

InpuT dATA mATrix (ConTinued):

5555555555555555555555555555555555555555555555555555555555555555555555555 
11111111222222222233333333334 44444444455555555556666666666777777777788888 

TAxon/Node 2345678901234567890123456789012345678901234567890123456789012345678901234

f. exCelsior CCGAGCCTAATCTTTTCAAAAAAGCACGTACAGTACTTTTGTGTTTACGAGCCAAAGTTCTAGCACAAGAAAG
f. AngusTifoliA CCGAGCCTAATCTTTTCAAAAAAGCACGTACAGTACTTTTGTGTTTACGAGCCAAAGTTCTAGCACAAGAAAG 
f. ornus CCGAACCTACTTTTTTTAAAAAAGCGCGTGCAGTACTTTTGTGTTTACGGGCCAAAGTTTTAACACACGAAAG
OleA europeA rC CCGAGCCTAATTTTTTCAAAAAAGCACGTACAGTACTTTTGTGTTTCCGAGCCAAAGTTCTAGCACAAGAAAG 
j Asminum rC CCGAGCCTAATCTTTTCAAAAAAGCACGTACAGTACTTTTGTGTTTCCGAGCCAAGGTTCTAGCACAAGAAAG



In p u T  dATA m A T rix  ( C o n T in u e d ) :

5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6  

8 8 8 8 8 9 9 9 9 9 9 9 9 9 9 0 0 0 0 0 0 0 0 0 0 1 1 1 1 1 1 1 1 1 1 2 2 2 2 2 2 2 2 2 2 3 3 3 3 3 3 3 3 3 3 4 4 4 4 4 4 4 4 4 4 5 5 5 5 5 5 5 5  

T A x o n /N o d e  5 6 7 8 9 0 1 2 3 4  5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7

f . e x C e l s i o r  TCGAAGTATATACTTTATTCGATACAAACTCTTTTTTTTTTGAAGATCCGCTATGATAATGAGAAAGATTTCT

f . A n g u s T i f o l iA  TCGAAGTATATACTTTATTCGATACAAACTCTTTTTTTTTTGAAGATCCGCTATGATAATGAGAAAGATTTCT 

f . o r n u s  TCGAAGTATATATCTTATTCGATACATACTCTT-CTTTTTTGAGGATCCGCTGTAATAATGAGAAAGATTTCT

o le A  e u r o p e A  rC  TCGAAGTATATACTTTATTCGATACAAACTCTTTTTTTT-GGAAGATCCGCTATGATAATGAGAAAGATTTCT 

jA sm in u m  rC  TCGAAGTATATACTTTATTCGATACAAACTCTTTCTTTT-GGAAGATCCGCTATGATAATGAGAAAGATTTCT

In p u T  dATA m A T rix  ( C o n T in u e d ) :

6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7  

5 5 6 6 6 6 6 6 6 6 6 6 7 7 7 7 7 7 7 7 7 7 8 8 8 8 8 8 8 8 8 8 9 9 9 9 9 9 9 9 9 9 0 0 0 0 0 0 0 0 0 0 1 1 1 1 1 1 1 1 1 1 2 2 2 2 2 2 2 2 2 2 3  

T A x o n /N o d e  8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4  5 6 7 8 9 0 1 2 3 4  5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0

f . e x C e l s i o r  GCATATACGCCCAAATCGATCAATAATATCAGAATCTGATAAATCAGCCCGAACCGGCTTACTAATGGGATGC

f . A n g u s T i f o l iA  GCATATACGCCCAAATCGATCAATAATATCAGAATCTGATAAATCAGCCCGAACCGGCTTACTAATGGGATGC 

f . o r n u s  GCATATACGCAAAAATCGATTGAGAATCTCAAAATCTGATAAATCGGCCCGAGTCAGCTTACTAATGGGATGC

O leA  e u r o p e A  rC  GCATATACGCCCAAATCGATCAATAATATCAGAATCTGATAAATCAGCCCGAACCGGCTTACTAATGGGATAC 

j  A sm inum  r  C GCATATACGCCCAAATCGATCAATAATATCAGAATCTGATAAATCAGTCCGAACCAGCTTACTAATGGGATAC

In p u T  dATA m A T rix  ( C o n T in u e d ) :

7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 8 8 8 8  

3 3 3 3 3 3 3 3 3 4 4 4 4 4 4 4 4 4 4 5 5 5 5 5 5 5 5 5 5 6 6 6 6 6 6 6 6 6 6 7 7 7 7 7 7 7 7 7 7 8 8 8 8 8 8 8 8 8 8 9 9 9 9 9 9 9 9 9 9 0 0 0 0  

T A x o n /N o d e  1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4  5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3

f . e x C e l s i o r  CCTAATACGTTACAAAATTTCGCTTTAGCCAATGATCCAATCAGAGGAATAATTGGAACAAGAGTATCGAACT

f . A n g u s T i f o l iA  CCTAATACGTTACAAAATTTCGCTTTAGCCAATGATCCAATCAGAGGAATAATTGGAACAAGAGTATCGAACT 

f . o r n u s  CCTAATACGTTACAAAATTTCGCTTTAGCCAATGATCCAATCAGAGGAATAATTGGAACAAGAGTATCGAACT

o le A  e u r o p e A  rC  CCTAGTACGTTACAAAATTTCGCTTTAGCCAATGATCCAATCAGAGGAATAATTGGAACAAGAGTATCGAACT 

j  A sm inum  rC  CCTAATACGTTACAAAATTGTGCTTTAGCCAATGATCCAATCAGAGGAATAATTGGAACAAAAGTATCGAACT

In p u T  dATA m A T rix  ( C o n T in u e d ) :

8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8  

0 0 0 0 0 0 1 1 1 1 1 1 1 1 1 1 2 2 2 2 2 2 2 2 2 2 3 3 3 3 3 3 3 3 3 3 4 4 4 4 4 4 4 4 4 4 5 5 5 5 5 5 5 5 5 5 6 6 6 6 6 6 6 6 6 6 7 7 7 7 7 7 7  

T A x o n /N o d e  4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6

f . e x C e l s i o r  TCTTAATAGCATTATTGATTAGAAATGAATTTTCTAGAATTTGACTCCGTACCACTGAAGCGTTTAGTCGCAC

f . A n g u s T i f o l iA  TCTTAATAGCATTATTGATTAGAAATGAATTTTCTAGAATTTGACTCCGTACCACTGAAGCGTTTAGTCGCAC 

f . o r n u s  TCTTAATAGCATTATTGATTAGAAATGAATTTTCTAGAATTTGACTCCGTACCACTGAAGCGTTTAGTCGCAC

O leA  e u r o p e A  rC  TCTTAATAGCATTATTGATTAGAAATGAATTTTCTAGAATTTGGCTCCGTACCACTGAAGCGTTTAGTCGCAC 

j A sm inum  rC  TCTTAATAGCATTATTGATTAGAAATGAATTTTCTAGAATTTGACTCCGTATCACTGAAGCATTTAGTCGCAC



InpuT dATA mATrix (ConTinued):

8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9  

7 7 7 8 8 8 8 8 8 8 8 8 8 9 9 9 9 9 9 9 9 9 9 0 0 0 0 0 0 0 0 0 0 1 1 1 1 1 1 1 1 1 1 2 2 2 2 2 2 2 2 2 2 3 3 3 3 3 3 3 3 3 3 4 4 4 4 4 4 4 4 4 4  

T A x o n /N o d e  7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9

f . e x C e l s i o r  ACTTGAAAGATAGCCCACAAATTCAAGGGAATGATTAGATAATTGGTTTAGATAAATCCTTCTTGGATGAAAC

f . A n g u s T i f o l iA  ACTTGAAAGATAGCCCACAAATTCAAGGGAATGATTAGATAATTGGTTTAGATAAATCCTTCTTGGATGAAAC 

f . o r n u s  ACTTGAAAGATAGCCCACAAATTCAAGGGAATGATTAGATAATTGGTTTAGATAAATCCTTCTTGGATGAAAC

o le A  e u r o p e A  rC  ACTTGAAAGATAGCCCACAAATTCAAGGGAATGATTAGATAATTGGTTTAGATAAATCCTTCTTGGATGAAAC 

jA sm in u m  rC  ACTTGAAAGATAGCCCCCAAATTCAAGGAAATTCTTAGATAATTGGTTTAGATAAATCCTTCTTGGATGAAAC

In p u T  dATA m A T rix  ( C o n T in u e d ) :

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  

5 5 5 5 5 5 5 5 5 5 6 6 6 6 6 6 6 6 6 6 7 7 7 7 7 7 7 7 7 7 8 8 8 8 8 8 8 8 8 8 9 9 9 9 9 9 9 9 9 9 0 0 0 0 0 0 0 0 0 0 1 1 1 1 1 1 1 1 1 1 2 2 2  

T A x o n /N o d e  0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4  5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2

f . e x C e l s i o r  CACAGCGAAAAATAACATTGCCAAAAAGTTACAAGGTAATATTTCCATTTATTCATCAAAAGAGGCGTCCCTT

f . A n g u s T i f o l iA  CACAGCGAAAAATAACATTGCCAAAAAGTTACAAGGTAATATTTCCATTTATTCATCAAAAGAGGCGTCCCTT 

f  . o r n u s  CACAGCGAAAAATAACATTGCCAAAAAGTTACAAGGTAATATTTCCATTTATTCATCAAAAGAGGCGTCCCTT

O leA  e u r o p e A  rC  CACAGCGAAAAATAACATTGCCAAAAAGTTACAAGGTAATATTTCCATTTATTCATCAAAAGAGGCGTCCCTT 

j  A sm inum  rC  CACAGCGAAAAATAACATTGCCAAAAAGTTACAAGGTAATAGTTCCATTTAGTCATGAAAAGAGGCGTCCCTT

In p u T  dATA m A T rix  ( C o n T in u e d ) :

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  

2 2 2 2 2 2 2 3 3 3 3 3 3 3 3 3 3 4 4 4 4 4 4 4 4 4 4 5 5 5 5 5 5 5 5 5 5 6 6 6 6 6 6 6 6 6 6 7 7 7 7 7 7 7 7 7 7 8 8 8 8 8 8 8 8 8 8 9 9 9 9 9 9  

T A x o n /N o d e  3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5

f . e x C e l s i o r  TTGAAGCCAGAATTGATTTTCCTTGATACCTAACATAATGCATGAAAGGATCCTTGAACAAGCATAGATTGGT

f . A n g u s T i f o l iA  TTGAAGCCAGAATTGATTTTCCTTGATACCTAACATAATGCATGAAAGGATCCTTGAACAAGCATAGATTGGT 

f . o r n u s  TTGAAGCCAGAATTGATTTTCCTTGATACCTAACATAATGCATGAAAGGATCCTTGAACAAGCATAGATTGGT

o le A  e u r o p e A  rC  TTGAAGCCAGAATGGATTTTCCTTGATACCTAACATAATGCATGAAAGGATCCTTGAACAAGCATAGATTGGT 

j  A sm inum  rC  TTGACGCCAGAATTGATTTTCCTTGATATCTAACATAATGCATAAAAGGATCCTTGAGCAAGCATAGGTTGAT

In p u T  dATA m A T rix  ( C o n T in u e d ) :

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1  

0 0 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1  

9 9 9 9 0 0 0 0 0 0 0 0 0 0 1 1 1 1 1 1 1 1 1 1 2 2 2 2 2 2 2 2 2 2 3 3 3 3 3 3 3 3 3 3 4 4 4 4 4 4 4 4 4 4 5 5 5 5 5 5 5 5 5 5 6 6 6 6 6 6 6 6 6  

T A x o n /N o d e  6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8

f . e x C e l s i o r  CTGAAAATCCTTAACAAAGACGTCTACAAGACGTTCTATTTTTCCATAGAAATATATTCGTTCAAGAAGAGCT

f . A n g u s T i f o l iA  CTGAAAATCCTTAACAAAGACGTCTACAAGACGTTCTATTTTTCCATAGAAATATATTCGTTCAAGAAGAGCT 

f . o r n u s  CTGAAAATCCTTAACAAAGACGTCTACAAGACGTTCTATTTTTCCATAGAAATATATTCGTTCAAGAAGAGCT

O leA  e u r o p e A  rC  CTGAAAATCCTTAACAAAGACGTCTACAAGACGTTCTATTTTTCCATAGAAATAGATTCGTTCAAGAAGAGCT 

j  A sm inum  rC  CTGAAAATCCTTAAGAAAGACGTTCACAAGACGTTCTATTTTTCCATAGAAATAGATTCGTTCAAGAAGAGCC
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InpuT dATA mATrix (ConTinued):

1111111111111111111111111111111111111111111111111111111111111111111111111
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2

6 7 7 7 7 7 7 7 7 7 7 8 8 8 8 8 8 8 8 8 8 9 9 9 9 9 9 9 9 9 9 0 0 0 0 0 0 0 0 0 0 1 1 1 1 1 1 1 1 1 1 2 2 2 2 2 2 2 2 2 2 3 3 3 3 3 3 3 3 3 3 4 4

TAxon/Node 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4  5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1

f. exCelsior CCAGAAGATGTTGATCGTAAATGAGAAGATTGGTTACGTAGAAAGACGAAGATAGATTCGGATTCACATACAT
f. AngusTifoliA CCAGAAGATGTTGATCGTAAATGAGAAGATTGGTTACGTAGAAAGACGAAGATAGATTCGGATTCACATACAT
f. ornus CCAGAAGATGTTGATCGTAAATGAGAAGATTGGTTACGTAGAAAGACGAAGATAGATTCGGATTCACATACAT
oleA europeA rC CTAGAAGATGTTGATCGTAAATGAGAAGATTGGTTACGTAGAAAGACGAAAATAGATTCGTATTCACATACAT
jAsminum rC CCAGAAGATGTTGATCGTAAATGAGAAGATTGGTTACGTAGAAAGACGAAAATAGATTCGTATTCACATACAT

InpuT dATA mATrix (ConTinued):

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3

4 4 4 4 4 4 4 4 5 5 5 5 5 5 5 5 5 5 6 6 6 6 6 6 6 6 6 6 7 7 7 7 7 7 7 7 7 7 8 8 8 8 8 8 8 8 8 8 9 9 9 9 9 9 9 9 9 9 0 0 0 0 0 0 0 0 0 0 1 1 1 1 1

TAxon/Node 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4

f. exCelsior GAGAATTATATAAGAAGAAGAATAATCTTTGATTCCTTTTTGAAAAAGAAGAACTGGCTTTCTTTGGAGTAAT
f. AngusTifoliA GAGAATTATATAAGAAGAAGAATAATCTTTGATTCCTTTTTGAAAAAGAAGAACTGGCTTTCTTTGGAGTAAT
f. ornus GAGAATTATATAAGAAGAAGAATAATCTTTGAGTCCTTTTTGAAAAAGAAGAACTGGCTTTCTTTGGAGTAAT
oleA europeA rC GAGAATTATATAAGAAGAAGAATAATCTTTGATTCCTTTTTGAAAAAGAAGAACTGGCTTTCTTTGGAGTAAT
jAsminum rC GAGAATTATATAAGAAGAAGAATAATCTTTGATTCCTTTTTGAAAAAGAAGGACTGGCTTTCTTTGGAGTACT

F C P F R  A X  SInpuT dATA mATrix (ConTinued): J

lllllllllllllll/lllllllllllllllllllllllllllllllllllllllllllllllllllllllll
3 3 3 3 3 3 3 3 3 3 3 3 3 ^ 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3

1 1 1 1 1 2 2 2 2 2 2 2 ^ 2 3 3 3 3 3 3 3 3 3 3 4 4 4 4 4 4 4 4 4 4 5 5 5 5 5 5 5 5 5 5 6 6 6 6 6 6 6 6 6 6 7 7 7 7 7 7 7 7 7 7 8 8 8 8 8 8 8 8

TAxon/Node 5 6 7 8 9 0 1 2 3 4 ^ 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4  5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7

f. exCelsior AAGACTATTCCAATTACAATACTCGTGAAGAAAGAATCGTAATAAATGCAAAGAAGAGGCATCTTTTACCCAA
f. AngusTifoliA AAGACTATTCCAATTACAATACTCGTGAAGAAAGAATCGTAATAAATGCAAAGAAGAGGCATCTTTTACCCAA
f. ornus AAGACTATTCCAATTACAATACTCGTGAAGAAAGAATCGTAATAAATGCAAAGAAGAGGCATCTTTTACCCAA
oleA europeA rC AAGACTATTCCAATTACAATACTCGTGAAGAAAGAATCGTAATAAATGCAAAGAAGAGGCATCTTTTACCCAA
jAsminum rC AAGACTATTCCAATTCCAATACTCGTGAAGAAAGAATCGTAAGAAATGCAAAGAAGAGGCATCTTTTACCCAA

InpuT dATA mATrix (ConTinued):

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

3 3 3 3 3 3 3 3 3 3 3 3 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4

8 8 9 9 9 9 9 9 9 9 9 9 0 0 0 0 0 0 0 0 0 0 1 1 1 1 1 1 1 1 1 1 2 2 2 2 2 2 2 2 2 2 3 3 3 3 3 3 3 3 3 3 4 4 4 4 4 4 4 4 4 4 5 5 5 5 5 5 5 5 5 5 6

TAxon/Node 8901 23 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0

f. exCelsior TAGCGAAGAGTTTGAACCAAGATTTCCAAATGGATGGGGTGGGGTATTAGTATATCTAACACAAAATTGAAAT
f. AngusTifoliA TAGCGAAGAGTTTGAACCAAGATTTCCAAATGGATGGGGTGGGGTATTAGTATATCTAACACAAAATTGAAAT 
f. ornus TAGCGAAGAGTTTGAACCAAGATTTCCAGATGGATGGGGTGGGGTATTAGTATATCTAACACAAGATTGAAAT
OleA europeA rC TAGCGAAGAGTTTGAACCAAGATTTCCAGATGGATGGGGTGGGGTATTAGTATATCTAACACAAAATTTAAAT 
jAsminum rC CAGCGAAGAGTTTGAACCAAGATTTCCAGATGGATGGGGTGGGGTATGAGTATATCTAAGACAAAAGGGAAAT

26



InpuT dATA mATrix (ConTinued):

1111111111111111111111111111111111111111111111111111111111111111111111111 
4444444444444444444444444444444 444444445555555555555555555555555555555555 
6666666667777777777888888888899999999990000000000111111111122222222223333 

TAxon/Node 1234567890123456789012345678901234567890123456789012345678901234567890123

f. excelsior GTGAAAAATTGTCCTCTAAAAAAGGAAATATTGAATGAATTGATCGTAAATTATGAGATTTTACTATCTTTTT
f . AngusTif oliA GTGAAAAATTGTCCTCTAAAAAAGGAAATATTGAATGAATTGATCGTAAATTATGAGATTTTACTATCTTTTT 
f. ornus GTGAAAAATTGTCCTCTAAAAAAGGAAATATTGAATGAATTGATCGTAAATTATGAGATTTTACTATCTTTTT
oleA europeA rC GTGAAAAATTGTCCTCTAAAAAAGGAAATATTGAATGAATTGATCGTAAATTATGAGATTTTACTATCTTTTT 
j Asminiam rC GTGAAAAGTTATCCTCTAAAAAAGGAAATATTGAATGAATTGATCGTAAATTCTGAGATTTTACTATCTTTTT

InpuT dATA mATrix (ConTinued): RCPFRAX 5

1111111111llllllllllllllllllUl111111111111111111111111111111111111111111 
555555555555555555555555555^55555555555565555555555555555555555556666666 
3333334444444444555555555^6666666667777777777888888888899999999990000000 

TAxon/Node 456789012345678901234 56^901234 5678901234 56789012345678901234567890123456

f. exCelsior TTTTTTCCCTTCTAGAGAAAGTATTAATCGTAGAGAAAATGGAATTTCTGCAATAAATGCAAACCCCCTCTGA
f. AngusTifoliA TTTTTTCCCTTCTAGAGAAAGTATTAATCGTAGAGAAAATGGAATTTCTGCAATAAATGCAAACCCCCTCTGA 
f. ornus TTTT— CCCTTCTAGAGAAAGTATTAATCGTAGAGAAAATGGAATTTCTGCAATAAATGCAAACCCC-TCTGA
oleA europeA rC TTTTTTCCCTTCTAGAGAAAGTATTAATCGTAGAGAAAATGGAATTTCCACAATAAATGCAAACCCC-TCTGA 
jAsminum rC TTTTTCCCTTTCTAGAGAAAGTATTAATCGTAGAGAAAATGGAAGTTCCAGAATGAATGCAAACCCC-TCGGA

InpuT dATA mATrix (ConTinued): RCPFRAX 6

TAxon/Node

1111111111111111111111111111111111111111111111111111111111111111111111111
6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 jB 6 6 6 6 6 6 6 6 6

00011111111112222222222333333333344444444445555555555666666666^777777777
78901234567890123456789012345678901234567890123456789012345678J0123456789

f. exCelsior TATGATTTGAGGATACAAATTCTTGTTGCGCCCCAAAAAATTGATTTTGGTTAGAATCATTAGCAGAAATAAT
f. AngusTifoliA TATGATTTGAGGATACAAATTCTTGTTGCGCCCCAAAAAATTGATTTTGGTTAGAATCATTAGCAGAAATAAT 
f . ornus TATGATTTGAGGATACAAATTCTTGTTGCGACCCAAAAAATTGATTTTGGTTAGAATCATTAGCAGAAATAAT
OleA europeA rC TATGATTTGAGGATACAAATTCTTGTTGCGCCCCAAAAA-TGGATTTTGGTTAGAATCATTAGCAGAAATAAG 
jAsminum rC TAGAATTTGAGGATACAAATTCTTGTTGCG-CCCAAAAAATGGATTTTGGTTAGAATCATTAGAAGAAATCAA

InpuT dATA mATrix (ConTinued):

1111111111111111111111111111111111111111111111111111111111111111111111111 
6666666666666666666677777777777777777777777777777777777777777777777777777 
8888888888999999999900000000001111111111222222222233333333334444444444555 

TAxon/Node 0123456789012345678901234567890123456789012345678901234567890123456789012

f. exCelsior AAAATGATTCTGTTGATACATTCGAGTAATTAACCGTTTTACAATTAGTAAACTGGATTTATTGTCATAACCT
f. AngusTifoliA AAAATGATTCTGTTGATACATTCGAGTAATTAACCGTTTTACAATTAGTAAACTGGATTTATTGTCATAACCT 
f. ornus AAAATGATTTTGTTGATACATTCGAGTAATTAACCGTTTTACAATTAGTAAACTGGATTTATTGTCATAACCT
oleA europeA rC AAAATGATTCTGTTGATACATTTGAGTAATTAACCGTTTTACAATTAGTAAACTGGATTTATTGTCATAACCT 
jAsminum rC AAAATGATTCTGTTGATACATTCGAGTAATTAACCGTTTTACAATTAGTAAACTGGATTTATTGTCATAACCT
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InpuT dATA mATrix (ConTinued):

1111111111111111111111111111111111111111111111111111111111111111111111111 
7777777777777777777777777777777777777777777777788888888888888888888888888 
5555555666666666677777777778888888888999999999900000000001111111111222222 

TAxon/Node 345678901234567890123456789012345678901234 5678901234567890123456789012345

f. exCelsior GGATTTTCCAACAAAATCGATCTATTGAAACCCTGATCATGAGCAAGTGCATAAATATACTCCTGAAAGATAA
f. AngusTifoliA GGATTTTCCAACAAAATCGATCTATTGAAACCCTGATCATGAGCAAGTGCATAAATATACTCCTGAAAGATAA 
f. ornus GGATTTTCCAACAAAATCGATCTATTGAAACCCTGATCATGAGCAAGTGCATAAATATACTCCTGAAAGATAA
oleA europeA rC GGATTTTCCAACAAAATCCATCTATTGAAACCCTGATCATGAGCAAGTCCATAAATATACTCCTGAAAGATAA 
j Asminum rC GGATTTTCCAACAAACTGGATCTATTGAAACCCCGATCATGAGCAAGTGCATAAATATACTCCTGAAAGATAA

InpuT dATA mATrix (ConTinued):

1111111111111111111111111111111111111111111111111111111111111111111111111 
8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8  

2222333333333344444444445555555555666666666677777777778888888888999999999 
TAxon/Node 678901234567890123456789012345678901234567890123456789012346678901234 5678

f. exCelsior GTGGATATAAGAAGTCGTGTTCTTGAGATCTATCTAGCTGTAAATATCTTTGGATTTCCTCCATTTGAAATTT
f. AngusTifoliA GTGGATATAAGAAGTCGTGTTCTTGAGATCTATCTAGCTGTAAATATCTTTGGATTTCCTCCATTTGAAATTT 
f. ornus GTGGATATAAGAAATCGTGTTCTTGAGATCTATCTAGCTGTAAATATCTTTGGATTTCCTCCATTTGAAATTT
oleA europeA rC GTGGATATAAAAAGTCGTGTTGTTGAGATCTATCTAGCTGTAAATATCTTTGGATTTCCTCCAT--------
jAsminum rC GTGGATATAAAAAGTCGTGTTGTTGAGGTCTATCTAGCTGTAAATATCTTTTGATTTCCTGCATTTGAAATTG

InpuT dATA mATrix (ConTinued):

1111111111111111111111111111111111111111111111111111111111111111111111111
8999999999999999999999999999999999999999999999999999999999999999999999999 
9000000000011111111112222222222333333333344444444445555555555666666666677 

TAxon/Node 90123456789012345678901234 567890123456789012345678901234 56789012345678901

f. exCelsior GATTTGGACCAAAGTTAGAAGAATTTTGGGGGTTATCAAATGATACATAGTGCGATACAGTCAAAACAAGGTA
f. AngusTifoliA GATTTGGACCAAAGTTAGAAGAATTTTGGGGGTTATCAAATGATACATAGTGCGATACAGTCAAAACAAGGTA
f. ornus TATTTGAACCAAAGTTAGAAGAATTTTGGGGGTTATCAAATGATACATAGTGCGATACAGTCAAAACAAGGTA
OleA europeA rC ------------------------------------------------------------------------
j Asminum rC GATTTGAACCAAAGTTAGAAGA— TTTGGGGGTTCTCAAATGATACATAGTGCGATAGAGTCAAAACAAGGTA

InpuT dATA mATrix (ConTinued):

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2

9999999999999999999999999999000000000000000000000000000000000000000000000 
7777777788888888889999999999000000000011111111112222222222333333333344444 

TAxon/Node 2345678901234567890123456789012345678901234567890123456789012345678901234

f. exCelsior TTCTAGTAAGAATAGATCCCTCGGAGACAGGTAAACTTATCAACAGATTCTCTACCCTCTCTTTTTTTCATTT
f. AngusTifoliA TTCTAGTAAGAATAGATCCCTCGGAGACAGGTAAACTTATCAACAGATTCTCTACCCTCTCTTTTTTTCATTT 
f. ornus TTCTAGTAAGAATAGATACCTCGGAGACAGGTAAACTTATCAACAGATTCTCTACCCTCTCTTTTTTTCATTT
OleA europeA rC ------------------------------------------------------------------------
j Asminum rC ---------GAATAGATACCTCGGAGACAGGTAAACTTATCAACAGATTCTCTACCCTC-CTTTTT-CCATT-



InpuT dATA mATrix (ConTinued):

2 222222222222222222222222222222222222222222222222222222222222222222222222  

0000000000000000000000000000000000000000000000000000000111111111111111111  

4444455555555556666666666777777777788888888889999999999000000000011111111 
TAxon/Node 567890123456789012345678901234567890123456789012345678901234 5678901234567

f. exCelsior CATTTAATTGGTCTATGTTATAGGATAACAAGATGGTTAGAAATCTTTTATTTTTTGAACCTAATCGCTCTTT
f. AngusTifoliA CATTTAATTGGTCTATGTTATAGGATAACAAGATGGTTAGAAATCTTTTATTTTTTGAACCTAATCGCTCTTT
f. ornus CATTTAATTGGTCTATGTTATAGGATAACAAGATGGTTAGAAATCTTTTATTTTTTGAACCTAATCGCTCTTT
OleA europeA rC ------------------------------------------------------------------------
j Asminuiti rC CATTTAATTCGGCTATGTTATAGGATAACAAGATGGTTAGAAATCTTTTATTTTTTAAACCTAATCGCTCTTT

InpuT dATA mATrix (ConTinued):

2222222222222222222222222222222222222222222222222222222222222222222222222 

1111111111111111111111111111111111111111111111111111111111111111111111111 
1122222222223333333333444444444455555555556666666666777777777788888888889 

TAxon/Node 8901234567890123456789012345678901234567890123456789012345678901234567890

f. exCelsior TGATTTCGGAAAAAAACTTTCTTTATCAATATACTGCTTCTTTTACACACACATCTCCATTCCA-TAATGGAG
f. AngusTifoliA TGATTTCGGAAAAAAACTTTCTTTATCAATATACTGCTTCTTTTACACACACATCTCCATTCCA-TAATGGAG
f. ornus TGATTTCGGAAAAAAACTTTCTTTATCAATATACTGCTTCTTTTACACACACATCTCCATTCCA-TAATGGAG
oleA europeA rC ------------------------------------------------------------------------
j Asminum rC TGATTTCGGAAAAAA TCTTTATCAATATGCTCCTTCTTTTACACACACATCTCCCTTCCAATAATGGAG

InpuT dATA mATrix (ConTinued):

2222222222222222222222222222222222222222222222222222222222222222222222222 

1111111112222222222222222222222222222222222222222222222222222222222222222 

9999999990000000000111111111122222222223333333333444444444455555555556666 
TAxon/Node 1234567890123456789012345678901234567890123456789012345678901234567890123

f. exCelsior 
f. AngusTifoliA 
f. ornus 
OleA europeA rC 
jAsminum rC

AATGCCAATAGTTAGGATTCATTAAAAAAA-
AATGCCAATAGTTAGGATTCATTAAAAAAA-
AATGCCAATAGTTAGGATTCATTAAAAAAA-

TCTAGAATCCACTCATGGGGGGAGAAGCCCTTGCC
■TCTAGAATCCACTCATGGGGGGAGAAGCCCTTGCC
TCTAGAATCCACTCATGGGGGGAGAAGTCCTTGCC

AATGCCAATAGTTAGGATTCATTAAAAATGAAAAAAAAAATAGAATCCACTCATGGGGA-AGAAGTCTTTGCC

InpuT dATA mATrix (ConTinued):

2222222222222222222222222222222222222222222222222222222222222222222222222 

2222222222222222222222222222222222223333333333333333333333333333333333333 
6666667777777777888888888899999999990000000000111111111122222222223333333 

TAxon/Node 4567890123456789012345678901234567890123456789012345678901234567890123456

f. exCelsior GTATCAGGCACT-AATCTATTTTTAACGTCTAATTAGATCGGGAAATTATTCAAATTTAAGAACAGAAGCTGG
f. AngusTifoliA GTATCAGGCACT-AATCTATTTTTAACGTCTAATTAGATCGGGAAATTATTCAAATTTAAGAACAGAAGCTGG
f. ornus GTATCAGGCACT-AATCTATTTTTAACGTCTAATTAGATCGGGAAATTATTCAAATTTAAGAACAGAAGCTGG
oleA europeA rC ------------------------------------------------------------------------
j Asminum r C GTATCAGGCACTTAATCTATTTTTAACGTCTAATTAGATCGGAAAATTATTCAAATG-AAGAACAGAAGCTGG
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InpuT dATA mATrix (ConTinued):

T A x o n /N o d e

2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2  

3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 4 4 4 4 4 4 4 4 4 4  

3 3 3 4 4 4 4 4 4 4 4 4 4 5 5 5 5 5 5 5 5 5 5 6 6 6 6 6 6 6 6 6 6 7 7 7 7 7 7 7 7 7 7 8 8 8 8 8 8 8 8 8 8 9 9 9 9 9 9 9 9 9 9 0 0 0 0 0 0 0 0 0 0  

7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7  8 9 0 1 2 3 4  5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7  89

f . e x C e l s i o r  TTGCTTTTTCTTTCCCATAATTAATTGAAGCCATAG-GCCCTATCCATTTATTCATTCGACCCAACTTTTTTT

f  . A n g u s T i f  o l i A  TTGCTTTTTCTTTCCCATAATTAATTGAAGCCATAG-GCCCTATCCATTTATTCATTCGACCCAACTTTTTTT

f . o r n u s  TTGCTTTTTCTTTCCCATAATTAATTGAAGCCATAG-GCCCTATCCATTTATTCATTCGACCCAACTTTTTTT

o le A  e u r o p e A  rC  -------------------------------------------------------------------------------------------------------------------------------------------------------

j  A sm inum  rC  TTGCTTTTTCTTTCCCATAATTAATTGAAGCCATAGAGCCCTATCCATTTATTCATTCGACCCAACTTTCTTT

In p u T  dATA m A T rix  ( C o n T in u e d ) :

T A x o n /N o d e

2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2

4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4

1 1 1 1 1 1 1 1 1 1 2 2 2 2 2 2 2 2 2 2 3 3 3 3 3 3 3 3 3 3 4 4 4 4 4 4 4 4 4 4 5 5 5 5 5 5 5 5 5 5 6 6 6 6 6 6 6 6 6 6 7 7 7 7 7 7 7 7 7 7 8 8 8

0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2

f . e x C e l s i o r  TTTGTCCCGTTCCAAGAATTCGAACAGGGTTTTGTACCGATCCGATAAAAATGAAATAGACTCAGAACTCTCC

f . A n g u s T i f o l iA  TTTGTCCCGTTCCAAGAATTCGAACAGGGTTTTGTACCGATCCGATAAAAATGAAATAGACTCAGAACTCTCC

f . o r n u s  — TGTCCCGTTCCAAGAATTCGAACAGGGTTTTGTACCGATCCGATAAAAATGAAATAGACTCAGAACTCTCC

O leA  e u ro p e A  rC  -------------------------------------------------------------------------------------------------------------------------------------------------------

j  A sm inum  rC  — TGTTCCGTTCCAAGAATTCGAACAGGGTTTTGTACCAATCCGATCAAAATGGAATTGACTCAGAACTATCC

In p u T  dATA m A T rix  ( C o n T in u e d ) :

T A x o n /N o d e

2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2

4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5

8 8 8 8 8 8 8 9 9 9 9 9 9 9 9 9 9 0 0 0 0 0 0 0 0 0 0 1 1 1 1 1 1 1 1 1 1 2 2 2 2 2 2 2 2 2 2 3 3 3 3 3 3 3 3 3 3 4 4 4 4 4 4 4 4 4 4 5 5 5 5 5 5

3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5

f . e x C e l s i o r  GTTGATACGACATGCTATTTTTTCCATTCATTCCCTTTCAGGATCAGTCGCGGTCTTCAAAACTTTACCGATG

f . A n g u s T i f o l iA  GTTGATACGACATGCTATTTTTTCCATTCATTCCCTTTCAGGATCAGTCGCGGTCTTCAAAACTTTACCGATG

f . o r n u s  GTTGATACGACATGCTATTTTTTCCATTCATTCCCTTTCAGGATCAGTCGCGGTCTTCAAAACTTTACCGATG

o le A  e u r o p e A  rC  -------------------------------------------------------------------------------------------------------------------------------------------------------

j  A sm inum  rC  GTTGATACGACATGCTATTTTTTCCATTCATTCCCTTTCAGGATCAGTCGCGGTCTTTCAAACTTTACCGATG

In p u T  dATA m A T rix  ( C o n T in u e d ) :

2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2  

5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6  

5 5 5 5 6 6 6 6 6 6 6 6 6 6 7 7 7 7 7 7 7 7 7 7 8 8 8 8 8 8 8 8 8 8 9 9 9 9 9 9 9 9 9 9 0 0 0 0 0 0 0 0 0 0 1 1 1 1 1 1 1 1 1 1 2 2 2 2 2 2 2 2 2  

T A x o n /N o d e  6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8

f . e x C e l s i o r  GTATGGACGAATTCCTCGCTTCATCCAAATGTGTAAAAGATTCTAGCCGCACTTAAAAGCCGAGTACTCTACC

f . A n g u s T i f o l iA  GTATGGACGAATTCCTCGCTTCATCCAAATGTGTAAAAGATTCTAGCCGCACTTAAAAGCCGAGTACTCTACC 

f . o r n u s  GTATGGACGAATTCCTCGCTTCATCCAAATGTGTAAAAGATTCTAGCCGCACTTAAAAGCCGAGTACTCTACC

O leA  e u r o p e A  rC  -------------------------------------------------------------------------------------------------------------------------------------------------------

jA sm in u m  rC  GTATGGACGAATTCCTCGCTTCATCCAAATGTGTAAAAGATTCGAGCCGCAC--------------------------------------------
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