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Abstract

The genus Salix L. (willows, sallows and osiers) o f the Salicaceae consists of 

dioecious, catkin-bearing trees, shrubs or undershrubs with simple, nearly always alternate 

leaves. Willows are used as biofuel and biomass crops, but there is a lack o f information on 

their genetic variability. This information will be crucial to further development o f future 

commercial clones. This project aimed to investigate genetic diversity in a set o f willow 

species and in populations o f Salix caprea L. (goat willow) and Salix viminalis L. (osier). 

In particular, neutral markers (nuclear and chloroplast microsatellites) and also sequences 

from several gene fragments involved in wood formation or disease resistance were used.

Salix caprea is native to Ireland whereas S. viminalis is naturalised and often 

planted in Ireland, in particular as hybrids in short rotation coppice for biomass production. 

A total o f 274 S. caprea individuals from 21 semi-natural woodlands and 116 5'. viminalis 

individuals were sampled in Ireland. 40 Salix genotypes and commercial varieties from 

diverse species and origins were also collected at the National Botanic Gardens, Glasnevin, 

Ireland.

Foliar rust {Melampsora spp.) resistance and lignin and cellulose content are, 

among others, characters o f great interest in breeding programmes on willows for biomass 

and bioenergy. However, little is known about the levels o f  variation in wood formation 

genes or on genes related to rust resistance in Salix.

As Salix has limited genomic resources available online, the resources already 

available in Populus, the sister genus to Salix, were transferred to Salix to assess levels of 

variation within genes involved in wood formation. Eight gene regions {C3HI, C4H, 

CesAI, CesA2, Knat7, K orl, PALI and SAD) were screened from an initial set o f 27 gene 

regions and analysed in 40 Salix taxa. Alignment searches o f the resulting sequences 

against reference databases, combined with phylogenetic analyses, showed the close 

similarity o f  these Salix sequences to Populus, confirming homology o f the primer regions 

and indicating a high level o f conservation within the wood formation genes. However, all 

sequences were found to vary considerably among Salix species, mainly as SNPs. Between 

25 and 176 SNPs/kbp per gene region (in predicted exons) were discovered within Salix. 

The variation found is sizeable but not unexpected as it is based on interspecific 

comparison.

Eight gene fragments involved in wood formation and nine gene fragments 

putatively involved in rust resistance were analysed on 183 Irish S. caprea individuals and 

101 Irish S. viminalis individuals. Candidate genes were retrieved from publicly available 

databases, primers were designed for each gene, PCRs and Sanger sequencing were then 

used. Analyses o f the obtained sequences were performed using several population genetic 

approaches.
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For the wood formation genes, an average o f 2 4  SNPs/kbp was found for S. caprea 

and 18 SNPs/kbp for S. viminalis in the predicted exons. Average nucleotide diversity for 

S. caprea ( 7 i t o t = 0 . 0 1 1 7 )  was nearly two-fold greater than observed for S. viminalis 

( 7 i t o t = 0 . 0 0 6 4 ) .  Linkage disequilibrium (LD) was found to decline rapidly with distance in 

all 8 gene segments for both species. No strong population subdivision was detected with 

AMOVA and F st calculation and population structure was low, both with PCoA and 

STRUCTURE analyses, particularly for S. caprea. An upstream selective pressure was 

observed for the genes involved in the lignin biosynthesis pathway.

In the putative rust resistance genes, only 3/9 amplicons gave suitable reads 

{ A E P y i ,  HT_¥2 and HT_F3). More variation was found than in the lignocellulose genes 

and average nucleotide diversity was slightly higher for both species. LD extended a bit 

further in S. caprea than in S. viminalis. Again, no strong population/groups subdivision or 

structure was detected with the different analyses (AMOVA, F $t, PCoA, STRUCTURE). 

High levels o f genetic variation were observed, but further analyses should be undertaken 

to infer the functions o f the studied genes in Salix.

Eight chloroplast and 6 nuclear microsatellite markers were genotyped in 183 Irish 

S. caprea individuals and 116 Irish S. viminalis individuals. All S. caprea individuals 

studied displayed a high level o f SSR allelic variation and a high number o f haplotypes (79 

cpSSR vs. 286 nuclear SSR haplotypes) was found within and among populations. 

However, a few individuals were found to have the same haplotypes, possibly 

demonstrating clonal samples or introgressed hybrids as S. caprea is recalcitrant to 

vegetative propagation. The Gst o f populations was pronounced for the cpSSRs (0.38 on 

average) but quite low for the nuclear microsatellites (0.07 on average). AMOVA results 

for the chloroplast SSRs study showed that most o f the variation was within populations 

(63 and 70% depending on the distance measure). For the nuclear SSR study, however, the 

variation was different depending on the method used. Population structure and 

differentiation analyses, as well as IBD tests and UPGMA trees were in accordance and 

showed low levels o f geographical structuring o f variation.

Salix viminalis was found to be less variable than S. caprea in the SSR analyses and 

37 individuals were found to share the same haplotype with at least one other individual, 

possibly showing that they are clonal. Relatively high values o f observed heterozygosity 

and gene diversity were detected for S. viminalis individuals. Again, low levels of 

geographical structuring o f variation were shown using different methods (IBD, PCoA, 

STRUCTURE).

The data are consistent with the outbreeding nature o f Salix and that gene flow 

(both pollen and seed mediated) is expected to be strong within Ireland for S. caprea and S. 

viminalis. There is a wealth o f genetic variation within Salix that is as yet untapped and a 

wide genetic base is available for potential breeding programmes.
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Chapter 1. General Introduction

1.1. G eneral in troduction  to w illow

1.1.1. Overview of the genus

The genus Salix L. (willows, sallows and osiers) belongs to the Salicaceae family, 

along with Populus L. (poplars, cottonwoods and aspens). This family consists of 

dioecious, catkin-bearing trees, shrubs or undershrubs with simple, nearly always alternate 

leaves (Meikle, 1984). Although traditional classification placed only Populus and Salix in 

the family Salicaceae, similarities in the anatomy and plastid DNA evidence suggest a 

common ancestry between the tropical family Flacourtiaceae and the Salicaceae (Chase et 

al., 2002). The Angiosperm Phylogeny Group (2003), therefore, recommended that some 

genera in the Flacourtiaceae be included in the Salicaceae, and this proposal has gained 

acceptance.

The basic chromosome number is 19, and most Salix species are diploid (2n=38), 

but ploidy levels up to dodecaploid (12n=228) have been reported (Suda and Argus, 1968). 

DNA content is estimated to be between 0.76 and 0.98 pg per diploid nucleus in some 

willow species based on flow cytometry (Thibault, 1998). Most willows can easily 

propagate from hardwood cuttings, although some species are not good rooters e.g., S. 

caprea L. and S. scouleriana Barratt (Dickmann and Kuzovkina, 2008, Liesebach and 

Naujoks, 2004). Salix flowers are predominantly insect-pollinated, but wind-pollination 

also occurs (Argus, 1974). Their seeds are small (0.8-3.0 mm) and have limited longevity 

(Dickmann and Kuzovkina, 2008).

With between 330 and 500 taxa worldwide depending on taxonomists, Salix is a 

large genus. Willows occur mainly in the Northern Hemisphere and are tolerant o f a wide 

range o f climates. They are predominant in temperate and arctic zones but are also found in 

the subtropics and tropics (Dickmann and Kuzovkina, 2008). Their centre o f abundance is 

in China, where there are about 275 species, 189 o f which are endemic, and in the former 

Soviet Union, where there are about 120 species (Dickmann and Kuzovkina, 2008, 

Skvortsov, 1999). There are 102 species in the Americas and 65 species in Europe. The 

genus also occurs in Japan, Africa, the Middle East and India. In Australia and Oceania, 

they are introduced and are considered as weeds (Argus, 1999).

Salix is a taxonomically difficult and confusing plant genus in terms o f species 

distinction and taxonomic certainty. A major contributor to the taxonomic confusion is the
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extrem ely high degree o f  infraspecific variability and the fact that Salix is dioecious. 

Furtherm ore, the phenology o f flowers and leaves is asynchronous m aking observation o f 

all im portant traits at one tim e and on one plant impossible. Phenotypic variability due to 

developm ental stage and site conditions complicate further the identification. Because o f 

this, no worldwide classification system is currently available (Dickmann and Kuzovkina, 

2008). However, authoritative references and treatm ents on willows exist, and the m ost 

com plete and updated m onograph for Europe is from Skvortsov (Skvortsov, 1968, 

Skvortsov, 1999). Three subgenera (Salix, Chamaetia Nasarov and Vetrix Dum ortier) and 

26 sections are recognized in Eurasia (including Russia, Europe, Asia M inor, W est and 

Northeast China, M ongolia and North Korea) (Skvortsov, 1999, Skvortsov, 1968). 

Subgenus Salix ( ‘true w illow s’) is comprised o f  trees and large shrubs; subgenus Vetrix 

( ‘osiers and sallow s’) is com posed o f  shrubs and small trees and subgenus Chamaetia o f 

dwarf, creeping, Arctic or m ountain shrubs (Newsholme, 1992).

Nine species are native to Ireland {S. aurita L., S. caprea  L., S. cinerea L., S. 

herbacea  L., S. m yrsimfolia  Salisb., S. pentandra  L., S. phylicifolia  L., S. purpurea  L. and 

S. repens L.) (Preston et al., 2002) but the presence o f num erous alien species and 18 

hybrids have also been recorded (including m ultiple hybrids with com plex parentage) 

(Parnell and Curtis, 2012).

1.1.2. Salix caprea L.

Salix caprea, the goat willow , is a tall shrub or small tree, which grows up to 15 m 

high (D ickm ann and Kuzovkina, 2008). Its leaves are oval-oblong or nearly round, 5-12 

cm long, 2.5-8 cm wide, dull green and ashy-grey and pubescent below. The catkins appear 

before the leaves in M arch and April and they are wide, erect and stout. The capsules are 

up to 10 mm long and 2 mm wide. The seeds are small and light, bearing a cottony coma 

(Figure 1.1.1) (M eikle, 1984, Parnell and Curtis, 2012).

Salix caprea  is usually the first o f  the indigenous willow s to flower and is generally 

easy to recognize. How ever, the frequency o f  hybrids, especially with S. cinerea L. ssp. 

oleifolia {S. ^reichardtii Kern.), can com plicate the identification o f this species. Back- 

crosses o f  hybrids with either parent are quite com m on, and the specimens collected often 

show interm ediate characteristics betw een the two species (M eikle, 1984). O ther hybrids 

have been recorded in Ireland, S. ^calodendron W im m. {S. caprea  x S. cinerea x S. 

viminalis), S. ^sericans Tausch ex Kcm . (S. caprea  x S. viminalis), S. xcapreola  Kern, ex
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Andersson {S. caprea  x S. aurita) and S. xstipularis Sm. (S. aurita  x S. caprea  x S. 

vim inalis) (M eikle, 1984, Pam ell and Curtis, 2012, Preston et al., 2002).

Salix caprea  grows on well-drained soils, often in open woodland and wood 

margins, dry m eadows, hedgerows and roadsides, on rocky lake shores and stream  sides 

but avoiding the saturated soils o f  wetlands. It is an invader o f  disturbed sites and colonises 

waste ground. It is m ore tolerant o f dry situations than other Salix  species and seems to 

prefer calcareous soils. It can occur at altitudes o f up to 760 m (Breadalbanes m ountains, 

Scotland, UK) but it is m ostly found in lowlands (M eikle, 1984, Preston et al., 2002, 

Dickmann and Kuzovkina, 2008). This species is native to Great Britain and Ireland where 

it is locally com m on and it is also w idely distributed in Europe and western Asia, to China 

and Japan (M ap 1.1.1) (Skvortsov, 1999).

Figure 1.1.1 Botanical characteristics of Salix caprea. From Thome (1885)

Key:

A-twig with male (staminate) catkins in anthesis 

B-twig with female (pistillate) catkin in anthesis 

C-vegetative twig showing mature leaves and 

stipules

D-expanding floral buds, single bud scale

1-male flower

2-female flower

3-immature capsule

4-dehiscing two valved capsule

5-seed with cottony coma

Map 1.1.1 Distribution of 5. caprea (continuous line and triangles). From Skvortsov (1999)
150 ISO
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1.1.3. Salix viminalis L.

Salix viminalis, common osier or basket willow, is a tall shrub or multi-stemmed 

tree which grows up to 10 m high, with long, slender and flexible twigs (Figure 1.1.2). Its 

leaves are up to 20 cm long, 0.5-1.5 cm wide, with narrowly recurved margins, and are dull 

green above and silvery pubescent below. The catkins appear before the leaves in late 

February, March or early April, they are densely sericeous and erect. The capsules are up 

to 6 mm long, 2 mm wide and the seeds are very small and light, with very short viability 

(Meikle, 1984, Dickmann and Kuzovkina, 2008, Parnell and Curtis, 2012).

One o f the favourite species with basket-makers, S. viminalis is vigorous and hardy, 

producing straight and flexible shoots up to 4 m in length. It is mainly used for biomass 

production but also for the consolidation o f banks and dikes, and for timber and 

reforestation (Dickmann and Kuzovkina, 2008).

It can hybridize freely with many species, and 8 hybrids have been recorded in 

Ireland, e.g. S. ^calodendron Wimm. {S. caprea x S. cinerea x S. viminalis), S. ^fruticosa 

Doll {S. aurita x S. viminalis), S. ^sericans Tausch ex Kern. (S. caprea x S. viminalis), S. 

^smithiana Willd. {S. cinerea x S. viminalis), S. ^forbyana  Sm. {S. cinerea x S. purpurea 

X S. viminalis), S. >^ruhra Huds. (5'. purpurea x S. viminalis), S. ^mollissima Hoffm. ex 

Elwert {S. triandra L. x S. viminalis) and S. ^stipularis Sm. {S. aurita x S. caprea x S. 

viminalis) (Meikle, 1984, Parnell and Curtis, 2012).

This species is one o f the commonest of the willows found in Ireland and Great 

Britain, but it is often planted, or an escape or a relic o f cultivation. It is naturally occurring 

over wide regions in Eurasia (Map 1.1.2) except the Far East (Meikle, 1984) but it is 

widely naturalised outside this range (Preston et al., 2002). Salix viminalis grows in damp 

places along river banks, in marshes and fens, ditches, and on sandy soils with sufficient 

moisture (Preston et al., 2002, Dickmann and Kuzovkina, 2008).

4



Figure 1.1.2 Botanical characteristics o f  Salix viminalis. From Thome (1885)

A-twig with male (staminate) catkins in anthesis 

B-twig with female (pistillate) catkin in anthesis 

C-young leaves

D-vegetative twig showing mature leaves and 

stipules 

1 -male flower

2-female flower

3-dehiscing two valved capsule

4-seed with cottony coma

5-mature seed

Map 1.1.2 Distribution o f 5. viminalis (continuous line and triangles). From Skvortsov
(1999)
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1.2. Breeding programmes and characters o f interest 

1.2.1. Short Rotation Coppice

B iom ass is considered  an im portan t source o f  renew able energy  w ith  applications 

in both  heating  and pow er. W oody  b iom ass is expected  to be a m ajo r con tribu to r to 

ach iev ing  Ire lan d ’s renew able energy  targets (W ickham  et al., 2010). T he R enew able
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Energy Directive (2009/28/EC) has set a target for 16% of final energy from renewables 

for 2020 (Wickham et al., 2010).

Willow has many advantages as a biomass crop: ease o f propagation, fast growth in 

short rotation coppice (SRC) cycles with only minimal fertilizer inputs. In SRC, small stem 

cuttings are planted in spring at high densities (current commercial practice: 16,500 

cuttings/ha to give a final established crop o f 15,000/ha) and after the first year’s growth, 

the stems are cut back once the leaves have fallen (Caslin et al., 2010). Following cutback, 

the coppice enters its cropping cycle of between two and four years. At harvest, the 

coppice will have attained a maximum height o f 7-8m. The SRC cycle is continued for 

around 20-25 years (Caslin et al., 2010). SRC has now been adopted in many countries, 

especially in Northern Europe, North America, India, New Zealand and Japan (Karp et a l , 

2 0 1 1 ).

Average commercial yields o f 8-10 oven dry tonnes per hectare per year (odt/ha/yr) 

are attainable in Europe. Trials in the UK have shown that up to 15-18 odt/ha/yr can be 

achieved under certain conditions (Wickham et al., 2010).

1.2.2. Breeding programmes in Europe

Current willow breeding programmes aim to produce high-yielding, high calorific 

content, disease and pest resistant varieties that are suitable for commercial planting and 

harvesting machinery (Wickham et al., 2010). The main species used is Salix vitninalis and 

its clones. This species is favoured for SRC because it grows fast, coppices well and 

maintains a good growth form (Pei et al., 2008). Other species are also used such as S. 

dasyclados Wimm., S. caprea L., S. rehderiana C.K. Schneid., S. udensis Trautv., S. 

schwerinii E.L. Wolf, S. discolor Muhl. and S. aegyptiaca L. (Wickham et al., 2010).

In Europe, the main willow breeding programmes are located in Sweden and the 

UK. The Swedish breeding program, initiated in 1987 by Svalof Weibull AB (now 

Lantmannen) developed many improved varieties such as Bjom (now removed from the 

market), Tora and Torhild. The infancy o f the UK program released two varieties, Ashton 

Stott and Ashton Parfitt which were discontinued due to a high suscepfibility to disease 

(Caslin et al., 2012).

In 1996, the UK and Sweden combined efforts to form the European Willow 

Breeding Partnership (EWBP) and seven varieties were released, among which four 

(Beagle, Resolution, Endeavour, Terra Nova) are still on the market and three (Quest, 

Discovery, Nimrod) were removed due to low yields, planting/harvesting or multiplication
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issues (Caslin et al., 2012). The EWBP was dissolved in 2002 and breeding now continues 

separately in Sweden and in the UK. A number o f varieties are currently being released, 

including Meteor, Advance, Roth Cotswold, Roth Chiltem, Lisa, Klara, Dimetrios or 

Endurance (Caslin et al., 2012).

1.2.3. Characters of interest

1.2.3.1. Yield

Yield is a complex trait, especially in SRC willow where not only is the crop 

perennial but it is also grown in 2-3 year cycles (Karp et al., 2011). Commercial variety 

genetics, environment factors as well as the length o f rotation and the density at which the 

cuttings are planted are important factors determining the yield (Karp et al., 2011). 

Mapping o f QTLs is slowly beginning to unravel some o f the component traits 

contributing to biomass yield. Although it is a complex process, genes with major effects 

are being detected (Ronnberg-Wastljung and Gullberg, 1999, Tsarouhas et al., 2002, 

Tsarouhas et al., 2003). Genetic variation in number o f sylleptic shoots, wood density, dry 

matter content, flower production, bud break, growth cessation, insect susceptibility and 

rust susceptibility, was shown to be highly additive in an 8 x 8 factorial cross of -S. 

viminalis for all characters studied (Ronnberg-Wastljung and Gullberg, 1999). Eleven 

QTLs affecting growth-related traits were identified in a {S. viminalis x S. schwerinii) x S. 

viminalis mapping family, with the estimated magnitude o f the QTL effect ranged from 14 

to 22% of the total phenotypic variance (Tsarouhas et al., 2002). Four QTLs affecting bud 

flush were also detected but these did not coincide with QTLs controlling height growth 

(Tsarouhas et al., 2003).

1.2.3.2. Lignin and cellulose content

In terms o f using willow biomass for bioenergy and biofuels it is important to 

consider both the total yield and the composition o f the biomass in relation to different 

energy conversion technologies. Compared with annual and perennial grasses (e.g. wheat 

straw and Miscanthus spp.), willow biomass has generally a higher content o f lignin, lower 

cellulose and hemicellulose contents, a higher energy value and lower ash content (Karp 

and Shield, 2008) which favour willow biomass for combustion, pyrolysis and gasification 

but suggest it is less favourable for conversion to biofuels via fermentation.
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In SRC willow, high lignin content is desirable for wood chip production in order 

to get a high calorific value whereas low lignin content and high cellulose content is 

favoured for pulp production (Lindegaard, 2011).

Cellulose and lignin are the two most abundant natural products on Earth (Boerjan 

et al., 2003). The enzymes and processes o f the lignin and cellulose biosynthesis pathways 

are well characterized (Joshi and Mansfield, 2007, Novaes et al., 2010, Umezawa, 2010, 

Weng and Chappie, 2010). Lignin and cellulose play many roles in development o f the 

plant and in resistance to biotic and abiotic stress like defence against pathogens or 

mechanical protection, and they are important to industry and agriculture (Bessueille and 

Bulone, 2008, Humphreys and Chappie, 2002).

1.2.3.3. Disease and pest resistance

Willows are attractive hosts to many insect pests, particularly the blue and brassy 

willow beetles {Phyllodecta vulgatissima L. and P. vitellinae L. respectively) and the gall 

midges {Rhahdophaga rosaria H. Loew) that are particularly important in Europe. Other 

pests include the giant willow aphid {Tuherolachnus salignus Gmelin), potato leafhopper 

{Empoascafahae Harris) and sawfly larvae {Nematus spp.) (Karp et al., 2011).

By far the most serious disease in willow is foliar rust, caused by Melampsora spp. 

Rust can reduce yields dramatically and also weaken the plant making it the target of 

secondary pathogens, leading to the possible complete crop failure (Pei et al., 2005). 

Several species o f Melampsora occur on willow and Melampsora epitea Thiim., M. 

capraearum  Thiim. and M. rihesii-viminalis Kleb. were found on shrub willows grown for 

renewable energy in the UK (Pei et al., 1999b) but the most widespread and destructive 

species is M. larici-epitea Kleb. which alternates on larch {Larix spp.) (Pei et al., 2004).

Melampsora larici-epitea has five spore stages (Figure 1.2.1) and is highly 

specialized in its pathogenicity to willow hosts (Pei et al., 1999a, Pei et al., 1993).

For low-input crop systems, such as SRC willow, one o f the most desirable options 

in disease management is breeding improved willows for rust resistance. The first step 

towards selection is to identify useful sources o f resistance in the germplasm. Salix 

viminalis can be highly susceptible to rust (Pei et al., 1999b, Pei et al., 2004) but far 

Eastern species such as S. udensis and S. schwerinii appear to be highly resistant to 

Melampsora rusts in Europe (Pei et al., 1996, Pei et al., 2004). Two Swedish varieties 

‘Tora’ and ‘B jom ’, which are both FI hybrids o f 5. schwerinii x S. viminalis, have been 

free o f rust for the past two decades (Karp et al., 2011).
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However, rust resistances can be overcome by the pathogen (Pei et al., 2005) so it 

is essential to identify diverse genes conferring resistance against pathotypes for the long 

term success of willow as a biomass crop (Karp et al., 2011). The genetic mapping of 

resistance loci for Melampsora rusts in Salix has been the focus o f several studies (Hanley 

et al., 2002, Hanley et al., 2006, Ronnberg-Wastljung et al., 2008, Berlin et al., 2010, 

Hanley et al., 2011, Samils et al., 2011) and some specific QTLs have been identified 

(Hanley et al., 2011, Samils et al., 2011). However, more research is needed to identify the 

genes behind the resistance and characterise their variation.

Figure 1.2.1 The life cycle o f  M elam psora larici-epitea. Adapted from Ciszewska-Marciniak and
J^dryczka (2011)
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1.2.3.4. Other characters o f interest

To reduce competition with food producing agricultural land, SRC willow crops are 

to be targeted more and more towards ‘marginal’ lands where nutrients and water may be 

limited. Under these conditions, stress tolerance and resource-use efficiency are important 

traits to breed for. In particular, nitrogen use efficiency (Weih and Nordh, 2002) and water 

use efficiency (Linderson et al., 2007, Weih and Nordh, 2002) have been studied in field- 

grown willow clones.
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Rem obilization o f  resources during the perennial cycle is also an im portant trait in 

genetic im provem ent because a balance is needed between m axim um  yield achievable and 

also resources needed for growth during the next SRC rotation (Kaip and Shield, 2008). 

Rootability and the root system are crucial in term s o f  resource use and they were 

investigated in the cultivar ‘O lo f  (Pitre et al., 2010).

W illow is known to be an effective natural filter in reducing run-off o f  nutrients 

from agricultural land and in phytorem ediation o f pollutants (e.g. heavy m etals and landfill 

leachate) (Jones et al., 2006). O ther characters o f  interest include varieties with straight 

stems, high num ber o f  shoots/stem s, no side branches, high dry m atter, tolerant to 

stress/frost, low ash content and which provide consistent yield in m ixtures (Lindegaard, 

2011).

1.3. Molecular markers

Genetic m arkers have been described as ‘heritable characters with m ultiple states at 

each character’ (Sunnucks, 2000). M arkers can be classified as being dom inant or co

dom inant. Dom inant m arkers are detected as either present or absent and do not distinguish 

between hom ozygous and heterozygous states. Co-dom inant m arkers have the ability to 

detect hom ologous alleles at a particular locus and hence the ability to better study 

heterozygosity m aking co-dom inant data generally more precise for several applications in 

population genetics (Freeland et al., 2011). Their main advantages for population biology 

are that:

1) They are assayable by PCR which allows using only tiny amounts o f even 

degraded DNA (Sunnucks, 2000),

2) They offer comparability: am plification o f hom ologous regions in different 

organism s and between different studies (Sunnucks, 2000), and

3) They can unravel past and current population genetic/breeding events, as well as 

dem ographic trends, and can detect loci affected by natural selection (Sunnucks, 2000). 

Their main drawback is that they can be quite costly in both tim e and m oney and a certain 

level o f  skill is needed for m arker analysis (Freeland et al., 2011).

Single N ucleotide Polym orphism s, or SNPs, refer to single base pair positions 

along a DNA sequence that vary betw een individuals (Freeland et al., 2011). They are 

often biallelic, i.e. two possible nucleotides at a given locus. The m ethod o f SNP detection 

includes DNA sequencing and com parison o f  the sites that are polym orphic between 

individuals, which are then used to genetically characterize individuals and also
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populations. They are usually very frequent within given genomes, which makes up for 

their rather low diversity at any one SNP locus (Freeland et al., 2011). Although the cost of 

traditional Sanger sequencing to discover SNPs is still high, there are many “next 

generation” technologies that are reducing the cost and increasing the accuracy o f SNP 

detection in non-model species (Nielsen et al., 2011).

Microsatellite markers or Simple Sequence Repeats (SSRs) are tandem repeats of 

DNA o f 1-6 bp. They are described in more detail in Chapter 6.

Both SNP and SSR marker systems were used in this thesis as they are co-dominant 

and allow data comparison between different studies (Table 1.3.1). Moreover, in a study on 

maize, SSR markers were found to be more informative than AFLPs’, RAPDs^ or RFLPs^ 

(Pejic et al., 1998).

Table 1.3.1 Comparison o f  molecular techniques used to estimate the genetic diversity among
samples

Genetic marker RFLPs SNPs M icrosatellites RAPDs AFLPs

Co-dominant Yes Yes Yes No No

Development time Moderate High High Low Moderate

Cost Low High Moderate Low Moderate

Comparison o f  data between studies Low Yes Yes Low Low

Suitability for inferring evolutionary 

relationships
Low High Low Low Low

Overall variability Moderate High Very Hieh High High

' AFLP: A m plified Fragment Length Polymorphism  
 ̂ RAPD: Random Am plified Polymorphic D N A  
 ̂ RFLP: Restriction Fragment Length Polymorphism

1 1



1.4. General aims of the thesis

The overall objective o f this project was to characterise the diversity o f a set o f Salix 

species held at the National Botanic Gardens, Glasnevin and o f natural populations o f Salix 

caprea (goat willow) and Salix viminalis (osier) in Ireland using molecular genetic 

markers. More specifically, the objectives o f this thesis were to:

1) Test the utility o f Populus derived primers for amplification and sequencing o f 

orthologous gene regions in a sample o f Salix species (Chapter 3).

2) Quantify variation in genes involved in wood formation among a sample o f Salix 

species (Chapter 3).

3) Describe the diversity in several ligno-cellulosic genes in natural Irish S. caprea 

and S. viminalis samples and populations (Chapter 4).

4) Describe the diversity in several genes related to rust resistance in natural Irish S. 

caprea and S. viminalis samples and populations (Chapter 5).

5) Determine the levels o f diversity and population genetic structure in natural Irish 

populations o f Salix caprea and S. viminalis (Chapter 4, 5, 6, 7).

6) Compare S. caprea and S. viminalis in terms o f diversity and population genetic 

structure (Chapter 4, 5 and 8).

7) Describe nuclear DNA and cpDNA allelic and haplotypic diversity in natural 

Irish S. caprea and S. viminalis (Chapter 6 and 7).

8) Determine the extent o f gene flow and sexual reproduction in the two species 

(Chapter 6 and 7).

One peer-reviewed publication has been published in 'Biotechnology for Biofuels' journal 

and this paper has been inserted in this thesis as Chapter 3 (Perdereau et al., 2013). Other 

papers are in preparation and are listed in the final discussion chapter 8.
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Chapter 2. Description of the sampling sites for the natural populations 

of Salix caprea and Salix viminalis.

2.1. Introduction

2.1.1. Salix caprea sampling

Salix caprea, which is a species native to Ireland (Preston et al., 2002), was 

sampled in semi-natural woodlands, being defined hereafter as “woodlands which 

resemble the natural woodland cover, dominated by native trees but altered by human 

activity. Stands originating from previous planting may be termed semi-natural if they are 

now regenerating naturally, as may stands which were formerly coppiced” (Forest Service, 

2 0 0 1 ).

Ireland is one of the least wooded countries in Europe with approximately 10% of 

land covered by forests. However 80,000 hectares or about one percent of Ireland’s land 

area is native woodland with the rest being non-native coniferous trees (Forest Service,

2007).

In order to find sites suitable for study in this thesis, the herbarium specimens in 

Trinity College Dublin and in the National Botanic Gardens in Glasnevin, Dublin were 

examined for site location information. The native woodland survey database (Perrin et al.,

2008) was also checked.

During the summers o f 2010 and 2011, samples o f leaves o f natural populations of 

Salix caprea across Ireland were collected. 274 individuals from 21 sites in counties 

Cavan, Clare, Fermanagh, Galway, Laois, Leitrim, Longford, Mayo, Meath, Offaly, 

Roscommon, Tipperary, Waterford, Westmeath and Wicklow were sampled (Map 2.1.1). 

Between 7 and 23 individuals were collected per site (Table 2.1.1). The collection 

consisted o f taking a few leaves from each tree, young green leaves if  possible, and storing 

them in a small plastic bag containing silica gel (Chase and Hills, 1991). The distinction of 

Salix caprea from other willows is relatively clear. For correct identification in the field, 

Meikle (1984) and Webb et al., (1996) were used.

The location o f the trees was recorded using a Magellan Meridian Global 

Positioning System (GPS) navigation device (Irish Grid coordinates). When possible, the 

girth at chest height o f each tree was also recorded. The samples are listed in Appendix 

9.1.
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Map 2.1.1 Sites for the natural populations of S. caprea modified from Dalet (2012)
50 km

ileandReilmwoo^

Westport

St John’s wood Rcynella

Annaghdown

0  Slieve C arrsi 

®  Gortlecka

KilcokeBrownstown

Usmore

Table 2.1.1 List of the collection sites and number of samples taken at each site

Date Location Code
Number of 

samples
26/05/2011 Annaghdown Co. Galway ANNA 16
20/07/2010 Ardmomey Co. Westmeath ARDMO 15
10/06/2010 Ardsallagh Co. Meath ARD 15
30/09/2010 Brownstown Co. Offaly BROW 20
17/05/2011 Charleville Co. Offaly CHAR 9
13/09/2010 Corratober Co. Cavan CORR 9
29/06/2011 Derrinrush Co. Mayo DERR 11
12/08/2011 Gole wood C O . Fermanagh GOLE 7
27/05/2011 Gortlecka Co. Clare GORT 8
14/09/2010 Keelrin Co. Leitrim KEEL 19
30/09/2010 Kilcoke Co. Laois KILC 9
04/10/2011 Killough hill co. Tipperary HILL 9
13/09/2010 Larkfield Co. Longford LARK 14
04/10/2011 Lismore co. Waterford LISM 10
28/06/2011 Oakfield Co. Galway OAK 15
22/06/2010 Onagh Co. Wicklow ONA 16
12/08/2011 Reilly wood co. Fermanagh REIL 11
20/07/2010 Reynella house Co. Westmeath REY 23
26/05/2011 Slievecarron Co. Clare SLIE 12
14/06/2011 St John’s wood Co. Roscommon JOHN 16
29/06/2011 Westport Co. Mayo WEST 10
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2.1.2, Salix viminalis sampling

Salix viminalis is a species alien to Ireland, and it is likely that the wild specimens 

are escapes or relics o f cultivation (Meikle, 1984). Salix viminalis is one o f the least 

variable o f the willows (although parents o f numerous complex hybrids) that grow in 

Ireland and one o f the most common (Meikle, 1984). It can regenerate through vegetative 

propagation (Ronnberg-Wastljung, 2001), so the trees were sampled far from each other.

From 1993 to 1997 and during the summers o f 2010 and 2011, leaf samples o f 

natural S. viminalis were collected across Ireland. Between one and 23 individuals were 

collected per site. The collection consisted o f taking a few leaves from each tree, young 

green leaves if possible, and storing them in a small plastic bag containing silica gel. 

Cuttings were also collected. 116 5”. viminalis individuals were sampled from 78 sites in 

counties Antrim, Armagh, Cavan, Clare, Cork, Donegal, Down, Fermanagh, Galway, 

Kerry, Kildare, Leitrim, Limerick, Londonderry, Louth, Mayo, Meath, Monaghan, Offaly, 

Roscommon, Sligo, Tipperary, Tyrone, Waterford and Wexford.

2.2. Description o f the sam pling sites for the natural populations o f Salix  

caprea

2.2.1. Annaghdown, Co. Galway

This site is situated north o f Galway off the N84 road along Lough Corrib. The map 

grid reference is IM 527964 738619 using the Irish Grid network (Map 2.2.1). This semi

natural woodland is composed o f ash {Fraxinus excelsior L.), oak {Quercus spp.), hazel 

{Corylus avellana L.). The bedrock o f this woodland is a marine shelf facies, composed of 

limestone and calcareous shale (Geological survey o f Ireland, 2009). Sixteen S. caprea 

were collected on the 26/05/11 (See Map 2.2.2). A description o f them is given in 

Appendix 9.1.
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Map 2.2.1 Overview o f the Annaghdown, Co. Galway woodland (modified from Ordnance Survey
Ireland, 2012)
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Map 2.2.2 Location o f the collected trees from Annaghdown, Co. Galway (modified from
Ordnance Survey Ireland, 2012)
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2.2.2. Ardmorney, Co. Westmeath

This site is located off the R446 between Kilbeggan and Tyrrellspass. The map grid 

reference using the Irish Grid network is IN 635972 737593 (Map 2.2.3). This stretched 

and narrow woodland is located on an esker and composed of hawthorn {Crataegus 

monogyna Jacq.), oak trees and elm trees (Ulmus spp.). Many S. caprea were discovered 

along the main path. The bedrock of this woodland is a marine shelf facies, composed of 

limestone and calcareous shale (Geological survey of Ireland, 2009). 15 S. caprea were 

collected on the 20/07/10 (Map 2.2.4). A description of the trees collected is given in 

Appendix 9.1.
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Map 2.2.3 Overview o f the Ardmomey, Co. Westmeath woodland (modified from Ordnance
Survey Ireland, 2012)

Map 2.2.4 Location o f the collected trees from Ardmomey, Co. Westmeath (modified from
Ordnance Survey Ireland, 2012)

2.2.3. Ardsallagh, Co. Meath

This site is situated south o f Navan near the M3 between Kennastown and 

Blundelstown (Map 2.2.5). The map grid reference using the Irish Grid network is ESf 

688674 763605. This semi-natural woodland is composed o f birch {Betula spp.), ash, oak, 

elm, hazel and elder {Sambucus nigra L.) among others. A high diversity o f trees was 

detected. Salix cinerea was also present and possibly hybrids o f S. cinerea as well. The 

bedrock o f this woodland is ‘Calp’ limestone (Lucan formation), a dark shaly limestone 

occurring in the Carboniferous limestone o f Ireland (Geological survey of Ireland, 2009). 

Fifteen S. caprea were collected on the 10/06/10 (Map 2.2.6). The woodland’s canopy was
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dense and the area was waterlogged. The trees collected are approximately 5-8 m high. A 

description o f the trees collected is given in Appendix 9.1.

Map 2.2.5 Overview o f the Ardsallagh, Co. Meath woodland (modified from Ordnance Survey
Ireland, 2012)

!'

Map 2.2.6 Location o f the collected trees from Ardsallagh, Co. Meath (modified from Ordnance
Survey Ireland, 2012)

2.2.4. Brownstown, Co. Offaly

This site is situated between Nenagh and Roscrea off the R491 road. The map grid 

reference using the Irish Grid network is IR 597296 683174 (Map 2.2.7). This semi-natural 

woodland is composed o f ash trees, oak trees, hazel, alder {Alnus glutinosa (L.) Gaertn.) 

and St. John's wort {Hypericum perforatum  L.). The area was quite waterlogged with the 

grass Molinia caerulea (L.) Moench present. The bedrock o f this woodland is a marine 

shelf and ramp facies, composed o f argillaceous dark-grey bioclastic limestone and 

subsidiary shale (Geological survey o f Ireland, 2009). 20 S. caprea were collected on the 

30/09/10 (See Map 2.2.8). A description o f the trees collected is given in Appendix 9.1.
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Map 2.2.7 Overview o f the Brownstown, Co. Offaly woodland (modified from Ordnance Survey
Ireland, 2012)
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Map 2.2.8 Location o f the collected trees from Brownstown, Co. Offaly (modified from Ordnance
Survey Ireland, 2012) ___

Scale 1

2.2.5. Charleville, Co. Offaly

This site is located south o f Tullamore on Charleville Road. The map grid reference 

is IN 630938 722606 using the Irish Grid network (Map 2.2.9). This semi-natural 

woodland is dominated by large Quercus rohur L. with some Fraxinus. Alders, birch, 

hazel and hawthorn were also present as well as S. cinerea. The bedrock o f this woodland 

is a marine basinal facies, composed o f Tober Colleen and Lucan formations, a dark-grey 

argillaceous and cherty limestone and shale (Geological survey o f Ireland, 2009). Nine 

scattered S. caprea were collected on the 17/05/11 around Charleville demesne (See Map 

2.2.10). A description o f them is given in Appendix 9.1.

19



Map 2.2.9 Overview o f the Charleville, Co. Offaly woodland (modified from Ordnance Survey
Ireland, 2012)

Map 2.2.10 Location o f the collected trees from Charleville, Co. Offaly (modified from Ordnance

2.2.6. Corratober, Co. Cavan

This site is located south of Arvagh and north of Lough Gowna. The map grid 

reference using the Irish Grid network is IN 628992 795099 (Map 2.2.11). This small and 

dense semi-natural woodland is composed of elms, hazel and hawthorn. Salix cinerea was 

also present and possibly hybrids of S. cinerea as well. The area was much waterlogged 

and the other woodland south of the road was not accessible. The bedrock is a marine to 

fluvial facies and composed of greywacke, shale, sandstone and conglomerate (Geological 

survey of Ireland, 2009). Nine S. caprea were collected on the 13/09/10 (See Map 2.2.12). 

A description of the trees collected is given in Appendix 9.1.
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Map 2.2.11 Overview o f the Corratober, Co. Cavan woodland (modified from Ordnance Survey
Ireland, 2012)

Icale 1: 100000

Map 2.2.12 Location o f the collected trees from Corratober, Co. Cavan (modified from Ordnance
Survey Ireland, 2012)

2.2.7. Derrinrush, Co. Mayo

This site is located along Lough Carra on Derrinrush peninsula off the N84 road 

between Castlebar and Ballinrobe. The map grid reference is IM 518110 771983 using the 

Irish Grid network (Map 2.2.13). This semi-natural woodland is composed of ash, downy 

birch and hazel. Salix cinerea was also frequent. The bedrock of this woodland is a marine 

shelf facies, composed of limestone and calcareous shale (Geological survey of Ireland, 

2009). Eleven S. caprea were collected on the 29/06/11 on Derrinrush peninsula and near 

Castle Carra (See Map 2.2.14). A description of them is given in Appendix 9.1.
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Map 2.2.13 Overview o f the Derrinrush, Co. Mayo woodland (modified from Ordnance Survey
Ireland, 2012)
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Map 2.2.14 Location o f the collected trees from Derrinrush, Co. Mayo (modified from Ordnance
Survey Ireland, 2012)

2.2.8. Gole wood and Reilly woods, Co. Fermanagh

These sites are located along Upper Lough Erne off the A509 road North of 

Belturbet. The map grid reference is 633208 824964 using the Irish Grid network (Map 

2.2.15). Reilly and Gole woods are managed as a national nature reserve. These semi

natural woodlands are composed of mature oaks and mixed scrub, S. cinerea was also 

frequent. The area was waterlogged. The bedrock of these woodlands is a marine shelf 

facies, composed of limestone and calcareous shale (Geological survey of Ireland, 2009). 

Seven S. caprea were collected in Gole wood (Map 2.2.16) and eleven in Reilly wood 

(Map 2.2.17) on the 12/08/11. A description of them is given in Appendix 9.1.
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Map 2.2.15 Overview o f the Gole and Reilly woodlands, Co. Fermanagh (modified from Ordnance
Survey Ireland, 2012)

Map 2.2.16 Location o f the collected trees from Gole wood, Co. Fermanagh (modified from
Ordnance Survey Ireland, 2012)
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Map 2.2.17 Location o f the collected trees in Reilly wood, Co. Fermanagh (modified from
Ordnance Survey Ireland, 2012)
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2.2.9. Gortlecka, Co. Clare

This site is located in the Burren National Park between Gort and Corrofin off the 

R460 road. The map grid reference is IR 530374 694461 using the Irish Grid network 

(Map 2.2.18). This semi-natural woodland is composed o f hazel and willows, in particular 

S. cinerea, S. aurita and hybrids o f both, S. >^multinervis Doll. The bedrock o f this 

woodland is a marine shelf facies, composed o f limestone and calcareous shale (Geological 

survey o f Ireland, 2009). Eight S. caprea were collected on the 27/05/11 (See Map 2.2.19). 

A description o f them is given in Appendix 9.1.

Map 2.2.18 Overview o f the Gortlecka, Co. Clare woodland (modified from Ordnance Survey
Ireland, 2012)
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Map 2.2.19 Location o f the collected trees from Gortlecka, Co. Clare (modified from Ordnance
Survey Ireland, 2012)____________________
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2.2.10. Keelrin, Co. Leitrim

This site is situated south of Garadice Lough between Ballinamore and 

Killashandra. The map grid reference using the Irish Grid network is IH 619056 810136 

(Map 2.2.20). This small semi-natural woodland is composed of birch trees, ash trees, elm 

and hazel. Salix cinerea was also present and possibly hybrids of S. cinerea as well. The 

bedrock of this woodland is a marine shelf facies, composed of limestone and calcareous 

shale (Geological survey of Ireland, 2009). Nineteen S. caprea were collected on the 

14/09/10 (Map 2.2.21), they are quite different in size and morphology. A description of 

them is given in Appendix 9.1.

Map 2.2.20 Overview o f  the Keelrin, Co. Leitrim woodland (modified from Ordnance Survey
Ireland, 2012)

K ille q a r

Scale 1: 100000

Map 2.2.21 Location o f  the collected trees from Keelrin, Co. Leitrim (m odified from Ordnance
Survev Ireland, 2012)



2.2.11. Kilcoke, Co. Laois

This site is located off the R435 road between Borris in Ossory and Rathdowney. 

The map grid reference is IS 627671 683302 using the Irish Grid network (Map 2.2.22). 

Hazel is the dominant species of this woodland which had been coppiced in the past. It 

seems that this woodland has been heavily managed. Ash, alder, hawthorn and birch are 

present as well. Only nine S. caprea were detected and collected on the 30/09/10 (See Map 

2.2.23). The bedrock of this woodland is a marine shelf and ramp facies, composed of 

argillaceous dark-grey bioclastic limestone and subsidiary shale (Geological survey of 

Ireland, 2009). A description of the trees collected is given in Appendix 9.1.

Map 2.2.22 Overview of the Kilcoke, Co. Laois woodland (modified from Ordnance Survey
Ireland, 2012)
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Map 2.2.23 Location of the collected trees from Kilcoke, Co. Laois (modified from Ordnance
Survev Ireland, 2012



2.2.12. Killough hill, Co. Tipperary

This site is located on a hill off the M8 between Thurles and Cashel. The map grid 

reference is IS 610755 650973 using the Irish Grid network (Map 2.2.24). This semi

natural woodland near a quarry is composed of alder, oak and ash trees. The bedrock of 

this woodland is a marine shelf facies, composed of limestone and calcareous shale 

(Geological survey of Ireland, 2009). Nine S. caprea were collected on the 4/10/11 (Map 

2.2.25). A description of them is given in Appendix 9.1.

Map 2.2.24 Overview o f the Killough hill, Co. Tipperary woodland (modified from Ordnance
Survey Ireland, 2012)
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Map 2.2.25 Location o f the collected trees from Killough hill, Co. Tipperary (modified from
Ordnance Survey Ireland, 2012)
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2.2.13. Larkfield, Co. Longford

This site is located on Lough Gowna north-west of Granard. The map grid 

reference is IN 629346 788849 using the Irish Grid network (Map 2.2.26). It is located on 

a peninsula and its bedrock is a marine to fluvial facies and composed of greywacke, shale, 

sandstone and conglomerate (Geological survey of Ireland, 2009). The area is divided into 

two woodlands, a cultivated forest of pine trees at the north end and a semi-natural 

woodland at the edges of the peninsula. This part was sampled and is mostly composed of 

elms but also oak, hazel and hawthorn. Salix cinerea was also present. Fourteen S. caprea 

were collected on the 13/09/10 (Map 2.2.27), among them some had been cut back and had 

resprouted. We collected most of the S. caprea seen, which were less than 5 m high. A 

description of the trees collected is given in Appendix 9.1.

Map 2.2.26 Overview o f the Larkfield, Co. Longford woodland (modified from Ordnance Survey
Ireland, 2012)
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Map 2.2.27 Location o f the collected trees from Larkfield, Co. Longford (modified from Ordnance
Survey Ireland, 2012)
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2.2.14. Lismore, Co. Waterford

This site is situated in Ballyin Lower North-W est o f Lismore on R666 road. The 

map grid reference is IX 604469 599282 (Map 2.2.28). This small patch o f woodland 

along a golf club is composed o f mixed scrubs and elms. The bedrock o f this woodland is a 

shallow marine facies, composed o f shale, sandstone and thin limestone (Geological 

survey o f Ireland, 2009). Ten S. caprea were collected on the 4 /10/II (Map 2.2.29). A 

description o f them is given in Appendix 9.1.

Map 2.2.28 Overview of the Lismore, Co. Waterford woodland (modified from Ordnance Survey
Ireland, 2012)
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Map 2.2.29 Location of the collected trees from Lismore, Co. Waterford (modified from Ordnance
Survev Ireland, 2012)



2.2.15. Oakfield, Co. Galway

This site is situated on the southern side of Lough Corrib between Oughterard and 

Gortnagroagh off N59 road. The map grid reference is IM 517422 740258 using the Irish 

Grid network (Map 2.2.30). Hazel is the dominant species of the scrub, although ash is also 

common. The bedrock of this woodland is a marine shelf facies, composed of limestone 

and calcareous shale (Geological survey o f Ireland, 2009). Fifteen S. caprea were collected 

on the 28/06/11 (See Map 2.2.31). The trees collected are tall (8-10 m) and of wide girth 

with rust present. A description of them is given in Appendix 9.1.

Map 2.2.30 Overview o f the Oakfield, Co. Galway woodland (modified from Ordnance Survey
Ireland, 2012)
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Map 2.2.31 Location o f the collected trees from Oakfield, Co. Galway (modified from Ordnance
purvey Ireland, 2012) ___________________



2.2.16. Onagh, Co. Wicklow

This site is situated west of Kilmacanogue in a private property owned by the 

Powerscourt Demesne. The map grid reference using the Irish Grid network is 10 720770 

715334 (Map 2.2.32). Elm is the dominant species in this semi-natural woodland but 

birches, oaks and elders could also be seen. Some of the trees are possibly 100-150 years 

old. Salix cinerea was also present. The woodland’s bedrock is composed of dark blue grey 

slate, phyllite and schist (Maulin formation) (Geological survey of Ireland, 2009). Sixteen 

S. caprea were collected on the 22/06/10 along a small river and along two paths (Map 

2.2.33). The woodland’s canopy was sparse and the trees collected were not very tall (4-5 

m high). A description of the trees collected is given in Appendix 9.1.

Map 2.2.32 Overview o f  the Onagh, Co. Wicklow woodland (modified from Ordnance Survey
Ireland, 2012)

Scale 1: 25000

Map 2.2.33 Location o f  the collected trees from Onagh, Co. Wicklow (modified from Ordnance
Survev Ireland, 2012



2.2.17. Reynella House, Co. Westmeath

This site is located off the N52 between Mullingar and Delvin. The map grid 

reference using the Irish Grid network is IN 655006 757810 (Map 2.2.34). The small semi

natural woodland south of the lake was sampled. It is located on a hill and composed of 

hawthorn, hazel shrubs and a few ash trees. We detected a lot of S. caprea, which were 

mostly tall (8-10 m) and of wide girth and often diseased. A few of them had fallen over. 

Epicormic cuttings were collected in 80% of the cases because of the height of the trees (8- 

10m high). The bedrock of this woodland is a marine shelf and ramp facies, composed of 

argillaceous dark-grey bioclastic limestone and subsidiary shale (Geological survey of 

Ireland, 2009). 23 S. caprea were collected on the 20/07/10 (Map 2.2.35). A description of 

the trees collected is given in Appendix 9.1.

Map 2.2.34 Overview of the Reynella House, Co. Westmeath woodland (modified from Ordnance
Survey Ireland, 2012)
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Map 2.2.35 Location of the collected trees from Reynella House, Co. Westmeath (modified from
Ordnance Survey Ireland, 2012)
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2.2.18. Slieve Carran, Co. Clare

This site is situated south of Kinvarra in the nature reserve at Slieve Carran. The 

map grid reference is IN 532860 704266 using the Irish Grid network (Map 2.2.36). This 

semi-natural woodland is composed of hazel scrub with scattered ash, at the foot of a scree 

slope. Hawthorn and rowan {Sorbus aucuparia L.) were also present. The bedrock of this 

woodland is a marine shelf facies, composed of limestone and calcareous shale (Geological 

survey of Ireland, 2009). Twelve S. caprea were collected on the 26/05/11 (See Map 

2.2.37), all were tall (8-10 m) and old trees, the first ones were collected near St Mac 

Duagh’s Church (in ruins). A description of them is given in Appendix 9.1.

Map 2.2.36 Overview o f  the Slieve Carran, Co. Clare woodland (modified from Ordnance Survey
Ireland, 2012)
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Map 2.2.37 Location o f the collected trees from Slieve Carran, Co. Clare (modified from Ordnance
Survey Ireland, 2012)
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2.2.19. St John’s wood, Co. Roscom m on

This site is situated between Athlone and Roscommon off the N61 road. The map 

grid reference is IM 599732 755824 using the Irish Grid network (Map 2.2.38). This mixed 

semi-natural woodland is composed of hazel which is the dominant species, but also of 

oak, rowan, hawthorn and ash. A high diversity of trees has been detected. Salix cinerea 

was also present. The bedrock of this woodland is a marine shelf facies, composed of 

limestone and calcareous shale (Geological survey of Ireland, 2009). Sixteen S. caprea 

were collected on the 14/06/11 (See Map 2.2.39). A description of them is given in 

Appendix 9.1.

Map 2.2.38 Overview of the St John’s wood, Co. Roscommon woodland (modified from Ordnance
Survey Ireland, 2012)
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Map 2.2.39 Location of the collected trees from St John’s wood, Co. Roscommon (modified from
Ordnance Survey Ireland, 2012)
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2.2.20. Westport, Co. Mayo

This site is situated at the east end of Westport along N5. The map grid reference is 

IM 500697 784819 using the Irish Grid network (Map 2.2.40). These remnants of a past 

woodland are composed of a mix of S. triandra and S. caprea. The bedrock of this 

woodland is a marine shelf facies, composed of limestone and calcareous shale (Geological 

survey of Ireland, 2009). Ten S. caprea were collected on the 29/06/11 (See Map 2.2.41). 

The trees collected looked very different in size and morphology. A description of them is 

given in Appendix 9.1.

Map 2.2.40 Overview o f the Westport, Co. Mayo woodland (modified from Ordnance Survey
Ireland, 2012)

Scale 1" 25000

Map 2.2.41 Location o f the collected trees from Westport, Co. Mayo (modified from Ordnance
Survey Ireland, 2012
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2.3, Description of tlie sampling sites for the natural Salix viminalis 

individuals

2.3.1. Drogheda, Co. Meath

This site is located along the river Boyne east o f Drogheda o ff the M l motorway. 

The map grid reference using the Irish Grid network is 10 705243 775612 (Map 2.3.1). 

SaUx viminalis is a common species in this semi-natural woodland, which is also composed 

of a variety o f willow species, S. alba L., S. fragilis  L., S. purpurea  and S. triandra. The 

bedrock o f this woodland is a marine shelf facies, composed o f limestone and calcareous 

shale (Geological survey o f Ireland, 2009). 23 S. viminalis were collected on the 19/10/10 

(See Map 2.3.2). They are approximately 2-4 m high. A description o f them is given in 

Appendix 9.2. The location o f the trees was recorded using a Magellan Meridian GPS 

navigation device. When possible, the girth at chest height o f each tree was also recorded.

Map 2.3.1 Overview of the Drogheda, Co. Meath woodland (modified from Ordnance Survey
Ireland, 2012)
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Map 2.3.2 Location of the collected trees from Drogheda, Co. Meath (modified from Ordnance
Survey Ireland, 2012)
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2.3.2. Dave Riley’s Salix  collection

From 1993 to 1997, Dr Dave Riley, a former Northern Ireland forestry officer 

living in Co. Derry, collected cuttings o f Salix viminalis from across Ireland. Between one 

and three specimens were collected in 77 sites (Map 2.3.3). In 2011, the specimens from 

this collection were vegetatively propagated and are currently at Teagasc Kinsealy, Dublin. 

93 individuals from sites in counties Antrim, Armagh, Cavan, Clare, Cork, Donegal, 

Down, Fermanagh, Galway, Kerry, Kildare, Leitrim, Limerick, Londonderry, Louth, 

Mayo, Meath, Monaghan, Offaly, Roscommon, Sligo, Tipperary, Tyrone, Waterford and 

Wexford have been sampled. A list o f them is given in Appendix 9.3.

Map 2.3.3 Location o f the S. viminalis trees collected (modified from Dalet)
LJ50 km
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2.4. Discussion and Conclusion

At first, the ideal sampling strategy v/as estimated to be at least 10 populations and 30 

individuals per population to have a good representation o f the native population o f S. 

caprea. This was based on previous projects on forest trees by the research groups o f Gerry 

Douglas, Trevor Hodkinson and Colin Kelleher (supervisors o f this thesis). However, 

when sampling, a strategy was adopted to sample as many S. caprea as possible in most of 

the sites, as the species was not as common as predicted. In a successful study on DNA 

variation in S. caprea, 24 locations across Europe and about 10 individuals were gathered 

per population (Palme et al., 2003), which is close to our sampling strategy. An analysis 

was undertaken to test the capacity o f our sampling for capturing the genetic diversity; this 

is presented in chapter 4.

Some specimens did not correspond to a classic S. caprea form and these are likely 

to be hybrids such as S. caprea x S. cinerea (S. xreichardtii). This hybrid is very common, 

and it would appear that they can back-cross freely with either parent (Meikle, 1984), 

showing a complete range o f specimens with transitional characteristics. It is likely we 

have collected some back-crossed S. Xreichardtii with S.caprea.

The sampling o f S. viminaUs was not such an issue as it is one o f the least 

morphologically variable of the willows that grow in Ireland (Meikle, 1984). However, the 

issue of the wildness o f this species can arise, and the fact that it is mostly planted in 

Ireland. It is not clear how much these have spread without any human intervention.

The location o f the trees has been recorded using a Magellan Meridian Global GPS 

navigation device which had an accuracy o f only roughly 20m for some collections (as the 

signal was sometimes weak under the canopy).
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Chapter 3. High levels of variation in Salix lignocellulose genes revealed 

using poplar genomic resources

Published in Biotechnology for Biofuels:

“Perdereau, A., Douglas, G., Hodkinson, T. & Kelleher, C. 2013. High levels o f variation 

in Salix lignocellulose genes revealed using poplar genomic resources. Biotechnology fo r  

Biofuels, 6, 114.”

3.1. Abstract

Background: Little is known about the levels o f variation in lignin or other wood related 

genes in Salix, a genus that is being increasingly used for biomass and bioftiel production. 

The lignin biosynthesis pathway is well characterized in a number o f species, including the 

model tree Populus. We aimed to transfer the genomic resources already available in 

Populus to its sister genus Salix to assess levels o f variation within genes involved in wood 

formation.

Results: Amplification trials for 27 gene regions were undertaken in 40 Salix taxa. Twelve 

of these regions were sequenced. Alignment searches o f the resulting sequences against 

reference databases, combined with phylogenetic analyses, showed the close similarity o f 

these Salix sequences to Populus, confirming homology o f the primer regions and 

indicating a high level o f conservation within the wood formation genes. However, all 

sequences were found to vary considerably among Salix species, mainly as SNPs with a 

smaller number o f insertions-deletions. Between 25 and 176 SNPs per kbp per gene region 

(in predicted exons) were discovered within Salix.

Conclusions: The variation found is sizeable but not unexpected as it is based on 

interspecific and not intraspecific comparison; it is comparable to interspecific variation in 

Populus. The characterisation o f genetic variation is a key process in pre-breeding and for 

the conservation and exploitation o f genetic resources in Salix. This study characterises the 

variation in several lignocellulose gene markers for such purposes.

Keywords: Cellulose, Diversity, Lignin, Populus, Salix, SNPs, Cloning

3.2. Background

Salicaceae includes species important for biomass production in the Salix (willow) 

and Populus (poplar) genera. Salix comprises about 350-500 species (Argus, 1997) and is
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distributed over wide ecological and climatic zones ranging easterly from North America 

to China, excluding Australasia. Salix species show considerable variation in size, growth 

form and crown architecture, ranging from small dw arf shrubs in subgenus Chamaetia, 

middle-size shrubs in subgenus Vetrix, to the tree willows in subgenus Salix (Newsholme, 

1992). Demand for energy from renewable sources has provided a new impetus to growing 

willows in short-rotation coppice (SRC) plantations for bioenergy production because 

willow has the ability to grow fast without high maintenance or fertilizer input. Willow has 

the potential o f producing energy that is greater than carbon neutral (Styles et al., 2008) 

and as such is seen as being a potential component o f a green-house-gas reduction strategy 

(Styles and Jones, 2007).

Wood is one o f the most important natural and renewable sources o f energy and is 

therefore an important cost-effective alternative to burning fossil fuels. Lignin is one o f its 

major components (25-35%) whose calorific value is similar to coal (McLaughlin et al.,

1996). The evolution o f lignin deposition is considered to be one o f the key events during 

the evolution o f primitive vascular plants (Davin and Lewis, 1992, Douglas, 1996). Lignin 

has been one o f the most intensively studied subjects in plant biochemistry for more than a 

century (Novaes et al., 2010) and, consequently, the enzymes and processes o f  its 

biosynthesis pathway are well characterized (Humphreys and Chappie, 2002). Cellulose 

composes a greater proportion o f plant cell walls than lignin, and is the w orld’s most 

abundant biopolymer (Taylor, 2008). The pathway leading to cellulose biosynthesis in 

higher plants is also well characterized. A number o f studies have resulted in the 

publication o f  over 1,000 full-length or partial cellulose synthase (CesA) cDNAs or genes 

from representatives o f many plants including cereals, fruits, or trees (Joshi and Mansfield, 

2007). Little is known about sequence variation in the genes involved in these pathways 

especially in Salix. An understanding o f sequence variation and potential genetic markers 

in these genes would be valuable for breeders and pre-breeders o f Salix crops such as those 

for biomass and biofuel.

W illow’s closest relative, Populus, has a wealth of genomic resources including a 

complete genome sequence (Tuskan et al., 2006), physical and genetic maps (Kelleher et 

al., 2007, Yin et al., 2008), over 450,000 expressed sequence tags (ESTs) and thousands o f 

full length cDNAs for a variety o f genes. Assays have been developed to amplify poplar 

genes involved in disease resistance and wood formation (Geisler-Lee et al., 2006, Jorge et 

al., 2005, Kelleher et al., 2012). A high degree o f synteny between Salix  and Populus 

genomes has been demonstrated, and the transfer o f molecular markers between these 

genera has been achieved (Berlin et al., 2010, Hanley et al., 2006).
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specific  genes in the Hgnin and cellulose biosynthesis pathw ays have been studied 

in poplar (Cukovic et al., 2001, Djerbi et al., 2005, G eisler-Lee et al., 2006, M eyerm ans et 

al., 2000) but very little has been published on such candidate genes in Salix. A few studies 

have assessed the diversity  o f  breeding collections and natural populations (Barker et al., 

2003, Przyborow ski and Sulim a, 2010). A num ber o f  studies have characterized genetic 

diversity for biom ass w illow s (Barker et al., 1999) and developed m arkers for population 

genetic and breeding purposes (Barker et al., 2003). Som e have characterized ploidy in 

different species o f  Salix  (Thibault, 1998) and some have assessed species identity and 

classification (M eikle, 1984). These studies have tended to use either neutral or anonym ous 

m arkers, as opposed to the approach in the current study, w hich involves targeting gene 

regions o f  know n function. Little is known about genetic diversity w ithin specific coding 

regions o f  the genom e and especially in those regions responsible for wood form ation. The 

m onoploid chrom osom e num ber in Salix is 19, although m any species are tetraploid and 

higher p loidy levels are also com m on (Loureiro et al., 2007, Thibault, 1998).

In order to develop single nucleotide polym oiphism  (SNP) m arkers for future 

breeding efforts, we assessed 27 partial genes on a sam ple o f  40 w illow  genotypes. We 

tested a broad range o f  species and varieties to enable greater scope to characterise variants 

across the genus. These sam ples include species from  the three subgenera o f  Salix, nine 

com m ercial clones and six varieties from com m ercial basket m akers. Genes assayed 

included those for lignin, cellulose and sucrose biosynthesis, growth horm one regulation, 

and transcription factors involved in lignin biosynthesis regulation. W e tested the utility o f 

Populus derived polym erase chain reaction (PCR ) prim ers for am plification and 

sequencing o f  orthologous gene regions in Salix species. W e aim ed to quantify variation in 

these genes am ong Salix species. This is the first characterisation o f  nucleotide 

polym orphism  from  coding and non-coding regions for a set o f  lignocellulose genes in 

Salix species. These data can be used as an aid to decision m aking in selecting species and 

strains o f  w illow  for future breeding and growing. Polym orphism s and SNPs have 

potential to be used in selecting pre-breeding m aterial and in association studies to link 

genotypic variants w ith specific phenotypes o f  interest.
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3.3. M ethods

3.3.1. Sample collection and DNA extraction

Leaf tissue samples from Salix alba L. var. vitellina L. Stokes, S. aurita L., S. 

hahylonica L. var. pekinensis ‘Tortuosa’, S. caprea L., S. cinerea L. ‘Tricolor’, S. 

elaeagnos Scop., S. exigua L., S. fm gilis  L., S. herhacea L., S. glabra  Scop., S. gmciJistyla 

Miq. f  melanostachys (Makino) H.Ohashi, S. lucida Muhlenb., S. pentandra  L., S. 

phylicifolia  L., S. rehderiana Schneid., S. scouleriana Barr., and S. viminalis L. were 

obtained from living specimens at the National Botanic Gardens, Dublin, Ireland. Nine 

hybrids were also sampled from the Gardens. Samples o f commercial clones such as 

‘Sven’, ‘Inger’, ‘Tordis’, ‘Tora’, ‘Resolution’, ‘Doris’, ‘Terra N ova’, ‘Torhild’ and 

‘Endurance’ were obtained from Teagasc Kinsealy Research Centre, Dublin, Ireland. Four 

varieties (mainly S. viminalis and S. purpurea) from an Irish basket maker in Galway 

completed the list (Table 3.3.1). A sample o f Populus tremula L. collected from a wild 

population was also used as a template for the amplifications and sequencing.

Leaves were dehydrated and kept in plastic bags using silica gel. The tissue was 

disrupted using the Qiagen Tissuelyser II, and DNA was extracted using the DNeasy Plant 

Mini Kit by Qiagen Ltd. The DNA samples were kept frozen at -20°C . The resulting DNA 

was viewed and assessed for quality and quantity using agarose gel electrophoresis, 

ethidium bromide staining and a UV light.

Table 3.3.1 Salix species, hybrids and commercial clones and Populus accessions that were used in 
this study. The subgenus, the source and the identification of each sample is shown. NBG=National 

Botanic Garden, Dublin. Joe Hogan = Commercial basket maker. NCBI = 
_____________________________ http://www.ncbi.nlm.nih.gov/. ______________ __________
Species/Clone Subgenus Source Source ID Poplar accessions NCBI ID

5. alba  L. var, vitellina L. Stokes Salix NBG 1977.1871
P. alba  X P. 
grandidentata

EU391631
(C3H1)

S. aurita  L. Vetrix NBG 1988.0222
P. alba  X P. 
grandidentata

G U324115
(K orl)

S. habylonica  L. var. pekinensis 
Tortuosa'

Salix NBG 1978.0029
P. balsam ifera  x 
P. deltoides

AJ438351
(C3H1)

S. caprea  L. Vetrix NBG 1979.0307 P. kitakamiensis
D82815
(C4H)

S. cinerea  L. Tricolor' Vetrix NBG 2002.2187
P. sieboldii x P. 
grandidentata

D30656
(P all)

S. elaeagnos Scop. (= S. incana 
Schrank)

Vetrix NBG 2001.2367 P. tomentosa
EU760387
(C4H)

5. exigua  L. Salix NBG 2003.0719 P. tomentosa
FJ534554
(C esA l)

S. fragitis L. Salix NBG 1977.0902 P. tomentosa
HQ585873
(CesA2)

S. g labra  Scop. Vetrix NBG XX .004178 P. tomentosa
EU760386
(P all)

S. gracilistyla  Miq. var. 
melanostachys

Vetrix NBG 1976.0659 P. tremula
EU753093
(C3H1)
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Species/Clone Subgenus Source Source ID Poplar accessions NCBI ID

S. herbacea L. Chamaetia
Wild
collected,
Ireland

P. tremula x P. 
tremuloides

AY573571
(C esA l)

S. lucida Muhlenb. Salix NBG 1986.0050
P. tremula x P. 
tremuloides

AY573572
(CesA2)

S. pentandra L. Salix NBG 1926.004139
P. tremula x P. 
tremuloides

AY660967
(K orl)

S. phylicifolia  L. Vetrix NBG 1970.0402
P. tremula x P. 
tremuloides

AY850131
(SAD)

5. phylicifolia L. Vetrix NBG 2008.1233 P. tremuloides DQ522295
(C4H)

S. rehdehana  Schneid. Vetrix NBG XX.004165 P. tremuloides AF527387
(C esA l)

S. scouleriana Barr. Vetrix NBG 1984.0752 P. tremuloides AY535003
(K orl)

S. viminalis L. Vetrix NBG 2004.0293 P. tremuloides AF480619
(P all)

S. ^chrysocoma Dode (= 5. alba L. 
var. vitellina L. Stokes x S. 
babylonica L.)

NBG XX.004181 P. tremuloides AF273256
(SAD)

S. xerdingeri Kem (= S. daphnoides 
Vill. X 5'. caprea L.) NBG 1925.004149

P. trichocarpa x 
P. del to ides

AF302495
(C4H)

5. '^erythroflexuosa Rag. (= S. x 
chrysocoma x S. matsudana) NBG 1986.0041 P. ^canadensis AM922197

(Pall)

S. >^laurina Sm. (= S. caprea L. x S. 
phylicipholia) NBG 1977.1877

P. xcanescens 
(P. tremula x 
P.alba)

AF081534
(C esA l)

S. ^rubens 'Basfordiana' (= S. alba 
L, var. vitellina L. Stokes x S. 
fragilis L.)

NBG XX.004137

S. ^rubens 'Schrank' (= S. alba L. x 
S. fragilis L.) NBG XX.004I33

S. xrubens Schrank 'Basfordiana' 
var. sanguinea

NBG 1981.1773

S. Xfubra Huds (S. purpurea  x S. 
viminalis L.) NBG 1981.1520

S. X smithiana Willd. (= S. cinerea 
L X 5. viminalis L.) NBG 2004.0292

S. purpurea L. Vetrix Joe Hogan Joe Hogan 1
S. viminalis L. Vetrix Joe Hogan Joe Hogan2
S. viminalis L. Vetrix Joe Hogan Joe Hogan3
S. purpurea L. Vetrix Joe Hogan Joe Hogan4

‘Sven’: S. viminalis L. x (S. 
schwerinii x S. viminalis)

Svalof
Weibull
(Sweden)

‘Inger’: 5. triandra x S. viminalis Svalof
Weibull

‘Tordis’: (5. schwerinii x 5. 
viminalis) x S. viminalis

Svalof
Weibull

‘Endurance’

‘Tora’: S. schwerinii x S. viminalis Svalof
Weibull

‘Resolution’: (S. viminalis x {S. 
schwerinii x S', viminalis)) x {S. 
viminalis x (S. viminalis x 5. 
schwerinii))

UK
(European)

‘D oris’: S. dasvclados Sweden
‘Terra N ova’: {S triandra x S. 
viminalis) x S  linderstipularis

UK
(European)

‘Torhild’: {S. schwerinii x S. 
viminalis) x S. viminalis

Svalof
Weibull

P. tremula L.
Wild
collected,
Ireland
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3.3.2. Gene regions and primer description

The gene regions tested included those o f  the lignin biosynthesis and regulation 

pathways, genes involved in the synthesis o f  other cell wall compounds such as cellulose, 

sucrose and korrigan (an endo-glucanase that is essential for proper cell wall formation) 

and one growth hormone (Table 3.3.2). A total o f  27 gene fragments were studied. 

Fourteen gene regions are involved in the lignin biosynthesis, eight in lignin regulation as 

transcription factors, three in cellulose biosynthesis, one in sucrose biosynthesis and one in 

growth hormone regulation. The primers for these regions were developed from multiple 

species EST (Expressed Sequence Tag) alignments from P. tremuloides and P. trichocarpa  

(Kelleher et al., 2012).

Ta )le 3.3.2 G ene regions assessed and their biochem ical role
Locus Phytozome gene ID targeted' Role
4 CL 1 prom Not used Lignin biosynthesis
4CLI Not used Lignin biosynthesis
4CL2 Potn.019G049500 Lignin biosynthesis
AP2 Not used Putative lignin regulation
BHLHI44 Not used Putative lignin regulation
BZIP47 Not used Putative lignin regulation
BZIP9 Not used Putative lignin regulation
C3HI Potri.006G033300 Lignin biosynthesis
C4H Potri.013G 157900 Lignin biosynthesis
CAD Potri.009GG95800 Lignin biosynthesis
CCoAOMT Not used Lignin biosynthesis
CCR Not used Lignin biosynthesis
CesAl Potri.002G257900 Cellulose biosynthesis
CesA2 Potri.005G194200 Cellulose biosynthesis
F5H Not used Lignin biosynthesis
GA-20 Potri.015G134600 Growth hormone
HCT Not used Lignin biosynthesis
Knat7 Potri.OOlGl 12200 Putative lignin regulation
K orl Potri.003G151700 Korrigan -  endoglucanase cell wall formation
myb Not used Transcription
Myb63 Not used Putative lignin regulation
Mybr2r3 Potri.015G033600 Transcription
PALI Potri.006G 126800 Lignin biosynthesis
PAL2 Not used Lignin biosynthesis
PTOMTl Not used Lignin biosynthesis
SAD Potri.016G078300 Lignin biosynthesis
Sucrose synthase Not used Sucrose biosynthesis

'Based on P. trichocarpa v3 from Phytozome (http://www.phytozome.net/poplar). Details as in Kelleher et 
al. (2012).
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3.3.3. Amplification of target genes

Primers from Kelleher et al. (2012) were used for the amplification of 27 different 

gene regions of the nuclear genome. Primers were synthesized by Eurofms MWG Operon. 

A single PCR protocol was used to test all primers on every sample using a Biometra 

“TProfessional” thermal cycler. The PCR for a 10 |j L reaction was as follows: 10 ng DNA, 

dNTPs at 0.2 mM, each primer at 2.5 ng/^iL, MgCb at 1.5 mM and 0.25 units of GoTaq® 

DNA Polymerase from Promega (Madison, USA) and the parameters were: 94°C for 2 

min; 30 cycles of: 94°C for 1 min, 58-60°C for 1 min, 72°C for 1 min; 72°C for 10 min. 

The PCR products were stained with ethidium bromide and viewed over UV light after 

agarose gel electrophoresis.

3.3.4. Cleaning and sequencing

The desired amplicons were cleaned using the JET quick PCR product purification 

kit (Genomed), then resuspended in water. Cloning o f several genes was required prior to 

sequencing (see below). Cycle sequencing reactions used the BigDye® Terminator v3.1 kit 

and the manufacturer’s protocols. The sequencing primers were the same as used for the 

PCR. Cycle sequencing products were cleaned following the ethanol precipitation protocol 

of Applied Biosystems. The samples were sequenced with an Applied Biosystems 3130x1 

Genetic Analyzer.

3.3.5. Cloning

Cloning was performed to resolve the unique sequences of alleles and orthologs for 

several of the genes including 4CL2, CAD, CesAl, GA-20, Knat7, Korl, Mybr2r3 and 

SAD. Chemically competent XLI-blue strain Escherichia coli cells were prepared using a 

modified protocol from Inoue et al. (1990). PCR products were then inserted into plasmids 

using the CloneJET PCR cloning kit from Thermo Scientific and following the 

manufacturer’s protocol. The transformed bacteria were left to grow overnight at 37 °C on 

Luria-Bertani (LB) plates containing 50 |ig/mL ampicillin. Eight colonies were then 

resuspended into LB and 1.5 |iL was used in a standard 15 îL PCR mix using the same 

primers as the initial PCR amplification. Electrophoresis gels were used to confirm the 

presence of the insert. At least 4 colonies per transformation were then sequenced.
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3.3.6. Data analyses

Sequences were analyzed for SNPs and insertions-deletions (indels), using 

Seqscape Version 2.6, software (Applied Biosystems). This software aligns and reports 

variations between the different samples. BLAST searches were made against the 

nucleotide database of the NCBI (Altschul et al., 1990, Johnson et al., 2008) and against 

Phytozome (http://www.phytozome.net/poplar) to check similarity with existing database 

sequences. Alignments were made against Populus trichocarpa Phytozome gene models 

but were also compared with the best BLAST hits from other poplar accessions (Table 

3.3.1). Phylogenetic reconstruction of the genes used in this study has been performed to 

test for possible paralogy. A gene family keyword search was performed in phytozome 

(www.phytozome.net/search.php) for each gene and A. thaliana and P. trichocarpa genes 

were retrieved and aligned to a consensus Salix sequence generated from our study. 

Midpoint rooted maximum likelihood trees were generated in PhyML (www.atgc- 

montpellier.fr/phyml/) with the HKY85+G substitution model (estimated gamma shape 

parameter and four substitution rate categories) and NNI branch swapping. Bootstrap 

values were generated using with 1000 replicates of the same model with NNI swapping.

Variation among Salix species was assessed by calculating: (SNPs/length) x 1,000 

over the consensus sequences obtained from the Seqscape alignments. Populus homologs 

were downloaded from GenBank and included in the analysis to test for variation between 

Salix and Populus and to assess inter species variation in the sister genera. The reading 

frame was determined using DnaSP version 5.10 (Librado and Rozas, 2009). Inference of 

haplotypes was carried out using Arlequin 3.5 (Excoffier et al., 2005). Haplotype number 

in sequences obtained from the cloning step was also calculated in Arlequin 3.5.

Phylogenetic trees were generated in PAUP (Swofford, 2002) with a maximum 

parsimony analysis or PhyML (http://www.atgc-montpellier.fr/phyml/) with maximum 

likelihood. Parsimony analyses used 1000 random addition sequences with TBR branch 

swapping. Parsimony bootstrapping was conducted with 1000 replicates and NNI branch 

swapping. Maximum likelihood analyses in PhyML were generated with the HKY85+G 

substitution model (as above) for the orthology testing. All trees were midpoint rooted.

Regression analysis in Excel was used to explore the relationship between DNA 

ploidy and number of SNPs/kbp on 20 Salix genotypes.

46



3.4. Results

3.4.1. SNP discovery

After screening o f the 27 loci using the primers designed from Populus species 

alignments (Kelleher et al., 2012), six loci showed one clear unique band following 

agarose gel electrophoresis in multiple samples (from 19 to 40 samples). The PCR 

conditions on seven other primers were changed by increasing the temperature and 

decreasing the time o f the annealing step, to bring about a single band amplification. The 

amplicons were the same length as poplar in almost every case, from 411 to 1,204 bp. 

Further analysis was not carried out on the 14 genes that did not amplify successfully. 

Among them, nine failed to amplify and five showed multiple bands (See Appendix 9.4).

From this initial PCR (with very little optimisation), twelve loci that gave a strong 

single-band amplification were selected for sequencing in the Salix samples without 

cloning. These included genes in the lignin pathway (4CL2, C3H1, C4H, HCT, PALI, 

SAD), genes for other wood components {CesAl, CesA2 -  cellulose synthase genes, K orl - 

Korrigan), growth related genes {GA-20) and transcription factors (Mybr2r3, KnatT). 

However, out o f these 12 loci, only eight yielded clear sequence traces (C3H1, C4H, 

PALI, SAD, CesAl, CesA2, K orl, KnatT). In order to further validate the results from the 

approach based on direct sequencing o f PCR products from genomic DNA, PCR products 

from several loci were cloned. The regions cloned included amplicons o f 4CL2, CAD, 

CesAl, GA-20, KnatJ, K orl, Myhr2r3 and SAD  in a sample o f genotypes including Salix 

aurita, S. caprea, S. cinerea ‘Tricolor’, S. herhacea, S. ^smithiana, S. viminalis, the 

commercial clone ‘Tora’ and Populus tremula. In every case, transformed colonies were 

obtained successfully. A DNA insert was present in at least 50% o f the cases. The products 

were sequenced as previously described.

BLAST (Basic Local Alignments Search Tool) searches against the NCBI 

GenBank database (http://blast.ncbi.nlm .nih.gov) and against Phytozome 

(www.phytozome.net) were performed on every sequence to test its identity. In all cases 

the target sequence was the top hit in the search results. BLAST results gave hits to several 

poplar species like P. alba L., P. balsamifera L., P. deltoides W. Bartram ex Marshall, P. 

maximowiczii Henry, P. nigra L., P. tremula L., P. tremuloides Michx., P. trichocarpa 

Torr. & A. Gray, and P. tomentosa Carriere.

In order to test for possible paralogous amplification, further analyses were 

performed. For each gene, a phylogenetic reconstruction was performed (Figure 3.4.1). In
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every generated tree, the Salix consensus sequence was grouped with the targeted gene 

model with 80% or higher bootstrap support, thus indicating, in combination with the 

BLAST results that analogs and not paralogs were amplified.

Figure 3.4.1 Phylogenetic reconstruction of the genes used in this study.

r-P tr018G 094200 Ptr4CL1

Ptr06G169600

P1r06G169700

AT1G51680.1 4CL1

r  P1T001G036900 Ptr4CL3

 Ptr003G188500 R4CL4

AT3G21230 4CL5

AT3G21240 4CL2

rAT1G65060.1 4CL3

NCBI accession used to 
design the primersAF041050 P tremuloides

P. tremula consensus

Pir019G049500 4CL2 T a rg e ted  g e n e  m odel

Salix c o n se n su s  s equence

0 3

Angiosperm gene family keyword search was performed in Phytozome (www.phytozome.net/search.php) 
and A. thaliana and P. trichocarpa  genes were retrieved and aligned to a consensus Salix sequence generated 
from our study. Midpoint rooted, bootstrapped trees were generated using maximum likelihood analysis in 
PhylML 3.0 (Guindon et al., 2010) with HKY85+G substitution model (estimated gamma shape parameter 
and four substitution rate categories) and NNI branch swapping. Bootstrapping included 1000 replicates with 
the same model and branch swapping. Asterisks indicate nodes with 80% or higher bootstrap support (Ptr: P. 
trichocarpa, AT: A. lhaliana). The 4CL2 gene tree is given as an example (NCBI accession: AF041050, 
Populus tremuloides clone Pt4CL2 4-coumarate; CoA ligase mRNA, complete cds).

Multiple sequence alignments showed variability between genotypes; the variation 

consisted primarily o f SNPs, but indels were also detected. Table 3.4.1 shows the number 

o f SNPs per kbp among the Salix genotypes, among the Populus species and the total 

number o f SNPs detected between the Salix samples and the P. trichocarpa gene model 

(http:/7www.phytozome.net/poplar). Exonic and intronic sequences were analysed relative 

to the latest version o f P. trichocarpa genome (v3). Details o f the number o f SNPs per 

genotype compared to the P. trichocarpa gene model are given in Appendix 9.5.

The genomic regions investigated consisted o f 72% coding and 28% non-coding 

sequences (as obtained from P. trichocarpa genome v3). Between 53 and 176 SNPs/kbp 

were detected in predicted exons per gene region (Table 3.4.1). Between 16 and 96
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SNPs/kbp were discovered within Salix and between 8 and 105 SNPs/kbp within Populus 

(details of the accessions are given in Table 3.3.1). An average of 54 SNPs/kbp was found 

among commercial clones, 58 among hybrids and 57 among species. These differences 

were not significant under a /-test at a threshold of 5%. Between 195 and 475 SNPs/kbp 

were detected in predicted introns per gene region.

The most frequent types of polymorphisms were C-T transitions for coding SNPs 

(40.5% of SNPs) and A-T transversions for non-coding SNPs (27.3%). The least frequent 

types were A-C and G-T transversions for coding SNPs (7.5%o) and C-G transversions for 

non-coding SNPs (data not shown).

Between 0 and 22 non-synonymous SNPs were discovered among Salix genotypes 

per gene region, corresponding to between 0 and 38 SNPs/kbp (Table 3.4.1). Multiple 

indels were also identified. Among them, only three were located in coding regions. Two 

were multi-base indels (3 and 8 bp). One shift of the reading frame was detected in SAD 

for S. herhacea due to an 8 bp insertion at the homozygous state. This was confirmed by 

cloning where the insertion was detected in every haplotype of S. herhacea. A 3 bp 

insertion was detected in Mybr2r3 for all Salix individuals compared to the reference P. 

trichocarpa and P. tremula sequences. A deletion of one bp was also detected in CAD for 

one haplotype of Salix ‘Tora’.
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Gene
region

P. trichocarpa 
reference (Phytozome 

gene model)*

No. of Salix 
genotypes 

studied

No. of Populus ^  .. ., Predicted 
species studied

T Exons (See Table introns*

Studied
length

(bp)

Total
SNPs
per
kbp**

SNPs 
within 

Salix per 
kbp'

SNPs 
within 

Populus per 
kbp^

Total
Indels

Total non 
synonymous sites 
among Salix per 

kbp
A) DIRECT SEQUENCING

C3H1 Potri.006G033300 23
^ Exon 

Intron
347

0
118 63 40 0 6

C4H Potri.013G157900 13 g Exon 
Intron

609
0

76 16 21 0 3

CesAl Potri.005G194200 22 ^ Exon 
Intron

244
87

53
195

20
92

20
11

0
2

0

Pall Potri.006G126800 20 g Exon 474
0

99 46 40 0 0

Ces^il Potri.002G257900 20
g Exon 

Intron
629
130

68
208

11
146

38
31

0
3

2

Knat7 Potri.001G112200 17 2 Exon 
Intron

120
95

25
284

8
221

8
42

0
3

0

Korl Potri.003G151700 23  ̂ Exon 
Intron

192
117

63
179

10
111

36
17

0
0

0

SAD Potri.016G078300 15 ^ Exon 
Intron

395
19

142
158

78
0

30
158

1
0

28

B) COMBINED RESULTS (from direct sequencing and cloning)

Ces.il Potri.002G257900 20
g Exon 

Intron
629
130

107
315

33
177

54
46

0
8

14

Knot? Potri.001G112200 17 Exon
Intron

372
392

70
209

38
117

30
56

0
15

13

Korl Potri.003G151700 23  ̂ Exon 
Intron

319
438

94
201

38
98

34
23

0
11

19

Exon 582 165 93 24 1 38
SAD Potri.016G078300 15 4 Intron 217 475 207 69 4

O

Table 
3.4.1 

Variation 
for 

each 
gene 

region 
show

ing 
the 

P. trichocarpa 
gene 

m
odels 

used 
as 

reference, the 
num

ber 
of Salix 

genotypes 
and 

Populus 
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studied, the 
total num

ber 
of 

SN
P

s 
detected, the 

num
ber 

of SN
Ps 

within 
Salix 

and 
within 

Populus', the 
num

ber 
of insertions/deletions



Gene
region

P. trichocarpa 
reference (Phytozome 

gene model)*

No. of Salix 
genotypes 

studied

No. oiPopulus 
species studied 

(See Table 
3.3.2)

Predicted
Exons
introns*

Studied
length

(bp)

Total
SNPs
per
kbp'’

SNPs 
within 

Salix per 
kbp'

SNPs 
within 

Populus pcT 
kbp'

Total
Indels

Total non 
synonymous sites 
among Salix per 

kbp
C) CLONING
Exon 249 116 48 8 0 20

4CL2 Potri.019G049500 7 Intron 289 325 83 35 14
Exon 620 176 58 105 0 27

GA-20 Potri.015G134600 6 2 Intron 290 462 117 210 31
Exon 439 125 96 16 1 34

CAD Potri.009G095800 7 2 Intron 436 273 128 76 21
Exon 351 117 23 26 1 11

M\br2r3 Potri.015G033600 6 'y
Intron 259 228 108 31 11

•Based on P. trichocarpa v3 assembly retrieved from Phytozome (w\^’w.phytozome.net poplar). 

’’(No. total SNPs length) x 1,000.

'(No. SNPs within SalLx or within Populus length) x 1,000.

Both direct sequencing and cloning techniques were used.



All the SNPs o f CesAl, Knat7, K orl, and SAD  found from direct sequencing o f 

amplicons from genomic DNA were confirmed by analysis o f the sequences from the 

cloned amplicons. In addition, more SNPs were found in the cloned compared to the 

uncloned sequences (see Table 3.4.1 part B). This was as a result o f an increase in the 

length o f the sequences obtained from cloned PCR products and the fact that haplotypes 

could be resolved. When the same length is studied, 38 more SNPs were discovered in 

CesAI, 5 for Knat7, 13 for K o rl, and 15 for SAD. Between 400-500 more bp were 

sequenced via the cloning approach except for CesAl where the same length was observed. 

Therefore, 78 more SNPs in total were discovered for K natl, 85 for K orl, and 140 for SAD  

(data not shown). Cloning also allowed a better resolution o f the indels, as between 4 and 

12 more indels were found (all located in predicted non-coding regions).

A different sequence length was obtained for all cloned PCR products o f S. 

viminalis, S. xsmithiana  and for one sequence o f Salix ‘Tora’ for the SAD gene region. 

Indeed, sequences o f c. 1,030 bp were obtained for these sequences compared to c. 800 bp 

for the other cloned individuals. Thus an additional 230 bp was obtained towards the end 

o f the sequence after the last predicted intron and this was very different from the reference 

sequence.

Many indels were found in 4CL2, CAD, GA-20 and Mybr2r3, and this was the main 

reason why the sequences were not analysable without the cloning step (Table 3.4.1 part 

C). For GA-20, indels at a heterozygous level were found in nearly all the individuals 

analysed. Between 116 and 176 SNPs/kbp were found in total in predicted exons, and 

between 23 and 96 SNPs/kbp found within Salix. Between 228 and 436 SNPs/kbp in total 

were found in predicted introns (Table 3.4.1 part C).

Haplotype number was calculated after the cloning step using Arlequin 3.5. 

Between 1 and 8 haplotypes were found per individual (Table 3.4.2). Salix cinerea 

‘Tricolor’ and S. ^smithiana  are polyploids (4x and 3x, respectively). The other genotypes 

are diploid (Table 3.4.2). However, excluding the 2 polyploid genotypes more than 2 

haplotypes were found in 70% o f the cases.
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Table 3.4.2 Number of haplotypes found in Salix. S: Number of sequences analysed; H: Number of 
_________________     haplotypes found_____ ______ ______ ______ ________

Ploidy' CesAl GA
20

Knat 7 4CL2 Korl CAD SAD Mybr2r3

S H S H S H S H S H S H S H S H
S. ^smithiana 3X 4 3 4 3 7 5 4 4 4 4 3 3 4 4 4 3
S. caprea 2X 3 1 4 2 4 3 5 5 4 3 4 2
S. viminalis 2X 4 3 4 3 4 4 4 2 4 4 5 5 4 4 4 3
S. cinerea 'Tricolor' 4X 4 2 7 4 4 4 4 4 5 5 4 3 4 4
S. aurita 2X 4 3 2 2 8 1 4 2 4 2 7 7 4 3 4 4
S. herbacea 2X 4 4 4 3 8 8 4 3 4 4 5 4 3 3
S. 'Tora' 2X 4 2 3 2 8 4 4 2 4 4 7 7 5 5 4 3
based  from  T hibault (1 9 9 8 ) , Stam ati et al. (2 0 0 3 )  and M a cA lp in e  et al. (2 0 0 8 ) .

In order to further investigate this issue, midpoint rooted, bootstrapped maximum 

likeHhood trees were generated in PhyML for each o f the genes. The Knat7  haplotype tree 

is given as an example (Figure 3.4.2). The tree grouped together the different haplotypes o f 

a species in no more groups than the expected ploidy (although these groups were not 

strongly supported). There was very little difference between the haplotypes. The same 

pattern was found for the other genes (data not shown).

Figure 3.4.2 Midpoint rooted, maximum likelood tree of Knat7 haplotypes with bootstrap values 
generated in PhyML with HKY85+G substitution model.
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Regression analysis was used to explore the relationship between DNA ploidy and 

number o f  SNPs/kbp on 20 Salix  genotypes. It showed that there was a positive correlation 

between ploidy and the number o f  scored fragments (^ 2 0 = 8 .94, P<0.005, 7?^=0.34) (Figure 

3.4.3).

Figure 3.4.3 Regression analysis o f the putative ploidy level against the number of SNPs/kbp. The
trendline and R' are shown.
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3.4.2. Phylogenetic trees

In order to explore similarities or dissimilarities in the data, phylogenetic trees were 

generated with maximum parsimony in PAUP 4.0 and maximum likelihood in PhyML 

with HKY85+G. The two types o f  analysis gave the same results. Therefore only the trees 

from the PhyML analyses are shown (Figure 3.4.4). These trees are based on the eight 

genes analysed by direct sequencing and the genotypes where most o f  the sequences were 

present, with the P. trichocarpa  gene model and P. tremula sequences included (Figure 

3.4.4 A) or excluded to improve resolution around the Salix  samples (Figure 3.4.4 B).

The trees give a visual indication o f  the genetic variability in the samples analysed. 

Although fully resolved, the trees are not strongly supported. However, the two poplars are 

separated from the Salix and the 3 subgenera are recognizable. The four Salix subg. Salix 

genotypes are grouped together, as well as most o f  the Salix subg. Vetrix genotypes. All the 

viminalis type genotypes are grouped together, S. viminalis, the commercial clones, and a 

hybrid S. cinerea  x S. viminalis. Salix herhacea appears to be not so different from the 

subg. Vetrix genotypes.
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Figure 3.4.4 Midpoint rooted, bootstrapped trees based on the eight genes analysed by direct 
sequencing (and the genotypes where most o f the sequences were present) generated using 

maximum likelihood in PhyML with HKY85+G substitution model. Asterisks indicate nodes with 
50% or higher bootstrap support. The three Salix subgenera (according to most authorities) are 

indicated. Trees are shown with the P. trichocarpa gene model and P. tremula sequences included 
(Figure A) or excluded (Figure B). Dotted line: S. viminalis type
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3.5. Discussion

We tested the transferability o f Populus genomic resources (a set o f PCR primers 

for multiple lignocellulose genes) to its sister genus Salix and obtained data on the level of 

sequence variation between and within the genera. W ithout much PCR optimisation we 

found that approximately 30% o f the markers developed for Populus tremuloides worked 

in a broad sample o f Salix genotypes. This is based on an approach o f direct sequencing of 

PCR products from genomic DNA amplification in a variety o f regions in a large array of 

genotypes. The cloning step on a set o f Salix genotypes was added to validate the direct 

sequencing approach and to improve resolution o f the data. This method was successful on 

all the genotypes and regions o f the genome assayed. It increased the proportion of 

successful PCRs from 30 to 44%. This means that we can use almost one half o f  the 

primers designed for Populus on Salix. This level o f transferability will prove very useful 

for the studies o f natural populations o f willows and for plant breeding, where marker 

availability is much lower than in poplar. The relatively low 30% success rate was partially 

due to the fact that we tested across such an array o f species and genes and it contrasts with 

other studies that showed greater transferability (Berlin et al., 2010). It is likely that this 

rate could be increased with a more limited subset o f targets and more optimisation, but for 

the purposes o f  this study we decided to focus on the regions that amplified in a majority 

o f species without optimisation.

SNP discovery and transferability o f Populus primers to Salix have been studied 

(Berlin et al., 2011, Berlin et al., 2010, Hanley et al., 2006, Hanley et al., 2011) but these 

studies were limited to a small number o f species, in particular S. viminalis, S. schwerinii, 

and their hybrids. Studies on multiple Salix species have been done based on AFLP 

markers or a limited number o f sequences from the chloroplast and nuclear ribosomal 

regions (Azuma et al., 2000, Brunsfeld et al., 1992, Hardig et al., 2010, Trybush et al., 

2008). None have so far assessed variation in lignocellulose genes among Salix species.

Kelleher et al. (2012) showed the same primers amplified successfully across a 

variety o f Populus species. Here we show a subset also amplifies putative orthologs in 

Salix. A high level o f gene synteny has already been shown between Populus and Salix 

based on high-density genetic maps (Berlin et al., 2010, Hanley et al., 2006) and the 

current data confirms the homology o f amplicons between these genera in wood and cell 

wall related genes. In the current study, between 76 and 267 SNPs/kbp were discovered in 

a set o f 12 genes. The number o f SNPs detected is relatively high compared to other 

studies (Ingvarsson, 2005, Ingvarsson, 2008, Kelleher et al., 2012), partially because
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comparisons were made between genera and genotypes and not among individuals of the 

same species. These SNPs are a potential toolkit for future pre-breeding and will be tested 

for species specificity. When these data were compared to Populus accessions retrieved 

from NCBI, similar levels of variation were found among Salix and Populus species. 

Within Salix, the total variation among commercial clones and hybrids was lower than 

among species (68 SNPs and 42 SNPs vs 89 SNPs respectively, data not shown), but was 

not significant under a /-test at a threshold o f 5%. These results are consistent with the fact 

that a narrow genetic pool is often used for breeding willows. For example, the Salix 

cultivars ‘Torhild’ and ‘Tordis’ are half-sibs with ‘Tora’ as the common female parent. 

Also the female parent SW930812 of ‘Resolution’ is a sibling o f ‘Sven’. The majority of 

SRC willows currently grown in Europe are interspecific hybrids with some Salix viminalis 

in the pedigree. This species is favoured for SRC because it grows fast, coppices well and 

maintains a good growth form (Pei et al., 2008). We show that there is a wealth of genetic 

variation within Salix that is as yet untapped.

Another issue to address is the possible polyploidy of some of the Salix genotypes 

studied. Suda and Argus (1968) reported that Salix is one of the few woody genera with a 

large number of polyploid taxa. A study by Thibault (1998) investigated polyploidy in 16 

species of Salix including S. alba L. var. vitellina L. Stokes, S. fragilis L., S. cinerea 

‘Tricolor’ and the hybrids S. ><ruhens Schrank and S. ^chrysocoma Dode which were 

shown to be tetraploid. Salix hahylonica var. pekinensis ‘Tortuosa’ has also been shown to 

be tetraploid (Lourciro et al., 2007). The positive correlation we found between the number 

of scored markers and ploidy was consistent with results reported in other studies (Trybush 

et al., 2008).

When levels of variation are compared between Salix and Populus in predicted 

exons, half of the genes show a trend towards larger diversity in Salix compared to Populus 

{Pall, Knal7, K orl, Mybr2r3, CesA2, C4H) (Figure 3.5.1) and the remaining half show the 

opposite - Populus more variable than Salix. For example, the CAD gene is the most 

variable region in Salix but is one of the least variable in both the species of Populus 

studied. This could potentially be due to copy-number variation or differential regulation 

o f wood formation in the 2 different genera, but further study is necessary to establish any 

patterns. Variation was found to be much lower in intraspecific studies of natural 

populations of P. tremula (Ingvarsson, 2005, Ingvarsson, 2008), where 17 SNPs/kbp were 

detected within five nuclear genes (Ingvarsson, 2005), 19 SNPs/kbp with 77 gene 

fragments (Ingvarsson, 2008) and 18 SNPs/kbp in P. tremuloides (Kelleher et al., 2012). 

However, as the previous studies (Ingvarsson, 2005, Ingvarsson, 2008, Kelleher et al.,
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2012) are based on intraspecific variation it is understandable that the levels from the 

current study are much higher - 53 SNPs/kbp in Salix and 30 in Populus in the current 

study.

Figure 3.5.1 Differences in the levels of SNPs in predicted exons within the genes found in Salix 
and Populus. The data are ranked based on the levels of variation in Salix. The number of Salix 

___________ genotypes or Populus species studied is indicated above each column.____________
120 I---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

(2 )

CAD SAD C3H1 G A-20 4CL2 P a ll  K nat7 K orl C esA l M ybr2r3  CesA2 C4H 

■  SNPs w ith in  S alix /kbp in p re d ic te d  e x o n s  ■ SNPs w ith in  P o p u lu sA b p  in p re d ic te d  ex o n s

From the phylogenetic tree results (Figure 3.4.4), differentiation is shown among 

Salix species. Members o f the different subgenera are often grouped together (although not 

strongly supported). All the commercial clones group close to S. viminalis, which is the 

main species used for willow breeding and thus the clones share sequence similarity with 

this.

This study also emphasizes that wood formation genes and more particularly the 

ones involved in the phenylpropanoid metabolism {PALI,  C3H1, C4H, SAD, CAD, 4CL2) 

are conserved among two genera in Salicaceae. These results are consistent with a study by 

Hamberger et al. (2007) who discovered considerable conservation among poplar, 

Arabidopsis, and rice genomes for nine phenylpropanoid gene families. While the genes 

show a high level o f conservation, the difference in the mutation rates as shown in Figure 

3.5.1 is o f interest to understanding the development and evolution o f wood formation 

genes within Salicaceae.

PALI ,  C3H1, C4H  and 4CL2 genes have relatively few non-synonymous sites (0, 

6, 3 and 20 non-synonymous SNPs/kbp, respectively). These genes are upstream o f the 

lignin pathway (Hamberger et al., 2007, Humphreys and Chappie, 2002). On the other
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hand, the CAD  and SAD  genes have more non-synonymous sites (34 and 38 non- 

synonymous SNPs/kbp, respectively). CAD enzyme is employed at the end o f the 

monolignol biosynthetic pathway to convert the esters into their corresponding alcohols 

(Weng and Chappie, 2010). According to Li et al. (2001), SAD  is essential for the 

biosynthesis o f syringyl monolignol and also intervenes at the end o f lignin biosynthesis. 

Our results are consistent with the prediction that selective constraint is progressively 

relaxed along metabolic pathways (Ramsay et al., 2009). Upstream genes are more 

pleiotropic, being required for a wider range o f  end products and thus tend to be more 

selectively constrained. However, another study on tobacco {Nicotiana tabacum  L.) from 

Barakate et al. (2011) has shown that SAD  might not be involved in the last step in syringyl 

monolignol biosynthesis in wood-producing angiosperms. They have shown the existence 

o f SAD  in lignifying tissues but are not clear o f its function. Moreover, it has also been 

hypothesized that SAD might be a dehydrogenase that directs monolignol precursors 

toward plant defense (Bomati and Noel, 2005), which could explain the relaxed selective 

constraint found in this study.

With the cloning step, more regions have been sequenced and analysed on a subset 

o f samples. It has been shown that orthologs have been amplified with confidence. More 

SNPs have been discovered than with direct sequencing from non-cloned amplicons. 

Results for haplotype number detennination, by mere counting in Arlequin, gave more 

than 2 haplotypes in 70% of the cases for assumed diploid species. The different 

haplotypes found in each individual were similar except for a few SNPs as emphasized by 

the haplotype trees. BLAST searches and gene trees revealed that the reference used for 

the primer design and the targeted Populus gene model were closely related to the Salix 

sequences so it is most likely that these different haplotypes are not duplicates o f another 

gene family member. Another possible explanation for excess haplotype number is that 

cloning emphasizes single-base substitution errors during the initial PCR. They are 

estimated to occur at a rate o f 1-7 x 10 per base pair per cycle (Eun, 1996). Some 

variants were possibly generated by enzyme slippage during sequencing especially for 

homopolymeric regions. It is also possible that some o f the taxa, presumed to be diploid, 

are in fact polyploid.
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3.6. Conclusion

We have characterised a large number o f new SNP markers for an array o f willow species 

{Salix spp.), in 12 gene regions involved in the lignin and cellulose biosynthesis pathways. 

The poplar genome sequence and other poplar based resources were used as a reference 

and the resources were transferred to Salix. This is the first study to quantify levels o f 

nucleotide polymorphism in a wide range o f willows for such genes from the three 

subgenera o f  Salix. The results show that Salix harbours significant amounts o f genetic 

variation at these loci (both between the different Salix species and between Salix and 

Populus). The study shows that the markers can be transferred from Populus to Salix in 

approximately half o f the cases and justifies this approach for marker application and 

development in Salix. The data should be o f interest and potential use to future work on 

pre-breeding programmes or association genetics in Salix.
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Chapter 4. Natural levels of genetic diversity in goat willow Salix caprea 

and osier S. viminalis inferred from the study of candidate genes 

related to wood formation

4.1. Introduction

4.1.1. W ood, lignin and cellulose review

Wood is perhaps the most important natural and renewable source o f energy and is 

therefore an important cost-effective alternative to burning fossil fuels. One o f the major 

components o f wood is lignin (25-35%). It is a complex phenylpropanoid polymer and the 

second most abundant natural product after cellulose (Boerjan et al., 2003). It is deposited 

mainly in cell walls o f supporting and conducting tissues, such as fibres and tracheary 

elements. The mechanical rigidity o f lignin strengthens these tissues so tracheary elements 

can endure the negative pressure generated from transpiration without collapse o f the tissue 

(Boerjan et al., 2003). The evolution o f lignin deposition is considered to be one o f the key 

events during the evolution o f primitive vascular plants (Davin and Lewis, 1992, Douglas, 

1996).

Lignin has been one o f the most intensively studied subjects in plant biochemistry 

for more than a century (Novaes et al., 2010) and, consequently, the enzymes and 

processes o f the lignin biosynthesis pathway are well characterized. Lignin production 

involves the production o f three monolignols; /»-hydroxyphenyl (H), guaiacyl (G), and 

syringyl (S) depending on the pathway route. These monolignols are synthesized through 

the common phenylpropanoid biosynthetic pathway (Humphreys and Chappie, 2002). 

Considerable interest in lignin biosynthesis has been fuelled by the many roles that lignin 

plays in development and in resistance to biotic and abiotic stress, as well as its importance 

to industry and agriculture (Humphreys and Chappie, 2002). For the production o f high- 

quality paper, lignin is considered as a negative factor because it must be extracted from 

the cellulose fraction by energy-requiring and polluting methods. For this reason, there is 

considerable interest in modifying lignin by genetic engineering (Li et al., 2008).

Cellulose, an array o f ( l-4)-P-D-glucan chains (Carpita, 2011), is a major 

component o f plant cell walls, and is the w orld’s most abundant biopolymer (Taylor, 

2008). It plays a central role in the regulation o f the cell volume, the determination o f cell 

shape and size, the mechanical protection o f the plant and its defence against pathogens 

(Bessueille and Bulone, 2008). As a raw material, it is among the most important natural
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biopolymers (Joshi and Mansfield, 2007). The pathway leading to cellulose biosynthesis in 

higher plants is also well characterized. It involves several enzymes that are dedicated to 

building localized pools o f UDP-glucose, the primary substrate for cellulose synthases. A 

number o f studies have resulted in the publication o f over 1,000 full-length or partial 

cellulose synthase (CesA) cDNAs or genes from representatives o f cereals, fruits, or trees 

(Joshi and Mansfield, 2007).

Lignin and cellulose biosynthesis genes have been studied in various tree species 

and in poplar in particular. The nucleotide diversity in several species o f pine was studied 

using some lignocellulose genes (Brown et al., 2004, Dvomyk et al., 2002, Pot et al., 

2005). In poplar, studies have focused on specific genes in the lignin pathway like 

CCoAOAfT (Meyermans et al., 2000), 4CL (Cukovic et al., 2001), SAD  (Bomati and Noel, 

2005), CAD  (Marroni et al., 2011) and Knat7  (Li et al., 2012) or on several genes (Kelleher 

et al., 2012). In Salix, one publication focused on these genes for a variety o f genotypes, 

see Chapter 3 (Perdereau et al., 2013). To date, nothing has been published on such 

candidate genes in natural populations o f Salix.

4.1.2. Nucleotide diversity, linkage disequilibrium and SNP studies: 

application in willows

The general understanding o f nucleotide variation in natural populations o f willow 

is underdeveloped. Two studies have been undertaken on genetic diversity within Salix 

(Barker et al., 1999, Przyborowski and Sulima, 2010) but they used RAPD and AFLP 

markers, which are two types o f neutral markers known to have limited transferability 

among laboratories and hence comparison o f data between studies is difficult (Freeland et 

al., 2011).

Studies on the levels and patterns o f nucleotide polymorphism and linkage 

disequilibrium (LD) as well as the degree o f population differentiation are required to 

understand the evolution o f  willow and to utilize it better. LD, the non-random association 

o f alleles at different loci, is a major aspect o f the organization o f genetic variation in 

natural populations. LD is determined by factors such as recombination, mutation, 

selection, and population admixture, as well as demographic history (Kim et al., 2007, 

Mueller, 2004, Pritchard and Przeworski, 2001).

To date, only one study has focused on the nucleotide diversity and levels o f 

linkage disequilibrium in natural Salix samples (Berlin et al., 2011). They studied two 

closely related willow species, Salix viminalis and S. schwerinii, and sequenced 18 nuclear
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loci in 24 individuals for each species. The decay of LD was slow especially for S. 

viminalis (LD<0.2 after 4000 bp), possibly explained by the fact that it has been partly 

domesticated in Europe.

For the study presented here, 8 gene fragments were assessed in 183 samples of 

caprea and 101 samples of S. viminalis sampled across Ireland. The genes studied included 

those involved in lignin and cellulose biosynthesis and transcription factors involved in 

lignin biosynthesis regulation. The objectives were to estimate the nucleotide diversity and 

the structure of the populations/groups sampled. An evaluation of the linkage 

disequilibrium for each gene and each species was also performed. Comprehensive 

knowledge of the levels of genetic variation and population structure is crucial for 

informed decisions concerning breeding stocks, conservation, and responses to future 

environmental change. The rate o f decay of LD has implications for the potential utility of 

association approaches in mapping QTL of interest for breeding (genome-wide scans vs. 

candidate gene approaches).
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4.2. Aims

The aims of this chapter were to:

1) Describe the diversity in several ligno-cellulosic genes in natural Irish S. caprea 

and S. viminalis,

2) Validate the sampling method and evaluate the optimal population size using one 

population of S. caprea,

3) Determine the level o f population genetic structure in natural Irish populations of 

Salix caprea and S. viminalis, and

4) Compare the two species in terms of diversity and population genetic structure.
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4.3. M aterial and m ethods

4.3.1. Collection of leaf material

Samples o f leaves o f natural populations o f Salix caprea and S. viminalis were 

collected across Ireland between 1993 and 1997 and during the summers o f 2010 and 

2011. In total, 390 individuals (in both species) were sampled from 99 sites in counties 

Antrim, Armagh, Cavan, Clare, Cork, Donegal, Down, Fermanagh, Galway, Kerry, 

Kildare, Laois, Leitrim, Limerick, Londonderry, Longford, Louth, Mayo, Meath, 

Monaghan, Offaly, Roscommon, Sligo, Tipperary, Tyrone, Waterford, Westmeath, 

Wexford and Wicklow. Up to 23 individuals were collected per site. The collection 

consisted o f  taking a few leaves from each tree (young green leaves if possible) and storing 

them in a sinall plastic bag containing silica gel. See also Chapter 2 for details o f the sites. 

For the rest o f the thesis, the specimens will be named as abbreviated in Table 4.3.1 and 

Table 4.3.2.

Table 4.3.1 Site abbreviation, location and number of samples analysed in the natural populations 
_____________ of 5'. caprea________________________

Abbreviation Location Samples analysed
ARD Ardsallagh Co. Meath 8
ONA Onagh Co. Wicklow 8
RHY Reynella house Co. Westmeath 23
ARDMO Ardmomey Co. Westmeath 8
LARK Larkfield Co. Longford 8
CORR Corratober Co. Cavan 8
KEEL Keelrin Co. Leitrim 8
BROW Brownstown Co. Offaly 8
KILC Kilcoke Co. Laois 8
CHAR Charleville Co. Offaly 8
ANNA Annaghdown Co. Galway 8
SLIE Slievecarron Co. Clare 8
GORT Gortlecka Co. Clare 8
JOHN St John’s wood Co. Roscommon 8
OAK Oakfield Co. Galway 8
WEST Westport Co. Mayo 8
DERR Derrinrush Co. Mayo 8
GOLE Gole wood Co. Fermanagh 7
REIL Reilly wood Co. Fermanagh 9
LISM Lismore Co. Waterford 8
HILL Killough hill Co. Tipperary 8
TOTAL 183

Due to resources and available time it was decided to study approximately 8 

individuals per S. caprea  population (for convenience, the first 8 specimens sampled per 

population, see Chapter 2 and Appendix 9.1 for details) except for the Reynella population
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where all the individuals were analysed (Table 4.3.1). The Reynella population was chosen 

as a test to study the optimal sampling size for S. caprea. In total, 183 S. caprea 

individuals were analysed.

All the specimens listed in Table 4.3.2 and 8 individuals from the Drogheda population 

were analysed for S. viminalis, giving a total o f 101 individuals. For some o f the analyses, 

particularly for the PCoAs, samples were grouped according to that stated in Table 4.3.3.

Table 4.3.2 Identity and location of the S. viminalis trees sampled
ID Location ID Location ID Location
001 Duleek 01 058 Aclare 100 Doonmore 02
002 Duleek 02 059 Bride 03 101 Anaghavill
004 Stabannan 060 Carrick-On-Shannon 01 103 Tralee
008 Aghanloo 061 Sallybush Road 104 Carrowneden 01
010 Mullylusty 063 Clogheen 106 Elphin
012 Ballinamore 064 Cleaheen 108 Clooney
014 Stewartstown 065 Fiddown 109 Carrick-On-Shannon 02
016 Killycat 066 Bamaderg 110 Sandy Bay 02
018 Cashel 069 Oldbridge 111 Kilmore Quay 01
020 Kilcoo 070 Clontushkert 113 Sandy Bay 01
022 Dooish 071 Dacklin 114 Murrintown
024 Drumcahy 073 Caherkeen 115 Doonmore 01
026 Drumquin 074 Toome 02 116 Moss Road
028 Coollarkan 075 Cloghaneely 118 Letterfrack 02
032 Lisreagh 076 Glentogher 119 Meen Bridge
034 Gannon's Cross 078 Dunseverick 02 120 T assagh
036 Aghareagh 079 Oldmill 121 Letterfrack 01
038 Dunmore 081 Six-Road Ends 123 Dunseverick 01
039 Blackwater 083 Killough 124 Bellantra Bridge
040 Cleaheen 084 Tcome 01 125 Bunnahowen
041 Bert Bridge 085 Collooney 01 126 Portnaboe
043 New Kildimo 086 Carland 128 Tereen Lough
044 Glentogher 02 088 Killiglen 129 Carrick-On-Suir 01
045 Mill Bay 089 Farmer's Bridge 130 Toome 04
046 Comaleck 090 Lough Achyrane 131 Baltray
048 Ballynamona 091 Spring Park 133 Caher 02
049 Bride 04 093 Ardfert 135 Collooney 02
050 Kilbarry 094 Banna 137 Attiduff 01
053 Kilmore 095 Kilmore Quay 02 139 Attiduff 02

054 Esker Hill 096 Borrisokane DRO Drogheda Co. Meath
8 Individuals Analysed

055 Sandy Bay 01 098 Caher 01
056 Bride 01 099 Newcourt
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Table 4.3.3 Groups used for S. viminalis individuals in some o f the analyses. For full details o f  the 
individual identity, see Table 4.3.2 and Appendices 9.2 and 9.3. NE=North-East, CE=Centre-East

ID Group
045, 055, 061, 078, 0 7 9 ,0 8 8 ,1 1 0 , 113, 116, 123, 130 Antrim
036, 0 5 3 ,0 8 1 ,0 8 3 , 120 NE Ireland
0 3 2 ,0 3 4 ,1 2 4 , 060, 109 CavanLeitrim
0 9 0 ,1 0 0 ,1 1 5 ,1 2 8 Clare
073 ,099 , 119, 043 CorkLimerick
044, 075, 076 Donegal
010, 016, 018, 020, 028 Fermanagh
066, 118, 121, 125 GalwayMayo
089, 093 ,094 , 103 Kerry
041, 004, 131, 001, 002, 069, 054 CE Ireland
0 0 8 ,0 7 4 ,0 8 4 ,1 0 8 Londonderry
012, 038, 040, 064, 070, 071, 106 Roscommon
D R 01-D R 08 Drogheda
046, 058, 085, 104, 135, 137, 139 Sligo
0 6 3 ,0 9 1 ,0 9 6 , 098, 129, 133 Tipperary
0 1 4 ,0 2 2 ,0 2 4 ,0 2 6 ,0 8 6 ,1 0 1 Tyrone
039, 049, 050, 056, 059, 065, 126 Waterford
048, 095, 111, 114 Wexford

4.3.2. DNA extraction

•A Qiagen DNeasy plant minikit 250 was used to extract the DNA from the dried leaves. 

For each extraction:

-Up to 20 mg o f lyophilized leaf was placed into a 2 mL safe-lock tube, together 

with a 3 mm tungsten carbide bead.

-The tubes were placed into an adapter set and ground for 1 min at 30 Hz using a 

Retsch MM300 mixer.

-The previous step was repeated, reversing the position o f the tubes within the 

adaptor set.

-400 o f buffer API and 4 [xL RNase A were added to disrupted leaf and the 

tubes were vortexed vigorously.

-The mixture was incubated for 10 min at 65°C and mixed 3 times during 

incubation by inverting the tubes.

-130 |xL o f buffer AP2 was added, and the tubes were incubated for 5 min on ice. 

-The mixture was centrifuged for 5 min at 20,000g.

-The lysate was pipetted into a QIAshredder Mini spin column placed in a 2 mL 

collection tube and was centrifuged for 2 min at 20,000g.

-The flow-through fraction was transferred into a new tube without disturbing the 

cell-debris pellet.
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-675 |xL of buffer AP3/E was added to the cleared lysate and was mixed by 

pipetting.

-650 î iL of the mixture from the previous step was pipetted into a DNeasy Mini 

spin column placed in a 2 mL collection tube and was centrifuged for 1 min at 7,000g. The 

flow-through was discarded. This step was repeated with the remaining sample.

-The DNeasy Mini spin column was placed into a new 2 mL collection tube, 500 

îL of buffer AW was added, and was centrifuged for 1 min at 7,000g. The flow-through 

was discarded.

-500 |iL of buffer AW was added again to the DNeasy Mini spin column, and the 

tubes were centrifuged for 2 min at 20,000g to dry the membrane.

-The DNeasy Mini spin column was transferred to a 1.5 mL tube and 100 |o,L of 

buffer AE was pipetted directly onto the column membrane.

-The columns were incubated for 5 min at room temperature, and then were 

centrifuged for 1 min at 7,000g to elute the solution.

-The spin columns were discarded and the stock DNA was stored at -20°C.

The quantity and quality of the DNA samples were checked on a 1.2% agarose gel stained 

with GelRed"^ and viewed over a UV light box.

4.3.3. Candidate genes studied

Eight candidate genes developed on poplar and involved in lignin and cellulose 

biosynthesis and regulation were studied. The genes were selected based on existing 

information in scientific literature as described by Kelleher et al (2012) and Perdereau et 

al. (2013). They were developed on the P. trichocarpa vl . l  version (Joint Genome 

Institute, 1997-2013). Table 4.3.4 gives the latest annotation and location for the genes 

studied in P. trichocarpa v3 (Phytozome and Joint Genome Institute, 2006-2013).

GelRed^'^ N ucleic  A cid Gel Stain, 10,000x in D M SO  from Biotium

68



Table 4.3.4 List o f the candidate genes, their role, their location on the genome o f P. trichocarpa
v3 (Phytozome and Joint Genome Institute, 2006-2013) and the gene model associated

Locus Name Role Location on genome 
P. trichocarpa v3

Gene model P. 
trichocarpa v3

C3H1
p-coumarate 3- 
hydroxylase Cytochrome 
P450 CYP2 subfamily

Lignin
biosynthesis

Chr06: 2228769 - 
2232684

Potri.006G0333
00

trans-cinnamate 4-

C4H monooxygenase 
Cytochrome P450 CYP2 
subfamily

Lignin
biosynthesis

Chrl3; 16038193 - 
16042613

Potri.013G1579
00

CesAl Cellulose synthase A Cellulose
biosynthesis

C hr02:24651363 - 
24656525

Potri.002G2579
00

CesA2 Cellulose synthase A Cellulose
biosynthesis

Chr05: 21120753 - 
21128348

Potri.005G1942
00

Knat7 Homeobox protein Putative lignin ChrOl: 8939256 - Potri.001G1122
knotted-1 regulation 8944320 00

Korl Endo-1,4-beta-Glucanase
Membrane-
associated Chr03: 16555309 - 

16560075
Potri.003G1517
00cellulase

PALI Phenylalanine ammonia- 
lyase

Lignin
biosynthesis

Chr06; 10249101 - 
10252655

Potri.006G1268
00

SAD Sinapyl alcohol 
dehydrogenase

Lignin
biosynthesis

Chrl6: 5972301 - 
5976275

Potri.016G0783
00

4.3.4. DNA amplification procedure and examination of amplification  

products

Eight prim er pairs were selected from  C hapter 3 to be used in this Chapter because 

they had w orked on a variety  o f  w illow  species. These w ere the nuclear prim ers o f  C3H1, 

C4H, C esA l, CesA2, K nat7, K o r l, P A L I  and SA D  (Table 4.3.5) as described in Table 1 in 

K elleher et al. (2012).

Table 4.3.5 Sequences of nuclear DNA primers used and expected length o f the amplicon in bp 
_______  (from an in silica test against sequence assembly)____________

Locus
Forward primer 5 ’ to 3’ (F) 
Reverse primer 5 ’ to 3’ (R)

Expected length (bp)

C3H1 F: GCATGGACACAACTGCAATC 
R: ACTCTCCTTCCTGCACCAAA

411

C4H F: ACCCTCTTGGGTTCTTTCGT 
R: GGTCTCAAAATGGGGATGAA

673

CesAl F: TCCCCAGAGACCAGCTTTTA 
R: CCCATCAGACCTTTGAGGAA

796

CesAl F: CGAGACTTGGGGTCCACTCT 
R:ACACATCCCCACTACAATTTCC

398

Knat? F; TACGGGTGCAACCATGTCT 
R:AGGTCTCCACCTATTACATGACC

961

Korl F: GCGATGGGAAAGGTAAACAA 
R: CTGCAGCAAGATCAGAGCAG

821

PALI F: TTCACGATCAACCACCTTGA 520
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Locus
Forward primer 5 ’ to 3 ’ (F) 
Reverse primer 5 ’ to 3’ (R)

Expected length (bp)

R: GCCTTACATGGTGGCAACTT
SAD F: GTTGGGAGCAAGGTGAAAAA 

R: TACCACTCCCGGCAACTATC
883

For each PCR, a master mix was prepared for 100 reactions (Table 4 .3 .6), 

corresponding to a 96 well PCR plate with a positive and negative control and which  

allows for pipette errors. Sterile ultra-pure water was used as a negative control and a 

sample o f  DNA from P. trem ula  was used as a positive one.

Table 4.3.6 PCR reaction master mix. The volumes and concentrations are shown

For 10 )iL reaction
)iL individual 

well
Concentration/ amounts |iL master mix

X 1 X 1 0 0

DNA 1 5-100 ng 1 )iL/well
H2O (ultra pure) 4.85 485
5x Colorless GoTaq® Flexi Buffer^ 2 Ix 2 0 0

Invitrogen dNTPs (A, T, C, G) 2mM 1 |iL 0.2 mM of each dNTP 100
Primer Forward (100 ng/|aL) 0.25 2.5 ng/|iL 25
Primer Reverse (100 ng/^L) 0.25 2.5 ng/|j,L 25
MgCb (25 mM) 0.6 1.5 mM 60
GoTaq® DNA Polymerase (5 units/ 
HL)
Total

0.05

1 0

0.25 units 5

The Taq DNA Polymerase was added last in the master mix tube as it can start the 

reaction before the plate is placed in a thermal cycler. 9 |j.L o f  master m ix was added to 

each 1 îL D N A sample. The plate was centrifuged for a few  seconds at l,000g  to spin 

down the reagents to the bottom o f  the well before being placed in a thermal cycler PCR 

machine^ with the parameters given in Table 4.3.7.

Table 4 .3.7 Cycle parameters o f a typical PCR reaction of 30 cycles
Step Temperature Time
Premelt 94°C 2 min
Denaturation 94°C 1 min I
Annealing 58°C 1 min I  x 30
Synthesis 72°C 1 min J
Final extension 72°C 1 0  min
Hold 4°C 00

 ̂ Proprietary formulation supplied at pH 8.5 
A pplied B iosystem s Veriti 96 w ell Thermal C ycler and Biometra TProfessional
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A garose gel electrophoresis w as used in order to determ ine w hether the 

am plification was successful and how  strong the am plification had been. 2 [iL o f  PCR 

product was m ixed  with 2 |xL o f  loading dye^ and then loaded into a well on a 1.2%
Q

agarose gel stained w ith GelRed. The buffer used was 1 x TBE . The gel was subjected to 

electrophoresis at 130V for 45 min. The gel was then view ed over a UV light box^. A 

typical gel result is show n in P icture 4.3.1.

Picture 4.3.1 Example o f a 1.2% agarose gel showing the amplification products o f a few 
individuals with the primers from PALI  (520 bp). A Ikbp DNA ladder from Invitrogen was used to

______ estimate size of the product._______

4.3.5. Purification of PCR products

A fter successful PCR, the products w ere purified using a Jet Quick PCR product 

purification spin kit from Genom ed:

-400 o f  solution H 1 wer e added to the PCR product and m ixed 

-The m ixture was loaded into a Jetquick spin colum n, centrifuged at 13,000 g for 1 

m in and the flow  through was discarded.

-500 jiL o f  reconsfituted solution H 2 "  was added to the colum n, centrifuged at 

13,000 g for 1 m in and the flow through was discarded. The colum n was centrifuged again 

at 20,000 g for 1 min.

-The colum n was placed into a new  tube, 50 |.iL o f  sterile w ater was added and the 

colum n was centrifuged at 13,000 g for 2 m in. The purified sam ples were stored at -20°C.

 ̂ Loading dye: 0.25%  B rom ophenol blue, 40%  sucrose 
* TBE buffer: 89 mM Tris base(pH 7 .6), 89 mM boric acid and 2 mM EDTA  
’ U V  light box D N R  M inibis Pro

Solution H 1: B inding buffer contains guanidine hydrochloride and isopropanol 
" Solution H2: W ashing buffer contains ethanol, N aCl, E D T A  and Tris/HCl
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Because o f the costs o f resources and time, it was later decided to use two
12hydrolytic enzymes, Exonuclease I (20 U/|iL) and Shrimp Alkaline Phosphatase (1 

to remove unwanted dNTPs and primers. 0.3 jiiL o f Exonuclease, 2 jjL o f 

Alkaline Phosphatase and 2.7 )iL o f sterile water were added to 5 |iL o f  PCR product. The 

mixture was then incubated at 37°C for 30 min and inactivated at 82°C for 20 min.

4.3.6. Sanger Sequencing

Prior to sequence analysis, cycle sequencing was performed. BigDye Terminator 

v3.1 cycle sequencing kit from Applied Biosystems was used. For each reaction, a master 

mix was prepared (see Table 4.3.8).

Table 4.3.8 C ycle sequencing reaction master mix. The volum es and concentrations are show n
|jL individual 

well
Concentration/

amounts
liL master 

mix
x 1 X 100

Purified PCR product 1.5 40-100 ng/^L 1.5 jiL/well
H2O (ultra pure) 4 400
5 X B igD ye Sequencing Buffer 1.5 0.75 x 150
Primer Forward (5 ng/^L) 2 1 ng/^L 200
Terminator Ready Reaction M ix 2.5 x 
Total

1
10

0.25 X 100

The BigDye Terminator Ready Reaction Mix was added last to the master mix 

tube. 8.5 |iL o f master mix was added to each 1.5 piL DNA sample. The plate was 

centrifuged for a few seconds at l,000g before being placed in a thermal cycler PCR 

machine with the parameters given in Table 4.3.9.

Table 4 .3 .9 Cycle parameters o f  the sequencing reaction o f  28 cycles
Step T emperature Time
Premelt 96°C 1 min
Denaturation 96°C 1 0 s 1
Annealing 50°C 5 s f x 2 8
Synthesis 60°C 4 min
Hold 4°C 00

After the cycle sequencing, the reactions were purified using the BigDye 

XTerminator purification kit (Applied Biosystems). A master mix o f 45 |iL/well o f  SAM

E xonuclease I from N ew  England B iolabs 
Rapid A lkaline Phosphatase from Roche
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solution'^ and 10 |iL/well of XTerminator solution'^ was made. 55 |iL/well of this master 

mix was added to 10 |iL of the cycle sequencing reactions, being cautious to mix the 

master mix tube every few wells. The plate was mixed for 30 min at 2,000 rpm and 

centrifuged 2 min at 1,000 g. It was then placed into a Sanger sequencer (3130x1 Genetic 

Analyzer from Applied Biosystems) using an 80 cm capillary array.

It was later decided to send the purified PCR products to Source Bioscience Dublin 

for sequencing.

4.3.7. Statistical and diversity analysis

The sequence files were analysed with Seqscape 2.6 from Applied Biosystems. 

They were aligned against a P. trichocarpa reference (Table 4.3.10) and SNPs and Indels 

were recorded in Excel. B L A S T sea rch es  were made against the nucleotide database of 

the NCBI (Altschul et al., 1990, Johnson et al., 2008) and against Phytozome (Phytozome 

and Joint Genome Institute, 2006-2013) to check similarity with existing database 

sequences.

SNPs, indels and singletons were recorded in Excel, both in the total amplicon and 

in predicted exons among S. caprea or among S. viminalis individuals.

Sequences were exported into PASTA format and manually converted into “ .arp” 

files for diversity studies in Arlequin 3.5 (Excoffier et al., 2005). Inference of haplotypes, 

AMOVA and F-statistics were also carried out using Arlequin 3.5. As the sequences are 

genotypic, the gametic phase is unknown but the allelic content of each locus (site) is
17known. In order to infer haplotypes, a Bayesian analysis was perform.ed using the ELB

algorithm (Excoffier et al., 2003) and the default parameters except for the gamma value

which was set to 0.01 as explained in the manual for SNP data. This algorithm estimates

the unknown gametic phase of multi-locus genotypes. Phase updates are made on the basis

of a window of neighbouring loci, and the window size varies according to the local level

of linkage disequilibrium. Bar plots of the different haplotypes and their relative

frequencies found for each gene region were produced in Excel. Locus by locus 
] 8AMOVA , i.e. an independent AMOVA at each polymorphic locus was performed with 

the default parameters. Inbreeding coefficients {Fjs and Fit) and population specific

'“’SA M  solution: im proves B igD ye XTerm inator reagent perform ance and stabilizes the sam ple after 
purification
'‘"’XTerm inator solution: captures unincorporated dye terminators and free salts 
'^BLAST: B asic Local A lignm ent Search Tool 

ELB: E xcoffier-L aval-B ald ing algorithm  
A M O V A : A nalysis o f  M olecular Variance
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fixation indices (Fst) for each gene were inferred from the variance components o f each 

AMOVA.

Table 4.3.10 Gene model P. trichocarpa v3 (Phytozome and Joint Genome Institute, 2006-2013)
_______  used for alignment_________

Locus Gene model P. trichocarpa v3

C3HI Potri.006G033300
C4H Potri.013G 157900

CesAl Potri.002G257900
CesA2 Potri.005G 194200
Knat7 Potri.OOlG 112200
Korl Potri.003G151700
PALI Potri.006G 126800
SAD Potri.016G078300

A general AMOVA was performed in GenAlEx 6.5 (Peakall and Smouse, 2012) 

using every SNP found for each individual.

Nucleotide diversity, which is defined as the probability that two randomly chosen 

homologous sites are different, was computed in Arlequin and then summarized with bar 

plots in Excel.

DnaSP v5 .10.01 (Librado and Rozas, 2009) was used to study the levels o f  LD 

between SNPs. LD was estimated as r", the mean squared correlation in allelic state (Hill 

and Weir, 1988). Significance o f the associations between SNPs was determined with a 

Fisher’s exact test with Bonferroni correction. Only informative sites were included in the 

analyses (i.e. singletons were excluded). The overall decay o f LD was estimated by 

plotting r against the physical distance between SNPs in Excel. The non linear quadratic 

regression slope (Hill and Robertson, 1968) was calculated using JMP v.7 (SAS Institute, 

Cary, NC, USA).

Isolation by distance (IBD) analyses were carried out using Mantel tests. Two types 

o f test were made, one with all the individuals against the codominant genotypic distance 

matrix and one with the matrix o f Slatkin linearized F$t values for each population 

obtained from GenAlEx. A matrix o f  Slatkin linearized F st values was calculated as 

follows: t/2N=FsTK^-FsT), (Slatkin, 1995). Both tests were performed in GenAlEx with 

9,999 permutations.

Principal coordinates analysis (PCoA) was carried out in GenAlEx. A Tajima and 

Nei distance matrix (Tajima and Nei, 1984) was computed in PAUP* 4.0 (Swofford, 2002) 

and imported into GenAlEx for subsequent PCoA. Values for the first two coordinates 

(axes) were plotted.
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Finally, population structure and admixture analysis was performed with the most 

commonly used software STRUCTURE 2.3.4 (Pritchard et al., 2000). STRUCTURE 

assumes a model in which there are K  progenitor populations (where is a variable), each 

o f which is characterized by a set o f allele frequencies at each locus. The method attempts 

to assign individuals to populations on the basis o f their genotypes, while simultaneously 

estimating progenitor population allele frequencies. The data were analyzed for admixture 

(i.e. each individual draws some fraction o f its genome from each o f the K  clusters) and 

structure o f the natural populations by varying the number o f clusters {K) from 1 to 15. For 

this analysis, the linkage model was used assuming correlated allele frequencies 

(frequencies in the different populations are likely to be similar probably due to migration 

or shared ancestry) among populations but varying Fst for different subpopulations. The 

length o f bum-in period, and number o f  MCMC replications after bum-in were 

respectively set to 10,000 and 50,000 and the calculations were repeated 20 times each 

(from K=\ to A^=15). The true K  (number o f populations) was inferred using the IsK model 

(Evanno et a l ,  2005) which is based on the second order rate o f change o f the likelihood 

(AAj. The AA' shows a clear peak at the true value o f K.

4.3.8. Examination of the optimal population sample size

In order to capture the maximum variability with a minimum number o f samples 

per population, the optimal size o f  a population was examined using the Reynella natural 

population as an example. The whole population o f 23 individuals was sequenced with 

between 21 and 23 individuals per gene region. The SNPs were gathered in tables (see 

Table 4.3.11) then recoded as presence absence data (0=no mutation, l=mutation) (see 

Table 4.3.12). A macro in Excel was programmed by Mr Herve Zenner (IT engineer. 

Acquirer Systems, 3 W estland Square, Dublin 2, Ireland). The code is available in 

Appendix 9.6.

The macro randomly picks between 1 and 23 different individuals, and counts the 

number o f different SNPs obtained. This operation was repeated 2,000 times. Either 1, 2, 3, 

5, 6, 7, 8, 9, 10, 12, 15, 20, 21, 22 or 23 individuals were picked and analysed. Scatter 

charts with standard deviation and logarithmic trendline were drawn in Excel.
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Table 4.3.11 Example o f a table showing the SNPs found for the population for C4H
S N P lll SNP150 SNP198 SNP25S SNP3S4 SNP441 SNP55S SNP597 SNP64B SNP651 SNP675

R eynella l T C C T T T A C T
Reynella2 C T Y c C T C

Reynelia3 Y y C Y K Y K R Y r

Reynelid4 C T C C K C T C

ReyneliaS c T c c K C Y C

Reynella6 c T c c K c Y c
Reynelia? c T c c K c R Y c
ReyneliaS c T c c T c T c
ReyneilaS Y Y c c T Y A C T

ReynellalO T Y Y Y Y K R Y Y

R e yn e ila ll C T C C K C R Y C
Reynella l2 Y Y C Y K Y K R Y C
ReynellalS C T C C T C T C
Reyneila l4 Y Y C C T C Y C
Reynella l5 T Y c Y Y K A C T
Reynella l6 T C c Y K T K A C T
Reynelia l? Y Y c C T Y T C
Reynelia 18 T C c c K Y T c
Reynelia 19 Y Y c Y R Y T A C T
Reynella20 Y Y c C K Y R Y T
Reynella21 T T c c C T C
Reynella22 Y Y c c T Y T c
Reyrtelia23 C T c c K C K A C T

Table 4.3.12 Example o f the coding obtained from Table 4.3.11 (0=no mutation, l=m utation)
1 2 3 4 5 6 7 8 9 10 11

1 1 1 0 1 0 0 1 1 1 1 1
2 0 0 1 0 0 0 0 0 0 0 0
3 1 1 0 1 1 0 1 1 1 1 0
4 0 0 0 0 1 0 0 0 0 0 0
5 0 0 0 0 1 0 0 0 0 1 0
6 0 0 0 0 1 0 0 0 0 1 0
7 0 0 0 0 1 0 0 0 1 1 0
8 0 0 0 0 0 0 0 0 0 0 0
9 1 1 0 0 0 0 1 0 1 1 1

10 1 1 1 1 0 0 1 1 1 1 1
11 0 0 0 1 0 0 0 1 1 0
12 1 1 0 1 1 0 1 1 1 1 0
13 0 0 0 0 0 0 0 0 0 0
14 1 1 0 0 0 0 0 0 0 1 0
15 1 1 0 1 0 0 1 1 1 1 1
16 1 1 0 1 1 0 1 1 1 1 1
17 1 1 0 0 0 0 1 0 0 0 0
18 1 1 0 0 1 0 1 0 0 0 0
19 1 1 0 1 0 1 1 1 1 1 1
20 1 1 0 0 1 0 1 0 1 1 1
21 1 0 0 0 0 0 0 0 0 0 0
22 1 1 0 0 0 0 1 0 0 0 0

23 0 0 0 0 1 0 0 1 1 1 1

The same type o f analysis was made for the haplotypes found. A  matrix was drawn 

w ith the haplotypes o f each individual and the analysis was run 2,000 times for either 3, 5, 

8, 10, 15, 20, 21, 22 or 23 individuals picked at random.

76



4.4. Results

4.4.1. BLAST results

BLAST searches against the NCBI GenBank database and against Phytozome were 

performed on every sequence to test its identity. In all cases the target sequence was the 

top hit in the search results (Table 4.3.10). BLAST results gave hits to several poplar 

species including P. alba L., P. balsamifera  L., P. nigra  L., P. tremula L., P. tremuloides 

Michx. and P. trichocarpa Torr. & A. Gray.

4.4.2. Salix caprea diversity

4.4.2.1. Genetic diversity

Between 205 bp and 752 bp were analysed per gene for a total length o f 734,057 bp 

(Table 4.4.1). 177 individuals on average were studied. A minimum o f 17 SNPs/kbp for 

C esAl and SAD  and a maximum o f 73 SNPs/kbp for C3H1 were found. Between 1 and 6 

Indels were found and up to 3 singletons were detected (SNP present in only 1 individual). 

Details o f  these Indels are given in Table 4.4.2.

In predicted exons, between 0 and 73 SNPs/kbp were found. Most o f the SNPs 

discovered were synonymous when compared to predicted exons in the gene models 

(Table 4.3.10). Non synonymous SNPs were found in C3H1, SAD  and K orl. Two non 

synonymous SNPs were found to be at a homozygous state for some S. caprea  individuals, 

1 was found in C3H1 for 2 individuals and 1 in SAD  for 15 individuals.

Table 4.4.1 Details of the sequence variation found among S. caprea for the different genes
Gene region C3H1 C4H CesAl CesA2 PALI SAD Korl Knat7 Total

N 182 170 178 179 169 182 182 176
Total SNPs 25 16 13 10 13 12 35 6 130
Singletons 2 1 1 0 3 2 0 0 9

Indels 0 0 0 0 0 1 6 1 8
Length (bp) 343 604 752 323 452 706 749 205 4134

SNPs/kbp 73 26 17 31 29 17 47 29 31
7-(bp) 62426 102680 133856 57817 76388 128492 136318 36080 734057

EXONS
Length exons 

(bp)
SNPs in exons

343 604 624 172 452 455 312 107 3069

25 16 4 5 13 9 2 0 74
SNPs in 

exons/kbp 73 26 6 29 29 20 6 0 24

Indels 0 0 0 0 0 0 0 0 0
Syn 17 16 4 5 13 4 1 0

Non Syn 8 0 0 0 0 5 1 0
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Gene region C3H1 C4H CesAl CesA2 PALI SAD Korl Knot? Total
Non Syn Het 8 0 0 0 0 5 1 0

Non Syn 1 0 0 0 0 1 0 0Homo
Syn/kbp 50 16 6 29 29 9 3 0

Non Syn/kbp 23 0 0 0 0 11 3 0
NonSyn 23 0 0 0 0 11 3 0Het/kbp

Non Syn 3 0 0 0 0 2 0 0Homo/kbp
N =  Num ber o f  sam ples studied, Indels =  Insertions/deletions, Length =  Studied length (bp), SN Ps/kbp =  
Num ber o f  SNPs/kbp ((SN P s/length) x 1000), T= Total studied length (bp), Length exons =  Studied length  
in exon s (bp), SN Ps in exons =  Total SN Ps in exons, SN Ps in exons/kbp =  N um ber o f  SN Ps in exons/kbp  
((SN P s/length) x 1000), Syn =  Synonym ous sites. N on  Syn =  N on-synonym ous sites. N on  Syn Het =  N on  
synonym ous sites at a heterozygous level. N on  Syn H om o =  N on  synonym ous sites at a hom ozygous level, 
Syn/kbp =  (Syn/length exons) x  1000, N on Syn/kbp =  (N on Syn/length exons) x 1000, N on  Syn Het/kbp = 
(N on Syn H et/length exons) x 1000, N on  Syn H om o/kbp =  (N on Syn H om o/length exons) x 1000

Table 4 4.2 Details of the Indels found in S. caprea for the different genes
Gene region Indels (details)

SAD 1 (between 3bp and 96bp in 37 individuals)

Korl 6 (2bp 124 individuals; 2bp 3individuals; Ibp 137 individuals; Ibp 1
individual; Ibp 2 individuals; 1 or 2bp 180 individuals)

Knat7 1 (9bp 156 individuals)

Haplotypes were inferred in Arlequin using the ELB algorithm. Over 78% of 

haplotypes were determined at a confidence probability o f >95% while nearly 84% of 

haplotypes were determined at a confidence probability o f >90% (Table 4.4.3).

Table 4.4.3 Percentage of haplotypes found with either 95 or 90% confidence
% haplotypes C3H1 C4H CesAl CesA2 Knat7 Korl PALI SAD Average

>95% 84.6 60.6 74.7 86.6 92.0 69.0 82.8 79.1 78.7
>90% 91.8 69.4 80.3 87.2 94.9 76.8 83.4 84.6 83.6

30 haplotypes were found for the C3H1 gene. One haplotype accounted for more 

than 30% o f the total number found whereas 17 haplotypes were rare'^ (Figure 4.4.1 A). A 

total o f  73 haplotypes were observed for the C4H  gene (Figure 4.4.1 B). M ost o f them 

were rare with the most frequent haplotype only representing 14% o f the total. For the 

CesAl gene, 22 haplotypes were detected (Figure 4.4.1 C); among them, 4 accounted for 

two third o f the total frequency. 16 haplotypes were found for CesA2 (Figure 4.4.1 D). One 

haplotype was very frequent, representing more than 65% o f the haplotypes detected. For 

Knat7, 36 haplotypes were observed (Figure 4.4.1 E). 3 haplotypes accounted for half of 

the total frequency. 112 haplotypes were detected for the K orl gene (Figure 4.4.1 F). Rare 

haplotypes were very frequent (100/112) and accounted for nearly half o f  the recorded 

variation. 36 haplotypes were found for PALI (Figure 4.4.1 G); among them, 4 accounted

A rare haplotype is defined here as representing less than 2% o f  the total haplotypes.
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for 2/3 o f  the total frequency detected. 81 haplotypes were observed for SAD  (F igure 4.4.1 

H). The two m ost frequent haplotypes accounted for 1/3 o f  the total frequency and 72 out 

o f  81 haplotypes w ere rare.

Figure 4.4.1 The frequency distribution (in %) o f haplotypes from the different gene regions in S. 
caprea. Only haplotypes (h) that account for over 2% of the total are plotted separately, the others 
are pooled into one group “other”; A) C3H1, B) C4H, C) CesAJ, D) CesA2, E) Knat7, F) Korl,  G)
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Linkage disequilibrium (r^) was estimated within S. caprea between SNPs located 

within every studied gene. Average /  was 0.103, and among 3,533 pairwise comparisons 

between SNPs, 480 were significant (p<0.05) after Bonferroni correction (14%). LD 

decayed within the segments with /  dropping below 0.1 at approximately 100 bp (Figure 

4.4.2).

Figure 4.4.2 A plot of linkage disequilibrium decay with distance (bp) in genes of S. caprea as a 
function of the distance between sites pooled across the 8 genes. x-axis=Distance (bp), y-axis=r" 

Fitted curve: y=((10+0.114x)/((2^^0.114x)*(i 1+0.114x)))*(H((3+0.114x)*(12+1.368x+0.013x^))/
(406*(2+0.114x)*(ll+0.114x)))
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Nucleotide diversity varied greatly from one gene to another and ranged between 

0.0031 for CesA2 and 0.0389 for Knat7  (Figure 4.4.3).
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Figure 4.4.3 Nucleotide diversity (average over loci) for the 8 analysed genes. Standard error is
shown as error bars
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4.4.2.2. G enetic structure

F-statistics w ere calculated  in A rlequin for each gene from  the A M O V A  analysis 

(Table 4.4.4). F 5 7 -ranged betw een 0.041 and 0.114 and w as non-significant for C esA l  and 

P A L I  genes m eaning that there w as no significant differentiation betw een populations. 

Low to m oderate population differentiation w as detected for the other genes. The 

inbreeding coefficient or F / 5  w as non-significant in h a lf  o f  the genes but w as relatively 

high for the others, indicating a dearth o f  heterozygotes o f  the individuals relative to the 

rest o f  their subpopulation at these loci. F u  was also found to be high for nearly  all the 

genes, show ing that on average the heterozygosity  o f  an individual is less than the total 

population.

Table 4.4.4 Average F-statistics over all loci. *=p-value<0.05, significance tests are based on over

C3H1 C4H CesAl CesA2 Knot 7 Korl PALI SAD
Fst 0.060* 0.081* 0.041 0.060* 0.079* 0.048* 0.058 0.114*
F,s -0.037 0.178* 0.017 0.035 0.378* -0.026 0.573* 0 .2 0 1 *
F,t 0.025 0.245* 0.057* 0.093* 0.427* 0.024* 0.598* 0.292*

An A M O V A  analysis was carried out in G enA lEx using all the SN Ps detected in 

every gene (Table 4.4.5). M ost o f  the variation was show n to be w ithin populations (8 8 % ), 

w hereas 12% o f  the variation w as am ong populations. A m ong population differentiation 

was significant over 9,999 perm utations.
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Table 4.4.5 AMOVA across all genes. Phi=Q).\ 18,/j=0.0001; probabilityp  ior Phi is based on

d P
Sum of 
Squares

Variance
components

Percentage
variation

Among populations 20 1205 3.7 12%
Within populations 162 4520 27.9 88%

Total 182 5725 31.6 100%

Two types o f  Mantel test were made, one with all the individuals against the 

codom inant genotypic distance matrix and one with the matrix o f Slatkin linearized F$t for 

each population obtained from GenAlEx (Figure 4.4.4 and Figure 4.4.5). Both tests 

showed no isolation by distance because the slope o f both was zero and the /^-values 

associated with the tests were non-significant (/?-values>0.05). One group o f distances is 

detached from the other (score >300 on the figure). It corresponds to one individual, 

Ardmo7, which has a long intronic deletion in the SAD  gene (96 bp), which explains the 

high genotypic distance with the other individuals.

Figure 4.4.4 Mantel test of isolation by distance over all individuals performed in GenAlEx. p- 
value associated with the test under the null hypothesis = 0.250. No. permutations = 9,999
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Figure 4.4.5 Mantel test o f isolation by distance between populations performed in GenAlEx. 
Matrix of Slatkin linearized Fst^s t/2N=FsT/(\-FsT) (Slatkin, 1995). p-value associated with the test 

____________under the null hypothesis = 0.233. No. permutations = 9,999 _______
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PCoA  was carried out in G enA lEx from  a T ajim a-N ei distance m atrix  com puted in 

PA UP* (Figure 4.4.6). The first axis explains 12% and the 2"̂ * axis 8%  o f  the variation, 

cum ulatively explaining only 20%  o f  the variation. N o separation o f  the different groups is 

evident how ever individuals from  som e defined populations show ed a weak degree o f 

clustering. Populations Lark, Corr, B row  and Ard on one hand; and populations W est, Reil, 

John, Hill, Slie, Gort, Gole, Lism  and O ak on the o ther hand w ere clustered together. Axis 

1 vs. 3 and axis 2 vs. 3 w ere also plotted  but failed to detect any further structuring.

____________________ Figure 4.4.6 PCoA of all the genes for S. caprea____________________
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STRUCTURE software was used to cluster the individuals. Mean grouping of each 

cluster was perfonned for the optimal value of K  found and the populations were mapped 

into ArcGIS using the clustering computed in STRUCTURE. The optimal value of K  was 

determined to be A'=3 (Figure 4.4.7). The three clusters were mapped for each population 

(Map 4.4.1). Every population presented a similar pattern with cluster 3 type being the 

most frequent (highest proportion) within each population except in the Oak population 

where cluster 2 type was most frequent. An alternative number of clusters (A^=5) was also 

tested but they did not improve any understanding of geographical patterns.

Figure 4.4.7 results for all the SNPs

Map 4.4.1 Cluster identity o f  individuals within S. caprea  populations obtained from the 
STRUCTURE analysis. Between 7 and 23 individuals per population were mapped.
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4.4.2.3. Evaluation o f the optimal sampling size per population using the

Reynella population

With the help o f a macro designed in Excel, the optimal sampling size o f a 

population was examined using the Reynella natural population as an example. The 

average percentage o f SNPs obtained over 2,000 repetitions was recorded for each gene 

except for PALI  where too few individuals had a suitable sequence to be analysed. On 

average, 81.3% o f the SNPs are obtained when 5 individuals are picked at random and 

89.2% when 8 individuals are picked (Figure 4.4.8). The increase in SNP detection caused 

by increasing sample size stagnates when 10 individuals are picked at random (92.0%). 

Between 5 and 10 individuals are sufficient in order to catch the maximum variability 

when testing this set o f genes. In order to catch 95% o f the SNPs, 14 individuals on 

average should be picked (95.1%> o f the SNPs) except for C3H1 where 20 individuals 

would be necessary because it has rare mutations.

Figure 4.4.8 SNPs obtained over 2,000 repetitions (%) as a function o f the number o f  individuals 
_    randomly chosen
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The average percentage o f haplotypes obtained over 2,000 repetitions was also 

recorded for each gene except for PALL  50.1% o f the haplotypes are picked on average 

when 5 individuals are chosen, 63.7% for 8 individuals and 70.6% for 10 individuals 

(Figure 4.4.9). Percentages o f haplotypes detected (Figure 4.4.9) are lower than 

percentages o f SNPs detected (Figure 4.4.8) for the same sample size. This is expected as a 

maximum o f 2Â  haplotypes can be found when analysing N  samples.
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Figure 4.4.9 Haplotypes obtained over 2,000 repetitions (%) as a function of the number 
______________________ individuals randomly chosen________________________
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4.4.3. Salix viminalis diversity

4.4.3.1. Genetic diversity

Between 205 bp and 752 bp were analysed per gene for a total number o f 412,712 

bp (Table 4.4.6). 99 S. viminalis individuals on average were analysed. A minimum o f 15 

SNPs/kbp for C4H, CesA2 and PALI and a maximum o f 55 SNPs/kbp for C3H1 were 

detected. Except for C esAl where 2 more SNPs were found, less variation was detected 

among S. viminalis than among S. caprea individuals. Up to 5 singletons and a maximum 

o f one Indel were detected per gene region. Details o f these Indels are given in Table 4.4.7. 

Fewer Indels were detected in S. viminalis and none were detected in predicted exons. 

Between 0 and 55 SNPs/kbp were found in predicted exons. Most o f the SNPs discovered 

were synonymous changes. Non-synonymous SNPs were found in C3H I, C4H  and SAD. 

A few non-synonymous SNPs were found to be at a homozygous state for some S. 

viminalis individuals, 1 was found in C3H1 and 2 in C4H  and SAD. They were not located 

at the same position as in S. caprea.

Table 4.4.6 Detai s of the sequence variation found among S. viminalis for the different genes
Gene region C3H1 C4H CesAl CesA2 PALI SAD Korl Knat7

N 100 101 101 96 99 101 101 89
Total SNPs 19 9 15 5 7 11 19 4 89
Singletons 1 0 2 0 0 5 1 0 9

Indels 0 0 1 1 0 1 1 0 4
Length (bp) 343 604 752 323 452 706 749 205 4134

SNPs/kbp 55 15 20 15 15 16 25 20 22
T(bp) 34300 61004 75952 31008 44748 71306 75649 18245 412212
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Gene region C3H1 C4H CesAl CesA2 PALI SAD Korl Knat7
EXONS

Length exons(bp) 343 604 624 172 452 455 312 107 3069
SNPs exons 19 9 7 2 7 11 1 0 56

SNPs in exons/kbp 55 15 11 12 15 24 3 0 18
Indels 0 0 0 0 0 0 0 0 0

Syn 12 7 7 2 7 6 1 0
Non Syn 7 2 0 0 0 5 0 0

Non Syn Het 7 2 0 0 0 5 0 0
Non Syn Homo 1 2 0 0 0 2 0 0

Syn/kbp 35 12 11 12 15 13 3 0
Non Syn/kbp 20 3 0 0 0 11 0 0

Non Syn Het/kbp 20 3 0 0 0 11 0 0
Non Syn 

Homo/kbp
3 3 0 0 0 4 0 0

N = Number o f samples studied, Length = Studied length (bp), SNPs/kbp = Number o f SNPs/kbp, T = Total 
studied length (bp), Length exons = Studied length in exons (bp), SNPs in exons = Total SNPs in exons, 
SNPs in exons/kbp = Number o f SNPs in exons/kbp, Syn = Synonymous sites, Non Syn = Non-synonymous 
sites. Non Syn Het = Non synonymous sites at a heterozygous level, Non Syn Homo = Non synonymous 
sites at a homozygous level

Table 4.4.7 Details of the Indels found for the different genes in S. viminalis
Gene region Indels (details)
CesAl 1 (1 bp insertion for 1 individual)
CesA2 1 (1 bp insertion for 73 individuals)
Korl 1 (1 bp deletion for 10 individuals)
SAD 1 (4 bp deletion for 35 individuals)

Haplotypes in S. viminalis individuals were inferred from Arlequin. O ver 81% of 

haplotypes were determined at a confidence probability o f >95% while nearly 85% of 

haplotypes were determined at a confidence probability o f >90% (Table 4.4.8).

Table 4.4.8 Percentage of haplotypes found with either 95 or 90% confidence in S. viminalis
% haplotypes C3H1 C4H C esAl CesA2 K n a tl K orl PALI SAD Average

>95% 89.3 94.2 74.8 98.0 65.6 93.3 99.0 38.5 81.6
>90% 91.3 98.1 84.5 100.0 65.6 93.3 99.0 47.1 84.9

13 haplotypes were found for the C3H1 gene. Two haplotypes accounted for nearly 

half o f the total frequency (Figure 4.4.10 A). In C4H, 13 haplotypes were also discovered. 

More than half o f the sample number was represented by the two first haplotypes (Figure 

4.4.10 B). 20 haplotypes were observed for CesAJ, among them 13 were rare and the most 

frequent accounted for less than a quarter o f  the samples (Figure 4.4.10 C). 10 haplotypes 

were found for the CesA2 gene. The two most frequent haplotypes accounted for two thirds 

o f  the variation (Figure 4.4.10 D). For Knat7, only 8 haplotypes were detected. The most 

frequent one represented nearly two thirds o f the sample number (Figure 4.4.10 E). For
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K orl, 23 haplotypes were discovered; among them, one was frequent, representing 73.6% 

of the variation (Figure 4.4.10 F). For PALI, only 7 haplotypes were found. Two 

haplotypes were frequent, accounting for 80.3% of the variation (Figure 4.4.10 G). 74 

haplotypes were observed for the SAD gene. Most of them were rare and the most frequent 

one represented only 17.8% of the haplotypes (Figure 4.4.10 H). In every case, fewer 

haplotypes were discovered in S. viminalis than in S. caprea.

Figure 4.4.10 The frequency distribution (in %) o f haplotypes from the different gene regions in S. 
viminalis. Only haplotypes (h) that account for over 2% o f the total are plotted separately, the 

others are pooled into one group “other”; A) C3H1, B) C4H, C) CesAl,  D) CesA2, E) KnatV, F) 
_________________________ K o r l ,G )  PALI, Yi) S A D . ______________________

30 28.2 A )C3H 1

25

10

20

15 j 12.6
10̂ 2 „mmml l u

hi h7 h5 h4 h3 h6 h2 other (6)

35 B) C4H
28.830 

25 

20 

15
1 0 .1  q -1 Q —

10 I  ™  6.7

I II I ■ 2.4

hi h2 h3 h6 h5 h9 H4 h7 other (5)

25 22.3 C) CesAI

20

15 ^2 1 12.6
10.7

10

h2 hlO hS h7 h i h6 h5 other (13)

89



50

40

30

20

10

0

38.9

h2

D) CesA2

9.1

h i h5 h4

5.1 4.0

h3 o th e r (5)

70

60

50

40

30

20

10

0

63.4

h i

15.6

h6

E) Knot?

9.7

h2

6.5

h7

4.8

o th e r (4)

73.6

9.6

h5

F) K orl

3.4

h4

2.4

h3

11.1

other (19)

50

40

30

20

10

42.6
G ) P A L I

h2 h i

5.9

h3

5.9

h5

3.4

h4

2.9

h7

1.5

h6

90



H)SAD

Between one and two haplotypes were shared between S. caprea and S. viminalis in 

CesAl, CesA2 and KnatV (Table 4.4.9). None were shared in the other genes.

Table 4.4.9 Shared haplotypes between S. caprea  and S. viminalis
Shared

haplotypes
Haplotype name in 

S. caprea
Frequency in S. 

caprea
Haplotype name in 

S. viminalis
Frequency in S. 

viminalis
C esA l h l4 8.4% h3 1.5%
CesA2 hi 65.4% h7 1.5%

h l2 0.8% h4 9.1%
Knat7 H27 0.3% hi 63.4%

Linkage disequilibrium (r^) was estimated within S. viminalis between SNPs 

located within every studied gene. Within the gene segments, average r was 0.216, and 

among 1,238 pairwise comparisons between SNPs, 339 were significant after Bonferroni 

correction (27%). LD decayed within the segments with r~ dropping below 0.1 around 200 

base pairs (Figure 4.4.11). Higher LD was found in S. viminalis than in S. caprea.
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Figure 4.4.11 A plot of linkage disequilibrium in genes of S. viminalis as a function of the distance 
between sites pooled across the 8 genes. x-axis=Distance (bp), y-axis=r‘. Fitted curve: 
y=((10+0.039x)/((2+0.039x)*(l 1 +0.039x)))*(l +((3+0.039x)*(12+0.468x+0.0015x^))/

(168*(2+0.039x)*(l 1+0.039X)))
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In S. viminalis, nucleotide diversity varied greatly from one gene to another and 

ranged between 0.0040 for K o rl and 0.0148 for SAD  (Figure 4.4.12). When nucleotide 

diversity is compared between S. caprea  and S. viminalis, differences are clearly shown for 

Knat7  and K o rl genes (Figure 4.4.13), whereas for the other genes, the nucleotide 

diversity was similar between the two species.

Figure 4.4.12 Nucleotide diversity (average over loci) for the 8 analysed genes across S. viminalis 
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Figure 4.4.13 Nucleotide diversity (average over loci) for the 8 analysed genes across S. viminalis 
   {=vim) and S. caprea {= capr)___ ________  ___ _____
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4.4.3.2. G enetic structure

A M antel test in G enA lEx was m ade w ith all the individuals against the 

codom inant genotypic d istance m atrix  (F igure 4.4.14). This test show ed som e evidence o f 

isolation by distance, although the slope is nearly  equal to zero, the /7-value associated with 

the test is equal to 0.007, w hich w ould indicate that the null hypothesis is rejected, show ing 

a w eak isolation by distance. N o clear pattern o f  isolation by distance w as found in either 

S. caprea  or S. vim inalis.

Figure 4.4.14 Mantel test o f isolation by distance over all S. viminalis individuals, /^-value 
associated with the test under the null hypothesis = 0.007. No. permutations = 9,999
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PCoA was carried out in GenAlEx from a Tajima-Nei distance matrix computed in 

PAUP* (Figure 4.4.15). The first axis explains 42% and the 2"̂ * axis 16% o f the variation, 

cumulatively explaining 58% o f the variation. Two groups were differentiated along the 1̂ ' 

axis. These groups did not correspond to any obvious geographical grouping, although the 

Drogheda individuals were grouped together in group 1 whereas all W exford, 

Cork/Limerick and Londonderry individuals were grouped in the 2"̂ * one. Axis 1 vs. 3 

showed very similar groupings and axis 2 vs. 3 showed no grouping.

Individual gene analyses were also performed using the same method to establish 

how these were influencing the results. SAD  sequences had a major effect on the separation 

in two groups as shown in the PCoA o f this gene (Figure 4.4.16). Similarities o f the groups 

were tested between the two PCoA; 100% identity was found between the two groups 

detected in the two PCoA. Group 1 contains the same individuals in both cases, as group 2 

does. Group 1 is composed o f the 35 individuals bearing a 4 bp deletion in an intron. Other 

genes did not split the samples in to two major groups like found for SAD.

STRUCTURE software was used to cluster the individuals. Mean grouping o f each 

cluster was performed for the optimal value o f K  found and each individual was mapped 

into ArcGIS using the clustering computed in STRUCTURE. Optimal value o f K  was 

determined to be K=2 (Figure A A A I )  for the 5. viminalis individuals. The 2 cluster types 

were mapped for each individual (Map 4.4.2). No clear geographic structure was detected. 

Some northern individuals were more associated with cluster 2. Individuals from all over 

the island were more likely assigned to cluster 1. The two analyses (PCoA and 

STRUCTURE) were compared to check if  the 2 groups found in each analysis 

corresponded to the same groups. Approximately half o f the individuals were not grouped 

in the same cluster in the two analyses (52.5%).
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Figure 4.4.15 PCoA o f all the genes for S. viminalis. N E=N orth-East, CE=Centre-East
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Figure 4.4.16 PCoA o f  the SAD  gene for S. viminalis. NE=N orth-East, CE=Centre-East
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Figure 4 .4 .17 results for ^11 the SNPs in S. viminalis 
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4.5. D iscussion

4.5.1. Nucleotide polymorphism and genetic diversity

Every gene gave a suitable amplification and 97% of the sequences were 

successfully analysed. Substantial levels of nucleotide polymorphism were detected in both 

species in all 8 genes included in this study. In the exons, an average of 24 SNPs/kbp was 

found for S. caprea and 18 SNPs/kbp for S. viminalis. Berlin et al. (2011) studied levels of 

nucleotide polymorphism in S. viminalis and S. schwerinii at 18 nuclear loci, 24 

individuals o f each species were analysed including wild collected material and also FI 

crosses. In exons, they found an average of 8 SNPs/kbp in S. viminalis and 23 SNPs/kbp in 

S. schwerinii. Higher levels of polymorphism were found for S. viminalis in this chapter 

but similar levels were found between S. caprea and S. schwerinii. Perdereau et al. (2013) 

recorded between 25 and 176 SNPs/kbp per gene region in predicted exons for Salix (See 

also Chapter 3); higher numbers o f SNPs are expected within genera than within species.

Average nucleotide diversity for S. caprea was nearly two-fold greater 

(jitot=0.0117) than observed for S. viminalis (7itot=0.0064). For the later species, it is slightly 

higher than found in S. viminalis (7itot=0.0049) by Berlin et al. (2011) but is comparable 

with their estimates for S. schwerinii (Titot=0.0070). For S. caprea, levels o f nucleotide 

diversity are similar to some other Salicaceae like P. tremula (7itot=0.0111), where 5 

nuclear genes were analysed on 24 individuals (Ingvarsson, 2005). Nucleotide diversity is 

however five- to six-fold greater than in P. balsamifera (7itoi=0.0025) (Breen et al., 2009) 

and P. trichocarpa (7itot=0.0018) (Gilchrist et al., 2006).

A large number of haplotypes were discovered, especially in S. caprea. A mean of 

51 haplotypes was found for this species whereas for S. viminalis, 21 haplotypes on 

average were observed. Fewer haplotypes were systematically found in S. viminalis. It 

could be due to the fact that fewer individuals were analysed but also to the fact that S. 

viminalis was less variable due to its non native status. The number o f haplotypes is greater 

than that found for S. schwerinii (10 haplotypes on average) and for S. viminalis (7 

haplotypes) by Berlin et al. (2011). In Gilchrist et al. (2006), 9 haplotypes on average were 

found with 9 genes and 39 P. trichocarpa individuals. However, in both studies, fewer 

individuals were analysed than in our study (24 S. viminalis/S. schwerinii and 39 P. 

trichocarpa against 183 S. caprea and 1015”. viminalis).

Rare haplotypes were frequent in both species for K orl and SAD gene segments 

and in S. caprea for all gene fragments. The number o f haplotypes detected with more than
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90% confidence was approximately 85% for both species; it increased to 94% when the 

haplotypes were detected with more than 70% confidence. When the most probable 

haplotype pair has a probability below 0.7, the phase is likely to be incorrect (Berlin et al., 

2011). It is therefore likely that ca. 6% of the haplotypes detected in this study do not exist.

Only four haplotypes were shared between both species, S. caprea and S. viminalis 

(Table 4.4.9), representing 0.7% of the haplotypes found. Their respective frequency was 

different in each species: when it was frequent in one species, it was rare in the other. A S. 

caprea x S. viminalis {S. ^sehcans) hybrid grows commonly with the parents in the UK 

and Ireland (Preston et al., 2002). However, when S. caprea was collected, no S. ^sericans 

hybrids were identified. The results from this and other studies highlight that the area of 

species distinction in Salix is worthy of future study. Although the species show very high 

levels of variation, on the morphological and molecular levels, they still maintain species 

boundaries and remain as distinct entities. We conclude from this that hybridisation and 

introgression of genes among these species is low in Ireland.

4.5.2. Linkage disequilibrium

LD declined rapidly with distance in all 8 gene segments. In general, average 

linkage disequilibrium decayed to negligible levels (r^<0.1) at approximately 200 bp. The 

mean r^ was 0.103 for S. caprea and 0.216 for S. viminalis.

LD in forest trees tends to decay to background levels within 1,000 bp (Savolainen 

and Pyhajarvi, 2007). For example, low LD pattern and rapid decay (within 200 bp) was 

observed in P. tremula (Ingvarsson, 2008). In Pinus taeda (Brown et al., 2004), 19 loci 

from a common set o f 32 haploid genomes were analysed and they showed that LD 

decayed to 0.25 within 2,000 bp. In Picea ahies, 22 loci were studied in 47 individuals 

(Heuertz et al., 2006). LD decayed quickly within genes, with r^ dropping below 0.2 within 

100 bp.

On the other hand, great differences exist between some other outcrossing tree 

species. For example, a study of genetic variation in P. trichocarpa at nine loci revealed 

that LD remained above 0.2 over 650 bp (Gilchrist et al., 2006) with a mean r^=0.34. 

Similarly, in P. halsamifera, a study of 590 loci revealed no LD decay within 700 bp

(Olson et al., 2010) with a mean r^=0.52.

In Berlin et al. (2011), mean r '  was 0.45 for S. viminalis and 0.32 for S. schwerinii. 

LD decayed to 0.2 at approximately 4,000 bp in S. viminalis and approximately 1,000 bp in

S. schwerinii. This differs greatly from what we estimated for S. viminalis. No traces of
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bottlenecks or possibly domestication could be inferred from our data. However, our data 

did not extend to more than 700 bp and values of LD estimates should be treated with 

caution as they are possibly modified due to the way the haplotypic phases were 

determined. Also, many factors, such as recombination, mutation, selection and 

demographic history, affect LD and could explain why LD differs so much between 

species (Kim et al., 2007, Mueller, 2004, Pritchard and Przeworski, 2001).

A population that has had a stable and large population size for a long time or has 

experienced a rapid size expansion will have lower levels of LD than small populations 

whose population sizes have fluctuated through time or experienced recent bottlenecks 

(Mueller, 2004, Pritchard and Przeworski, 2001). It is therefore expected that both of the 

studied species have a large effective population size. Despite habitat loss, both of the 

study species are commonly found in Ireland. They are widely distributed and locally 

common in many places (Preston et al., 2002).

4.5.3. Genetic structure

In order to gain an insight into the pattern of intraspecific variation, the spatial scale 

of genetic diversity was investigated using a number of approaches. F-statistics were 

calculated for each gene for S. caprea populations only as S. viminalis was sampled as 

individuals and not at a population level. Six out of 8 genes showed significant genetic 

differentiation among populations for S. caprea, although estimates of F $ t  were moderate 

(0.048-0.114). These estimates are relatively high given that Salix is outbreeding and both 

insect and wind pollinated (Hamrick and Godt, 1996). Fst is however similar to that 

estimated using 5 genes in another outcrossing species, P. tremula (in 4 sites throughout 

Europe), where values ranged between 0.040 and 0 .I6I (Ingvarsson, 2005). However, P. 

halsamifera populations sampled in North America showed higher Fst with values up to 

0.256 (Breen et al., 2009).

AMOVA was also calculated for S. caprea populations and showed that most o f the 

variation (88%) was within populations. These results are in accordance with other 

outcrossing woody species (Hamrick and Godt, 1996) and with other Salicaceae like P. 

halsamifera (Breen et al., 2009).

No clear pattern of isolation by distance was shown in S. caprea, both tests of IBD 

in all individuals and populations respectively were non-significant (/?"^=0.0008, p=0.250; 

y?'=0.0068, p=0.233). The IBD tests were in accordance with the Bayesian analysis of the 

possible structuring of the populations. This analysis identified three putative clusters, but
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no obvious geographical pattern was detected for the clusters. Actually, every population 

showed a similar pattern of cluster membership. The PCoA analysis confirmed an absence 

o f distinct structure of the different populations o f S. caprea. This corresponds well with 

other studies across a larger range o f Salix caprea (Palme et al., 2003) in which no 

geographic structure was evident. However, some populations showed clustering in the 

PCoA. Individuals are not entirely randomly distributed in the plot. This is consistent with 

the Fst statistics that detect some population genetic differentiation. Because the PCoA is 

only accounting for a small proportion o f the variation for S. caprea (19.7%), the 

structuring could be subsumed by a larger diversity overall. For example, individuals from 

Corratober, Onagh and Larkfield are closely positioned in the ordination space. Therefore, 

populations do have a degree of identity. However, at the scale of the island of Ireland this 

structure is not evident in the STRUCTURE analysis that partitions the total variation in to 

just three clusters.

For S. viminalis, a slight IBD was detected {R =0.0179, /j=0.007). Two clusters 

were identified after the STRUCTURE analysis and the PCoA separated 2 groups of 

individuals. However, when the two analyses are compared, less than half of the 

individuals are grouped together (48%) in the same cluster/group in the PCoA and the 

STRUCTURE analyses. Moreover, the two groupings did not correspond to any 

geographical grouping. It is possible that this separation is due to historical migration or 

extinction patterns o f populations that are not correlated with current geographical 

distribution. The PCoA was mainly the effect of one gene {SAD).

The analyses revealed low levels o f population/groups subdivision in both species. 

It is probably due to the high dispersal ability of both species, as both seeds and pollen are 

partly wind dispersed. It is in accordance to what was found for S. viminalis and S. 

schwerinii across Europe (Berlin et al., 2011).

4.5.4. Optimal sampling size

A few papers have reported sampling strategies in order to detect the maximum 

genetic diversity in plants with minimal sampling. In a comprehensive review on RAPD 

markers (Nybom and Bartish, 2000), it was found that the number of populations, number 

of plants and number o f polymorphic markers did not seem to influence any one o f three 

genetic parameters (AMOVA-derived Fst, Nei's Gst, and mean within-population gene 

diversity). However in a later review on dominant and codominant markers (Nybom, 

2004), the number of plants per population had a significant effect on Gst values estimated
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with dominant markers (RAPD) and on within-population gene diversity values estimated 

using codominant markers (STMS; sequence-tagged microsatellite site).

The results from this chapter indicate that between 5 and 10 individuals per S. 

caprea population are enough when the purpose is to capture the maximum SNPs with a 

minimum number of loci. However, more individuals would be necessary to include the 

most haplotypes. On average, 8 individuals capture 89% of the SNPs and 64% of the 

haplotypes, which is the number of individuals analysed for most populations in this 

chapter.

To date, two studies on outcrossing tree species studied the sampling strategies 

needed to capture the genetic diversity. A total of 579 common ash adult trees {Fraxinus 

excelsior) were sampled in a plot of 12 ha using four variable nuclear microsatellite loci 

(Miyamoto et al., 2008). They showed that large sampling efforts (about 300 adults) are 

needed to capture the maximum allelic richness because its biology favours high genetic 

diversity (no selfing, long distance pollen/seed dispersal) but 30 individuals are enough to 

capture the maximum genetic diversity (expected heterozygosity). Gapare et al. (2008) 

used eight STS (sequence tagged site) markers on 4 populations and 200 

individuals/population of Sitka spruce (Picea sitchensis) and concluded that a population 

sample from 150 trees would be adequate for capturing 95% of the genetic diversity. These 

two studies showed that the number of individuals needed is tremendously high, this is 

probably partly due to the type of molecular markers used and also to the geographical 

scale of investigation. In S. caprea, 14 individuals per population would be enough to 

capture 95% of the SNPs. No studies on tree species to date investigated the optimal 

sampling strategy needed when SNPs are used so these results cannot really be compared. 

However, it would have been difficult to study more individuals because of cost and 

sample availability for some populations of S. caprea. From this detailed study of Salix 

populations in a localised geographical region the results show high levels of variation, 

rapid decay of LD and very little geographic structuring in two Salix species.

4.5.5. Diversity in relation to the phenylpropanoid pathway

High levels of variation in the genes involved in the phenylpropanoid pathway were 

observed. A number of papers have studied genes involved in the lignin pathway in tree 

species and in Salicaceae in particular. Kelleher et al. (2012) studied the same genes in 

Populus and they found similar levels o f variation and LD. Furthennore, in the CAD4 gene 

in P. nigra, 20 SNPs/kbp were identified and very low levels of LD (r <0.05 after 50 bp)

101



were discovered (Marroni et al., 2011). P A LI  was investigated in 20 Pinus sylvestris 

individuals and only 6 SNPs/kbp were found (in our study: 29 SNPs/kbp for S. caprea; 15 

SNPs/kbp for S. viminalis) probably due to the small sample size (Dvomyk et al., 2002). 

Brown et al. (2004) found an average o f  16 SNPs/kbp in 19 loci involved in the lignin 

pathway in Pinus taeda.

Some major genes from the lignin biosynthesis pathway were studied in this 

chapter, i.e. P A LI, C4H, C3HI and SAD. It is expected that genes will face stronger 

selective constraint and will evolve more slowly if  they encode enzymes upstream as 

opposed to downstream o f a pathway (Ram say et al., 2009). A plot was drawn in Excel to 

test for this hypothesis with our data. The num ber o f  SNPs/kbp found in exons were 

plotted for each o f the four genes involved in the lignin pathway and ordered according to 

their respective location in the pathway described in W eng and Chappie (2010). A slight 

trend o f increasing SNPs with progression along the pathway can be seen (Figure 4.5.1), 

however, the correlations are very weak for both species. It is similar to what was observed 

from the study o f  14 genes involved in the lignin pathway in P. tremuloides (Kelleher et 

al., 2012).

Figure 4.5.1 SNPs/kbp found in exons by lignin pathway position. The pathway positions assigned 
were \=PAL1, 2=C4H, ?>=C3H1, 4=SAD. Figure adapted from Kelleher el al. (2012)
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However, the assumption was verified when only the non-synonymous changes 

were considered in the four genes (Figure 4.5.2). The correlations were stronger in that 

case, supporting an upstream selective pressure. The non synonymous SNPs/kbp found 

from Chapter 3 (Perdereau et al., 2013) were also plotted (Figure 4.5.2) and the correlation 

increased to R =0.99 with a polynomial trendline.
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Figure 4.5.2 Non-synonymous SNPs/kbp found by lignin pathway position. The pathway positions 
assigned were \=PAL1, 2=C4H, 3=C3H1, 4=4CL2, 5=SAD. /?“=0.2945 for 5. caprea linear 

trendline, ^^=0.3586 for S. viminalis linear trendline, Rr=Q.991>l for Salix spp. polynomial trendline 
________________________ (data from Perdereau et al. (2013))_______________________
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4.6. Conclusion

Both species harboured substantial amounts of genetic variation, variation which is 

of interest to breeding studies or those trying to understand adaptive variation. High levels 

of genetic variation have been detected with SNP markers and this is not unexpected for 

outcrossing wind/insect dispersed species. However, we have also recorded high levels of 

variation and gene flow within populations for genetic regions -  in this case those involved 

in lignocellulose synthesis which are ecologically important and presumably under 

selective pressure for several factors such as strength, palatability, and disease resistance. 

No strong population/group subdivision was detected; therefore a substantial amount o f the 

Irish species-wide diversity could be sampled from a limited number of Irish populations. 

Population structure was estimated to be low, both with PCoA and STRUCTURE analyses, 

particularly for S. caprea. A certain level (12% of AMOVA variation) o f population 

sub structuring was evident among the S. caprea populations. However, the underlying 

factors causing this are uncertain as it does not correspond to any geographic structuring.

The analysis showed that a set of 14 individuals captures 95% of the SNPs in the S. 

caprea populations. This information can be used in the selection of material for future 

breeding programmes and sampling effort.

The rate o f decay o f LD with physical distance was fairly rapid in both species, 

which was comparable to other Salicaceae. The rate o f decay of LD has implications for 

the potential utility of association mapping as it effectively detennines whether genome- 

wide scans are feasible (and the density o f SNPs required) or whether a candidate gene 

approach has to be used (Gaut and Long, 2003). The latter approach might be more 

realistic for both species. However, ftiture studies are required to estimate LD across 

greater distances to determine the variation of LD across the genome.

High levels of variation in the lignocellulose genes were observed, with an 

upstream selective pressure for the genes involved in the lignin biosynthesis pathway.
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Chapter 5. Natural levels of genetic diversity in goat willow Salix caprea 

and osier S. viminalis inferred from the study of poplar transcripts 

related to resistance to foliar rust

5.1. Introduction

5.1.1. Foliar rust and quantitative resistance

Rust, caused by the members o f the genus Melampsora (class Pucciniomycete), is 

the most serious disease of willows. The most widespread and destructive Melampsora 

species on willows is Melampsora larici-epitea Kleb. which alternates on larch, Larix spp. 

(Pei et al., 2004). Susceptibility to foliar rust is a major limiting factor in the growth of 

willow as a biofuel crop (McCracken and Dawson, 2003). It can reduce biomass yields by 

up to 40% and also predispose the affected plants to secondary infections, which can lead 

to death of the plants and complete crop failure (Pei et al., 2004). As spraying fungicides is 

not economically and environmentally sustainable for SRC willows, breeding improved 

willows for rust resistance is a major challenge and it requires knowledge on the genetics 

of the resistance.

Plants have evolved many different defence mechanisms against pathogens. A first 

line o f defence is passive or constitutive to the plant; they can be physical such as thick cell 

walls and waxy cuticles, or chemical as in producing a diverse array o f antimicrobial 

compounds (Chrispeels and Sadava, 2003). A second line of defence is induced in the plant 

after a challenge by a pathogen. A major form of induced resistance is the hypersensitive 

response (HR) (Goodman and Novacky, 1994). HR includes the rapid death o f cells 

(apoptosis) at the infection site associated with defence gene expression (Heath, 2000). A 

number of biochemical changes coincide with or relate to the process o f cell death, for 

example, the presence of an oxidative burst, and production of phytoalexins, hydrolytic 

enzymes, pathogenesis-related proteins, salicylate, proteinase inhibitors, and the 

deposition o f lignin and callose (Heath, 2000). HR response was associated with resistance 

in Salix viminalis against the gall midge Dasineura marginemtorquens (Hoglund et al., 

2005).

Resistance, like other traits, occurs in a qualitative or in a quantitative way. With 

the former the different genotypes in a population occur as discernible phenotypes 

(susceptible vs. resistant) and this is usually controlled by a major gene (Ribeiro do Vale et 

al., 2001). Quantitative resistance is defined as a resistance that varies in a continuous way
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between the various phenotypes o f the host population, from almost susceptible 

phenotypes to strongly resistant (Ribeiro do Vale et al., 2001).

Qualitative resistance genes are easily defeated by new highly adaptive strains o f 

foliar rust. For example, in commercial poplars, since 1984, no interspecific cultivars have 

remained free from rust damage for more than 5 years after commercial deployment 

(Bresson et al., 2011). As they had no secondary line o f defence, most cultivars remained 

susceptible to the epidemic spread o f  newly emerged virulent strains o f Melampsora (Jorge 

et al., 2005). So developing quantitative resistance is crucial. It is also important to screen 

populations for sources o f natural genetic variation.

However, limited work on the genetics o f quantitative resistance against M. larici- 

epitea has been done and improving our knowledge on resistance genes would be valuable 

for the breeding o f Salix. An early study o f  a small S. viminalis x S. viminalis population 

has identified the presence o f quantitative trait loci (QTL) for rust resistance (Hanley et al., 

2002). In another study, a leaf disc analysis was used to study the components o f 

quantitative resistance on three rust isolates in two inter-specific willow mapping 

populations. The QTL explained between 8 and 26% o f the variation in rust resistance in 

nine genomic regions in the backcross population {S. schwerinii x 5'. viminalis) x S. 

viminalis) and in seven genomic regions in the F2 population (S. viminalis x 5. dasyclados) 

(Ronnberg-W astljung et al., 2008). However, for both studies, the resolution o f the genetic 

maps was limited and the markers were not aligned to a genomic sequence which 

prevented the comparison o f  the QTL detected.

More recently, two important papers took another step towards mapping rust 

resistance loci in Salix. Hanley et al. (2011) mapped rust resistance in a large full-sib 

mapping population (K8) which comprised 114 SNP, 69 SSR and 349 AFLP markers 

spanning 2,204 cM with an average distance o f 4.4 cM between markers. A major 

quantitative resistance locus was detected in addition to several QTL o f more modest 

effect. The pedigree o f  K8 is o f  great interest as it includes S. schwerinii ‘L79069’, the 

major source o f  rust resistance in several modern biomass willow varieties (Karp et al., 

2011). In addition to offering the possibility to map with more precise resolution (due to 

the larger population size and higher marker number), the K8 linkage map is anchored to 

the publicly-available P. trichocarpa genome sequence (Hanley et al., 2006), so 

comparative analysis is possible. It could provide an efficient route to the possible 

identification o f  the resistance genes involved.

In another study (Samils et al., 2011), two populations were used, a backcross 

population (SI)  between the cultivar “B jom ” {S. viminalis x S. schwerinii) and the cultivar
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“78183” (S. viminalis) and an intraspecific cross (S3) S. viminalis x S. viminalis (Berlin et 

al., 2010). Rust resistance was assessed in the field and in laboratory inoculation tests 

using five different rust strains. One major and 14 smaller QTLs were identified in the SI 

host population while in the S3 population, 13 QTL were detected among which two were 

located to the same genomic regions as those found for the SI population. The two later 

studies both used linkage maps which are aligned to the poplar physical map.

However, QTL are strongly dependent on environment and genetic factors. A 

functional validation of the candidate genes linked to a QTL is essential (Tabor et al., 

2002). To date, the total number of the publicly accepted genes is still small, although 

many candidate genes o f economic traits or disease resistance were primarily or even 

repeatedly detected (Zhu and Zhao, 2007).

As no candidate gene markers were readily available for Salix and also because of 

the fact that the QTL found in the above studies were not validated and spanned large 

regions of the genome, it was decided to use poplar transcripts to design primers for testing 

in Salix (Rinaldi et al., 2007). Poplar transcripts were retrieved from NCBl and 

BLASTED, the best BLAST hits were then aligned to look for the most conserved regions 

for primer design.

5.1.2. Nucleotide diversity, linkage disequilibrium  and SN P studies: 

application in willows

The general picture of nucleotide variation in natural populations o f willow is 

underdeveloped as explained in Chapter 4 (part 4.1.2). To date, only one study has focused 

on the nucleotide diversity and levels of LD in natural Salix samples (Berlin et al., 2011), 

except the study in Chapter 4.

Five genes with putative roles in rust resistance responses were retrieved from the 

poplar genome and assessed on 183 samples o f S. cuprea and 101 samples o f S. viminalis 

sampled across Ireland. The objectives were to estimate the nucleotide diversity and the 

structure of the populations/groups sampled. An evaluation of the LD for each gene and 

each species was also performed. Comprehensive knowledge of the levels of genetic 

variation and population structure is crucial for infonned decisions concerning breeding 

stocks, conservation, and responses to future environmental change. The rate of decay of 

LD has implications for the potential utility of association approaches in mapping QTL of 

interest for breeding (genome-wide scans vs. candidate gene approaches).
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5.2. Aims

The aims of this chapter were to:

1) Describe the diversity in several genes related to rust resistance in natural Irish S. 

caprea and S. viminalis,

2) Determine the level o f population genetic structure in natural Irish populations of 

Salix caprea and S. viminalis, and

3) Compare the two species in terms of diversity and population genetic structure.
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5.3. M aterial and m ethods

5.3.1. Collection of leaf material and DNA extraction

A total o f 183 S. caprea individuals in 21 populations were sampled across Ireland. 

A total o f 101 S. viminalis samples were also analysed from a broad range o f Irish 

localities. For details o f individuals and populations, see section 4.3.1. The DNA samples 

were the same as those used in Chapter 4.

5.3.2. Candidate genes screening

As no papers (to date) are published on Salix  candidate genes related to rust 

resistance, it was decided to use the paper published by Rinaldi et al. (2007) where leaves 

o f P. trichocarpa x P. deltoides ‘Beaupre’ were infected with different strains o f the rust 

fungus Melampsora larici-populina. A similar approach was used by Perdereau et al. 

(2013) and resulted in a 44% success rate o f  am plifying orthologous sequences in Salix 

using primers designed from Populus sequences. After study o f  tables 1 to 4 in the Rinaldi 

paper, a list o f  accessions in FASTA format was retrieved from NCBI. The accessions 

were BLASTED against the NCBI EST^' database to check for Salix sequences. No Salix 

sequences were found but the BLAST search yielded hits from other Populus species, 

other tree species and even some M. larici-populina  hits. The best hits were then aligned in 

the software package Seqscape (Applied Biosystems). The accessions with the highest 

number o f BLASTs in different species and with conserved regions were taken. In the end, 

5 genes were tested and details are given in Table 5.3.1. The genes are AEP, GH18, PR],  

POPTI3 and HT. They were selected based on their function (hydrolase activity, 

pathogenesis-related, kunitz trypsin inhibitor, chitinase) and/or by the fact that they were 

much conserved for prim er design.

EST: Expressed Sequence Tag, a short sequence o f a cDNA sequence
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Table 5.3.1 Details of the genes tested. Gene model: P. trichocarpa best gene model v l . l  
(http://genome.jgi-psf.org/Poptrl_l/Poptrl_l.info.html), Gene model v3: P. trichocarpa v3 

synonym of gene model v l . l  (www.phytozome.net/poplar), Location: Location on P. trichocarpa 
v l. Protein ID: Populus protein ID No., 'as described in Rinaldi et al. (2007)
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5.3.3. Primer design

The aim was to ampHfy the whole length o f the genes except for H T  which 

presented 2 long introns at the beginning of it. PrimerB software (Untergasser et al., 2012) 

was used to design the primers with a product size range of 650-750 bp and a primer size 

o f around 20 bp. The primers were designed in predicted exons as much as possible to 

increase the chance o f successful amplification. One primer pair was enough to amplify 

GH18 and P R l, two were needed {or AEP  and POPT13, and three were needed for HT, for 

a total of 9 primer pairs (Table 5.3.2).

Table 5.3.2 Sequences o f  nuclear DNA primers used and expected length o f  the amplicon in bp 
_________________ (from an in silico test against sequence assembly)____________________

Locus Forward primer 5 ’ to 3 ’ (F) 
Reverse primer 5 ’ to 3 ’ (R)

Expected length (bp)

AEP_¥\ F: TAGACACGCATGGTCCTCAG 676R: AAGAGGCCAGTTTTGATTGC

A E P J 2 F: GCAGCTACTCCCTTTCATCG 674
R: CGCCGCGTACACTCTTTAG

GHI8 F:GCCAAGCAAAAGCTATCACC 748R: CCATTGGTTCCATGCACTC

P R l F: CGCCTATAAATACCGTTTGAGC 710
R: ATGCCAGCAATCAGCATATC

POPT13 F 1 F: AAATCCCATCACTAATCATCTATACG
685r 1

R; TGGCCTCAATTCAATCTTCC

POPT13 F2 F: TCGATGTCTTCGGTGATGAG 653R: GGAGAGAACGTGAAAATCAAGC

HT_¥\ F: TGGCATTCTCTTCGCTAACC 732
R: ACCCCATCCTCCTTTGATTC

H T J 2 F: GCGGGGTGCCTTATCTAAAC 658
R: TCCCACGGTGTCAAATAGAAC

//r_F 3 F; GATCTTCCAGCAATTCACAGG 712
R: CTGGGAAGCAGGATCAAGTC

5.3.4. DNA amplification procedure and examination of ampliflcation  

products

An initial PCR was performed with each primer pair on 3 S. caprea (Chari, 2, 3) 

and 3 S. viminalis (001, 002, 004) individuals. Sterile ultra-pure water was used as a 

negative control and a sample of DNA from P. tremula was used as a positive one. A 

master mix was prepared (Table 5.3.3) and the parameters o f the PCR were as in Table 

5.3.4 with the annealing step set up at 58°C.

Il l



Table 5.3.3 PCR reaction master mix. The volumes and concentrations are shown

For 10 |iL reaction |iL individual 
well Concentration/ amounts

DNA
X 1 

1 5-100 ng
H2O (ultra pure) 4.85-4.65
5x Colorless GoTaq® Flexi Buffer““ 2 Ix
Invitrogen dNTPs (A, T, C, G) 2mM 1 |iL 0.2 mM of each dNTP
Primer Forward (100 ng/|iL) 0.25 2.5 ng/|iL
Primer Reverse (100 ng/|j,L) 0.25 2.5 ng/^L
MgCU (25 mM) 0.6-0.8 1.5-2 mM
GoTaq® DNA Polymerase (5 units/ 

îL)
Total

0.05 0.25 units

10

Table 5.3.4 Cycle parameters of a typical PCR reaction of 30 cycles
Step Temp Time
Premelt 94°C 2 min
Denaturation 94°C 1 min 1
Annealing 52-58°C 1 min L x30
Synthesis 72°C 1 min J
Final extension 72°C 10 min

As no amplification was obtained for GH18, P R l ,  PO P T I3_¥\  and POPT13 F2 for 

the Salix  individuals, a gradient PCR was made for each primer pair with an increased 

amount o f  M gC b (2 mM instead o f  1.5, see Table 5.3.3) and an annealing step set up 

between 52 and 58°C (Table 5.3.4) on a Veriti 96 well Thermal Cycler.

Agarose gel electrophoresis was performed in order to detennine whether the 

amplification was successful or not using the same protocol as in chapter 4 section 4.3.4.

For the successful amplification tests, a master mix was prepared (Table 5.3.3 with 

M gCb at 1.5 mM ) for 100 reactions, corresponding to a 96 well PCR plate with a positive 

and negative control and which allows for pipette errors. Sterile ultra-pure water was used 

as a negative control and a sample o f  D N A  from P. tremula was used as a positive one. 

The Taq D N A Polymerase was added last in the master m ix tube as it can start the reaction 

before the plate is placed in a thermal cycler. 9 |j.L o f  master mix was added to each 1 

DN A sample. The plate was centrifuged for a few  seconds at l,000g  to spin down the 

reagents to the bottom o f  the well before being placed in a thermal cycler PCR machine 

with the parameters given in Table 5.3.4 with the annealing at 58°C.

Proprietary form ulation supplied at pH 8.5
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5.3.5. Purification of PCR products and Sanger Sequencing

Two hydrolytic enzymes, Exonuclease 1 (20 U/^L) and Shrimp Alkaline 

Phosphatase (1 U/^L), were used to remove unwanted dNTPs and primers. 0.3 |^L of 

Exonuclease, 2 îL of Alkaline Phosphatase and 2.7 |.iL o f sterile water were added to 5 |iL 

of PCR product. The mixture was then incubated at 37°C for 30 min and inactivated at 

82°C for 20 min.

The purified PCR products were sent to Source Bioscience Dublin for Sanger 

sequencing.

5.3.6. Statistical and diversity analysis

As explained in part 4.3.7, the sequence files were analysed with Seqscape and 

aligned against the P. trichocarpa gene model sequences (Table 5.3.1). SNPs and hidels 

were recorded in Excel. BLAST searches were made against NCBI and against 

Phytozome. Inference of haplotypes, nucleotide diversity, AMOVA and F-statistics were 

carried out using Arlequin. A general AMOVA, Mantel tests and PCoAs were performed 

in GenAlEx. DnaSP was used to study the levels o f LD between SNPs. Population 

structure and admixture analysis was perfonned with STRUCTURE following the same 

parameters as in part 4.3.7.

Finally, in order to test for possible paralogous amplification, a phylogenetic 

reconstruction of each of the genes was made. Angiosperm gene family keyword search 

was performed into Phytozome (www.phytozome.net/search.php) and A. thaliana and P. 

trichocarpa genes were retrieved and aligned to a consensus S. caprea or S. viminalis 

sequence generated from our study. Midpoint rooted, bootstrapped trees were generated 

using maximum likelihood analysis in PhyME 3.0 (www.atgc-montpellier.fr/phyml/) with 

HKY85 substitution model (Hasegawa et al., 1985) (estimated gamma shape parameter 

and four substitution rate categories) and NNI^^ branch swapping. Bootstrapping included 

1,000 replicates with the same model and branch swapping.

NNI: Nearest-Neighbour Interchange
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5.4. Results

5.4.1. Amplification success

After two rounds o f tests as described in section 5.3.4. , no successful amplification 

was obtained for GH18, PR ], POPTI3 FI and POPT13 F2 for the Salix individuals. One 

bright band after agarose gel electrophoresis was detected for the other markers. The P. 

tremula  sample, the positive control, gave a strong amplification for the 9 prim er pairs, so 

no errors in the protocol could be identified to explain the unsuccessful amplification for 

the 2 Salix  species in half o f the cases.

A E P J¥ \, AE P_^2, H T _ ? \, HT_F2 and HT_¥3  were sent for sequencing. AE P_¥\ 

and HT_F\ gave unsuccessful reads, the sequences having multiple peaks possibly due to 

annealing at multiple regions o f the genome.

5.4.2. BLASTS and phylogenetic reconstruction

BLAST searches in Phytozome o f  consensus sequences o f  S. caprea and S. 

viminalis targeted the P. trichocarpa  gene models given in Table 5.3.1.

In NCBI, 17 BLAST hits were found for AEP  and the targeted accession 

(CT029580) from Rinaldi et al. (2007) was a top hit. 2 BLAST hits were found for HT, 

both were for predicted proteins.

Phylogenetic reconstructions were performed for the successfully sequenced AEP  

and HT_¥2  and HT_F3 genes. For AEP  for S. caprea  (Figure 5.4.1 A) and S. viminalis 

(Figure 5.4.1 B), the consensus sequence was closely grouped with the targeted gene 

model “Potri.015G024100” with at least 90% bootstrap support. With the H T  gene, HT_¥2  

and / /r_ F 3  were combined for each individual, and a consensus sequence was generated. 

For S. caprea (Figure 5.4.2 A) and S. viminalis (Figure 5.4.2 B), the consensus sequence 

was closely grouped with the targeted gene model “Potri.010G089800” with at least 90% 

bootstrap support.

The phylogenetic reconstructions, in combination with the BLAST results indicate 

that orthologs and not paralogs were amplified.
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Figure 5.4.1 Phylogenetic reconstruction o f the AEP  gene using maximum likelihood (PhyML) for 
S. caprea  (A) and for S. viminalis (B). Asterisks indicate nodes with 90% or higher bootstrap 

support (Ptr; P. trichocarpa, AT; A. thaliana), box indicates the targeted gene model. 
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Figure 5.4.2 Phylogenetic reconstruction o f the H T  gene using maximum likelihood (PhyML) for S. 
caprea  (A) and for S. viminalis (B). Asterisks indicate nodes with 90% or higher bootstrap support 

(Ptr: P. trichocarpa, AT: A. lhaliana), box indicates the targeted gene model.
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5.4.3, Salix caprea diversity

5.4.3.1. Genetic diversitv

Between 559 bp and 655 bp were analysed per gene fragment for a total length o f  

252,726 bp (Table 5.4.1). Between 114 and 174 individuals were studied. A minimum o f  

31 SNPs/kbp for //r_F 3  and a maximum o f 106 SNPs/kbp for AEPJP2 were found. No 

Indels were found, but between 3 and 7 singletons were detected (SNP present in only 1 

individual).

Between 31 and 82 SNPs/kbp were found in predicted exons. Between 60 and 80% o f the 

SNPs were synonymous when compared to predicted exons in the gene models (Table 

5.3.1). Non-synonymous SNPs were found for the 3 gene fragments. 10 non synonymous 

SNPs were found to be at a homozygous state for some S. caprea  individuals in AEPJ¥2.

Table 5.4.1 Details o f  the SNPs and other sequence features found am ong S. caprea  for the 
______________________ different genes.______________________

Gene region AEP_Y2 H T F 2 HT_F3 Total
N 114 123 174

Total SNPs 59 32 20 111
Singletons 7 7 3 17

Indels 0 0 0 0
Length (bp) 559 610 655 1824
SNPs/kbp 106 52 31 61

T (b p ) 63726 75030 113970 252,726
EXON

Length exons(bp) 502 334 655 1491
SNPs in exons 41 9 20 70

SNP in exons/kbp 82 27 31 47
Syn 25 6 16

Non Syn 16 3 4
Non Syn Het 16 3 4

Non Syn Homo 10 0 0
Syn/kbp 50 18 24

Non Syn/kbp 32 9 6
Non Syn Het/kbp 32 9 6

Non Syn Homo/kbp 20 0 0
N  = Number of samples studied, Indels = Insertions/deletions, Length = Studied length (bp), SNPs/kbp = 
number of SNPs/kbp ((SNPs/length) x 1000), T = Total studied length (bp). Length exons = Studied length in 
exons (bp), SNPs in exons = Total SNPs in exons, SNPs in exons/kbp = Number of SNPs in exons/kbp 
((SNPs/length) x 1000), Syn = Synonymous sites. Non Syn = Non-synonymous sites, Non Syn Het = Non- 
synonymous sites at a heterozygous level. Non Syn Homo = Non-synonymous sites at a homozygous level, 
Syn/kbp = (Syn/length exons) x 1000, Non Syn/kbp = (Non Syn/length exons) x 1000, Non Syn Het/kbp = 
(Non Syn Het/length exons) x 1000, Non Syn Homo/kbp = (Non Syn Homo/length exons) x 1000

Haplotypes were inferred in Arlequin using the ELB algorithm. Over 60% o f  

haplotypes were detemiined at a confidence probability o f >95% while nearly 63% of
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haplotypes were deteimined at a confidence probability o f  >90% (Table 5.4.2). The 

confidence was relatively low for the A EP F2 haplotypes probably due to the num ber of 

haplotypes found, so haplotype data for that gene should be interpreted with caution.

Table 5.4.2 Percentage o f  haplotypes found with either 95 or 90% confidence
A E P J 2 HT_¥2 HTJ2> Average

>95% 16.7 90.2 75.3 60.7
>90% 20.2 90.2 78.2 62.9

A total o f 148 haplotypes were found for AEP_¥2.  The most frequent haplotype 

only accounted for 8% o f the total sample and 141 haplotypes were rare (Figure 5.4.3 A). 

F o r //r_ F 2 , a total o f 21 haplotypes was detected (Figure 5.4.3 B). One was very frequent, 

accounting for 3/4 o f all sample haplotypes. 25 haplotypes were observed for H T  F3. The 

two most frequent ones represented 44.3% o f the total sample whereas 15 haplotypes were 

rare (Figure 5.4.3 C). AE P  and H T  gene regions have different patterns o f haplotype 

distribution, the AEP  gene region is more variable, while the H T  gene region is more 

conserved.

Figure 5.4.3 The frequency distribution (in %) o f  haplotypes from the different gene regions in S. 
caprea. Only haplotypes (h) that account for over 2% o f  the total are plotted separately, the others 

 are pooled into one group “other”; A) AEP  F2, B) H T  F2, C \H T _?3
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Linkage disequilibrium (r^) was estimated within S. caprea between SNPs located 

within every studied gene. Average was 0.392, and among 15,753 pairwise comparisons 

between SNPs, 2956 were significant (P<0.05) after Bonferroni correction (19%). LD 

decayed within the segments with dropping below 0.2 at approximately 400 bp (Figure 

5.4.4). LD decayed quicker in AEP  than in H T  gene region. In AEP, LD decayed to r^<0.1 

in 20 bp.

Figure 5.4.4 A plot of linkage disequilibrium in genes of 5. caprea as a function of the distance 
between sites pooled across the 3 gene fragments. x-axis=Distance (bp), y-axis=r. Fitted curve 
y=(( 10+0.0068x)/((2+0.0068x)*( 11 +0.0068x) ))*( 1 +((3+0.0068x)*( 12+0.0816x+0.46.1 O'V))/

(189*(2+0.0068x)*( 11 +0.0068x)))
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Nucleotide diversity varied greatly from a gene to another and ranged between 

0.005 fovHT_F3  and 0.024 for AEP_F2 (Figure 5.4.5).

Figure 5.4.5 Nucleotide diversity (average over loci) in S. caprea for the 3 analysed gene regions
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5.4.3.2. Genetic structure

F-statistics were calculated in Arlequin for each gene from the AMOVA analysis 

(Table 5.4.3). F st ranged between 0.015 and 0.108 and was non-significant for the HT_F2 

gene fragment meaning that there is no significant differentiation between populations. 

Low to moderate differentiation was detected for the other genes. The inbreeding 

coefficient or F/s was non-significant in HTJF2  and HT_F3 but was relatively high for 

AEP_F2, indicating a dearth o f heterozygous individuals relative to the rest o f  their 

subpopulation. Fjt was also found to be significant only for AEP_F2, showing that on 

average the heterozygosity o f an individual is less than the total population for this gene 

region.

Table 5.4.3 Average F-Statistics over all loci. *=p-value<0.05, significance tests are based on over
  16,000 permutations.______

A E P J 2 H T Y 2 //r_F3

Est 0.108* 0.015 0.058*

Fis 0.244* -0.023 -0.056

F it 0.326* -0.008 0.005

An AMOVA analysis was carried out in GenAlEx using all the SNPs detected in 

every gene (Table 5.4.4). M ost o f the variation was shown to be within populations (79%), 

whereas 21% o f the variation was among populations. Among population differentiation 

was significant over 9,999 permutations.
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Table 5.4.4 AMOVA across all genes in S. caprea. Phi=0.206, p= 0 .00 \ ; probability p  ior Phi is

df
Sum of  
Squares

Variance
components

Percentage
variation

Among populations 20 4899 19.6 21%
Within populations 162 12202 75.3 79%

Total 182 17101 94.9 100%

Tw o types o f  M antel test w ere m ade, one w ith all the individuals against the 

codom inant genotypic distance m atrix  and one w ith the m atrix o f  Slatkin linearized F s t  for 

each population obtained from  G enA lEx (F igure 5.4.6 and Figure 5.4.7). Both tests 

show ed no isolation by distance because the slope o f  both is zero and the p -values 

associated w ith the tests are non-significant (p-values>0.05).

Figure 5.4.6 Mantel test o f  isolation by distance over all individuals performed in GenAlEx. p  
value associated with the test under the null hypothesis = 0.373. No. permutations = 9,999
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Figure 5.4.7 Mantel test o f isolation by distance between populations performed in GenAlEx. 
Matrix o f Slatkin linearized F^t-as t/2N=Fsj^(l-FsT) (Slatkin, 1995). p-value associated with the test 

____________under the null hypothesis = 0.196. No. permutations = 9,999____________
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PC oA  was carried out in G enA lEx from  a Tajim a-N ei distance m atrix  com puted in 

PA U P* (Figure 5.4.8). The first axis explains 21.8%  and the 2"‘̂ axis 19.2% o f  the 

variation, cum ulatively  explain ing 41%  o f  the variation. Som e individuals from 

populations Oak, Ard, Rey, Reil, Corr, Brow, W est, Gort, Hill and John are detached from 

the o ther ones, but no obvious geographic pattern can be seen. A xis 1 vs. axis 3 and axis 2 

vs. axis 3 w ere also plotted  but failed to detect any fu n h er structuring.
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STRUCTURE software was used to cluster the individuals. Mean grouping o f each 

cluster was performed for the optimal value o f K  found and the populations were mapped 

into ArcGIS using the clustering computed in STRUCTURE. Optimal value o f K  was 

determined to be K=2 (Figure 5.4.9). The 2 clusters were mapped for each population 

(Map 5.4.1). Cluster 2 was the most frequent in the populations; the Anna population was 

99% of Cluster 2 type. Only West and Brow populations were mostly o f Cluster 1 type. No 

obvious geographical pattern could be detected.

Figure 5.4.9 IsJC results for all the SNPs within S. caprea
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Map 5.4.1 Cluster identity o f individuals within S. caprea populations obtained from the 
STRUCTURE analysis. Between 5 and 20 individuals per population were mapped.
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5.4.4. Salix viminalis diversity

5.4.4.1. Genetic diversity

Between 491 bp and 655 bp were analysed per gene fragment for a total length o f  

168,414 bp (Table 5.4.5). Between 89 and 101 individuals were studied. A minimum of 5 

SNPs/kbp for H T  F3 and a maximum o f 49 SNPs/kbp for HT_¥2  were found. No Indels 

were found, and only 1 singleton was detected (in H T_¥2). Less variation was detected 

among S. viminalis than among S. caprea  individuals in every gene fragment analysed. 

Between 5 and 54 SNPs/kbp were found in predicted exons. Between 56 and 100% of the 

SNPs were synonymous when compared to predicted exons in the gene models (Table 

5.3.1). Non-synonymous SNPs were found in AEP F2 and HT_F2. One non-synonymous 

SNP was found to be at a homozygous state for three S. viminalis individuals in AEP_F2. It 

was not located at the same position as in S. caprea.

Table 5.4.5 Details of the sequence variation found among S. viminalis for the different genes.
Gene region AEP_¥2 H T J 2 //r_F3 Total

N 89 96 101
Total SNPs 19 30 3 52
Singletons 0 1 0 1

Indels 0 0 0 0
Length (bp) 491 610 655 1756
SNPs/kbp 39 49 5 30

T(bp) 43699 58560 66155 168414
EXON

Length exons(bp) 482 334 655 1471
SNPs in exons 18 18 3 39

SNP in exons/kbp 37 54 5 27
Syn 15 10 3

Non Syn 3 8 0
Non Syn Het 3 8 0

Non Syn Homo 1 0 0
Syn/kbp 31 30 5

Non Syn/kbp 6 24 0
Non Syn Het/kbp 6 24 0

Non Syn Homo/kbp 2 0 0
jV =  Number o f  samples studied, Indels, Length = Studied length (bp), SNPs/kbp = Number o f  SNPs/kbp, T = 
Total studied length (bp). Length exons = Studied length in exons (bp), SNPs in exons = Total SNPs in 
exons, SNPs in exons/kbp, Syn = Synonymous sites. Non Syn = Non-synonym ous sites. Non Syn Het = Non 
synonymous sites at a heterozygous level. Non Syn Homo = Non synonymous sites at a hom ozygous level, 
Syn/kbp, Non Syn/kbp, Non Syn Het/kbp, Non Syn Homo/kbp

Haplotypes were inferred from Arlequin using the ELB algorithm. Over 54% of 

haplotypes were determined at a confidence probability o f  >95%  while 56% o f haplotypes
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were determined at a confidence probability o f >90% (Table 5.4.6). Confidence was also 

relatively low for the AEP_¥2  and HT_F2 haplotypes, so haplotype data should be 

interpreted with care.

Table 5.4.6 Percentage o f  haplotypes found with either 95 or 90% confidence in S. viminalis
% haplotypes AEP H T Y 2 / /7 ’_F3 Average

>95% 27.0 35.4 100.0 54.1
>90% 31.5 37.5 100.0 56.3

80 haplotypes were detected for AEP_F2. Most o f them were rare with the most 

frequent haplotype representing only 9% o f the sample number (Figure 5.4.10 A). In 

HT_¥2, 65 haplotypes were found (Figure 5.4.10 B). Two haplotypes represented half o f 

the sample number and 62 were rare. Only four haplotypes were discovered in H T  F3 

(Figure 5.4.10 C), two o f them accounted for nearly 95% o f the sample number. Fewer 

haplotypes were discovered in S. viminalis than in S. caprea  for AEP_¥2  and H T  F3. No 

shared haplotypes were detected between S. caprea  and S. viminalis.

Figure 5.4.10 The frequency distribution (in %) o f  haplotypes from the different gene regions in S. 
viminalis. Only haplotypes (h) that account for over 2% o f  the total are plotted separately, the 

others are pooled into one group “other”; A) AEP_¥2, B) HT_¥2, C) HT_F3
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Linkage disequilibrium (r^) was estimated within S. viminalis between SNPs 

located within every studied gene. Lower LD was found in S. viminalis than in S. caprea. 

W ithin the gene segments, average was 0.117, and among 681 pairwise comparisons 

between SNPs, 202 were significant after Bonferroni correction (30%). LD decayed within 

the segments with dropping below 0.1 at approximately 100 bp (Figure 5.4.11).

Figure 5.4.11 A plot of linkage disequilibrium in genes of S. viminalis as a function of the distance 
between sites pooled across the 3 gene fragments. x-axis=Distance (bp), y-axis=r'. Fitted curve 
y=(( 10+0.0627x)/((2+0.0627x)*( 11 +0.0627x) ))*( H ((3+0.0627x)*( 12 + 0.7524x+0.0039x^))/

(162*(2+0.0627x)*( 11 10.0627x)))
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In S. viminalis, nucleotide diversity varied greatly from one gene to another and 

ranged between 0.002 fo r / / r_ F 3  and 0.012 for AEP_¥2  (Figure 5.4.12). When nucleotide 

diversity is compared between S. caprea and S. viminalis, differences are clearly shown for
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AEP_¥2 and //r_ F 3  gene fragments (Figure 5.4.13) where the diversities are twice as 

much in S. caprea; whereas for HT_F2, it was similar between the 2 species.

Figure 5.4.12 Nucleotide diversity (average over loci) for the 3 analysed gene fragments across S.
viminalis
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Figure 5.4.13 Nucleotide diversity (average over loci) for the 3 analysed gene fragments across S. 
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5.4.4.2. Genetic structure

A Mantel test in GenAlEx was made with all the individuals against the 

codominant genotypic distance matrix (Figure 5.4.14). It showed no isolation by distance 

because the slope is zero and the p-value associated with the test is non-significant (p-value 

= 0.325>0.05) so the null hypothesis is verified.

Therefore, isolation by distance was shown neither in S. caprea nor in S. viminalis.
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Figure 5.4.14 Mantel test of isolation by distance over all 5. viminalis individuals performed in 
GenAlEx. p-value associated with the test under the null hypothesis = 0.325. No. permutations =

9,999
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PCoA was carried out in G enA lEx from  a Tajim a-N ei distance m atrix com puted in 

PA U P (Figure 5.4.15). The first axis explains 31.6%  and the 2"^ axis 21.7%  o f  the 

variation, cum ulatively  explain ing 53.3%  o f  the variation. N o separation o f  the different 

groups is evident. A xis 1 vs. axis 3 and axis 2 vs. axis 3 w ere also p lotted but the results 

w ere very sim ilar to the axis 1 vs. A xis 2 plot (not shown).

Figure 5.4.15 PCoA of all the genes for S. viminalis
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STRUCTURE software was used to cluster the individuals. M ean grouping o f each 

cluster was performed for the optimal value o f K  found and the populations were mapped 

into ArcGIS using the clustering computed in STRUCTURE. Optimal value o f K  was 

determined to be K=2 (Figure 5.4.16) for the S. viminalis individuals. Cluster identity was 

mapped for each individual (M ap 5.4.2). No clear pattern was visible. Individuals o f 

predominantly Cluster 1 type were the most common. Both cluster types were found 

throughout the island.

Figure 5.4.16 AAT results for all the SNPs in S. vim inalis
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5.5. D iscussion

5.5.1. Nucleotide polymorphism and genetic diversity

Five genes were tested comprising of 9 fragments. Only 3 out o f 9 amplicons gave 

suitable reads. This is less successful than the results presented by Perdereau et al. (2013) 

where primers for lignocellulose genes developed in Populus were transferred to Salix and 

showed a 44% success rate. Out of the successful reads, 82% of the sequences were 

analysed. Some of the primers were designed in the 5’UTR or the 3’UTR regions or in 

predicted introns of the genes, which could explain the lower level o f amplification.

In the two maximum likelihood phylogenetic reconstructions (PhyML), the Salix 

consensus sequence was grouped with the targeted gene model with 90% or higher 

bootstrap support, thus indicating, in combination with the BLAST results that orthologs 

and not paralogs were amplified for AEPJF2, HT_P2 and H T F3.

Substantial levels of nucleotide polymorphisms were detected in both species in all 

3 gene fragments included in this study. In the exons, an average of 47 SNPs/kbp was 

found for S. caprea and 27 SNPs/kbp for S. viminalis. More variation was found than in 

the lignocellulose genes from Chapter 4. Again, less variation was obtained for S. viminalis 

than S. caprea. The levels of polymorphism were higher than those found for S. viminalis 

(8 SNPs/kbp) and S. schwerinii (23 SNPs/kbp) by Berlin et al. (2011) or for P. trichocarpa 

for the whole genome (26 SNPs/kbp; Tuskan et al. (2006).

Average nucleotide diversity for S. caprea (7itot=0.0130) and S. viminalis 

(;itot=0.0083) was slightly higher than observed for the lignocellulose genes from Chapter 

4, but again S. caprea showed more diversity than S. viminalis. Salix caprea showed 

similar diversity to some other Salicaceae like P. tremula, where 5 nuclear genes were 

analysed on 24 individuals (Ingvarsson, 2005), 7itot=0.0111. Nucleotide diversity is, 

however, five- to seven-fold greater than in P. balsamifera (7itot=0.0025) (Breen et al., 

2009) and P. trichocarpa (7itot=0.00I8) (Gilchrist et al., 2006). The higher nucleotide 

diversity in S. caprea and S. viminalis compared with P. balsamifera and P. trichocarpa is 

striking and we suggest that it reflects a higher effective population size in S. caprea and S. 

viminalis. Populus balsamifera probably experienced one or more historical population 

size bottlenecks (Breen et al., 2009).

A tremendous number o f haplotypes were discovered for both species. A mean of 

65 haplotypes was found for S. caprea and 50 haplotypes on average were found for S. 

viminalis. Fewer haplotypes were found in S. viminalis except for H T F2. The lower
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haplotype diversity of S. viminalis could be due to the fact that fewer individuals were 

analysed but also because S. viminalis was less variable. Haplotype number was 59% 

greater than that obtained for the lignocellulose genes (Chapter 4) and it is well above that 

found for S. schwerinii (10 haplotypes on average) and for S. viminalis (7 haplotypes) by 

Berlin et al. (2011). Gilchrist et al. (2006) found 9 haplotypes on average. However, in 

both studies, fewer individuals were analysed (24 S. viminalis!S. schwerinii and 39 P. 

trichocarpa against up to 174 S. caprea and 1015. viminalis).

Rare haplotypes were frequent in both species for all gene segments. The number 

of haplotypes detected with more than 90% confidence was ca. 62%; it increased to 75% 

when the haplotypes were detected with more than 70% confidence. When the most 

probable haplotype pair has a probability below 0.7, the phase is likely to be incorrect 

(Berlin et al., 2011). It is therefore likely that around 25% of the haplotypes detected in this 

study do not exist. This percentage is high, but it is partly due to the presence o f a lot of 

heterozygous loci in AEP_F2 for both species and HT_¥2 for S. viminalis, hence the 

inference of haplotypes was complicated.

No single haplotype was shared between the 2 species, emphasising the fact that the 

two species are genetically highly different.

5.5.2. Linkage disequilibrium

LD declined rapidly with distance in the gene segments in S. viminalis, r~ dropped 

below 0.1 at around 100 bp. Contrary to what was found in Chapter 4, the level of LD in S. 

caprea extended much further, it decayed to negligible levels (r^<0.1) by approximately 

1,000 bp. Mean r was 0.392 for S. caprea and 0.117 for S. viminalis.

LD in forest trees tends to decay to background levels within 1,000 bp (Savolainen 

and Pyhajarvi, 2007). For example, low LD pattern and rapid decay (within 200 bp) was 

observed in P. tremula (Ingvarsson, 2008). In Picea ahies (Norway spruce), 22 loci were 

studied in 47 individuals (Heuertz et al., 2006) and LD decayed quickly within genes, with 

r dropping below 0.2 within 100 bp and below 0.1 within 500 bp.

On the other hand, great differences exist between some other outcrossing tree 

species. In P. trichocarpa, a study o f genetic variation at nine loci revealed that LD 

remained above 0.2 over 650 bp (Gilchrist et al., 2006) with a mean r“=0.34. Similarly, in 

P. balsamifera, a study of 590 loci revealed no LD decay within 700 bp (Olson et al., 

2010) with a mean r^=0.52.
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In the study by Berlin et al. (2011), mean r ' was 0.45 for S. viminalis and 0.32 for 

S. schwerinii. LD decayed to 0.2 at approxim ately 4,000 bp in S. viminalis and 

approximately 1,000 bp in 5'. schwerinii. We found much less LD in S. viminalis, which 

was similar to what was found in Chapter 4 for lignocellulose genes. Levels o f  LD between 

S. schwerinii and S. caprea  are how ever comparable. No trace o f  bottlenecks or possibly 

domestication could be inferred from our data. However, our data did not extend to more 

than 1,100 bp and values o f LD estimates should be treated with caution as they are 

possibly modified due to the way the haplotypic phases were determined. Also, many 

factors, such as recombination, mutation, selection and dem ographic history, affect LD, 

which could explain why LD differs so much between species.

A population that has had a stable and large population size for a long time or has 

experienced a rapid size expansion will have lower levels o f LD than small populations 

whose population size fluctuated through time or experienced recent bottlenecks (Mueller, 

2004, Pritchard and Przeworski, 2001). It is therefore expected that both o f the studied 

species have a large effective population size, which is in accordance with what was found 

for Chapter 4.

5.5.3. Genetic structure

In order to gain an insight into the pattern o f  intraspecific variation, the spatial scale 

o f genetic diversity was investigated using a num ber o f  approaches.

F-statistics were calculated for each gene segment only for S. caprea  populations as 

S. viminalis was sampled as individuals. Two out o f three gene segments showed 

significant genetic differentiation among populations, although estimates o f  F st were 

moderate (0.058-0.108). These estimates are relatively high given that Salix  is outbreeding 

and both insect and wind pollinated (Hamrick and Godt, 1996) but are similar to what was 

found for the lignocellulose genes (Chapter 4). Differentiation is also comparable to P. 

tremula, where an F$r between 0.040 and 0.161 was obtained (Ingvarsson, 2005). In P. 

balsamifera, a higher Fst (up to 0.256) was obtained (Breen et al., 2009). AMOVA was 

also calculated for S. caprea  populations only. The same conclusion as in Chapter 4 can be 

drawn regarding the partitioning o f variation within and among populations; it showed that 

most o f the variation (79%) was within populations. These results are also in accordance 

with other outcrossing woody species (Hamrick and Godt, 1996) and with other Salicaceae 

like P. balsamifera  (Breen et al., 2009).
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No pattern o f  isolation by distance was shown for either species, all tests o f IBD 

were non-significant. The IBD tests were in accordance with the Bayesian analyses o f  the 

possible structuring o f  the populations/individuals. These analyses identified two putative 

clusters in both species, but no obvious geographical pattern was detected for the clusters 

in S. viminalis and S. caprea. The PCoA analyses confirmed an absence o f clear genetic 

structure o f the individuals in both species.

The analyses revealed low levels o f  population/groups subdivision in both species. 

It is probably due to the high dispersal ability o f both species, as both seeds and pollen are 

partly wind dispersed. It is in accordance to what was found for S. viminalis and S. 

schwerinii across Europe (Berlin et al., 2011).

5.5.4. Candidate genes and disease resistance

The low rate o f  successful amplification (30%) using the newly designed primers 

was somewhat expected in the gene fragments analysed. Firstly, resistance genes usually 

experience fast patterns o f evolution, with multiple gene copies where sequence exchanges 

generally occur and also high haplotypic diversity (Friedman and Baker, 2007). Secondly, 

we tried to select the putative genes from Rinaldi et al. (2007) with the most conserved 

regions among other plant species for prim er design but it was apparent that it is not 

enough to obtain a successful amplification.

No candidate genes have been developed specifically for Salix  spp. Putative 

candidate genes found in P. trichocarpa  x P. deltoides ‘Beaupre’ (Rinaldi et al., 2007) may 

not have the same function in Salix spp. However, the two genera are closely related and 

some degree o f conservation would be expected.

In order to discover candidate genes, genom e-wide association studies or 

quantitative trait locus (QTL) mapping are two possible approaches. They examine 

common variation across the entire genome, and as such can detect a new region o f interest 

that is in or near a potential candidate gene. Genome wide analyses for M elampsora  rusts 

have been done successfully in poplar (Kohler et al., 2008, Rinaldi et al., 2007) but nothing 

yet has been published on Salix. The genetic m apping o f  resistance loci for Melampsora  

rusts in Salix has been the focus o f a few studies (Hanley et al., 2002, Ronnberg-W astljung 

et al., 2008) where they identified several QTL. However, progeny sizes limited the 

resolution with which loci could be mapped and the anonym ity o f the markers prevented 

the comparison o f the QTL positions detected in the two studies. Two more recent studies 

have achieved a more precise resolution o f the previous linkage maps (Hanley et al., 2011,
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Samils et al., 2011) which could provide possible identification of the resistance genes 

involved. However, QTL are strongly dependent on environment and genetic factors. A 

functional validation of the candidate genes linked to a QTL is essential (Tabor et al.,

2002). To date, the total number o f the publicly accepted genes is still very small, although 

many candidate genes o f economic traits or disease resistance were primarily or even 

repeatedly detected (Zhu and Zhao, 2007).

The two gene families analysed here are already under study in several 

angiosperms. The best BLAST result for the AEP  gene targeted an acidic class III 

chitinase. Chitin is a component o f the cell walls of fungi, exoskeleton of insects, and 

crustacean shells. So chitinases are generally found in organisms that either need to 

reshape their own chitin or dissolve and digest the chitin of fungi or animals (Cohen- 

Kupiec and Chet, 1998). Plant chitinases are known to play a key role in conferring 

resistance to environmental stresses, including attack by fungal pathogens (Kasprzewska,

2003). The chitinase family has been studied in grapevine (Salami et al., 2008), tomato (do 

Amaral et al., 2012) and also in Populus canadensis Moench (Jiang et al., 2013). In 

grapevine, they demonstrated that a class III chitinase gene (VvChiF111) showed antifungal 

activity against Botrytis cinerea (Salami et al., 2008). The expression levels of five P. 

canadensis chitinases were up-regulated during Populus infection with the pathogenic 

fungus Marssonina hrunnea (Jiang et al., 2013). Finally, the expression of a class III 

chitinase was induced upon infection with Fusarium oxysporum f  sp lycopersici in a 

resistant genotype of tomato (do Amaral et al., 2012).

The best BLAST result for the H T  gene targeted a hexose transporter. Hexose 

transporters are a wide group of membrane proteins that facilitate the transport of glucose 

over a plasma membrane. Glucose transport is well documented in yeast (Boles and 

Hollenberg, 1997) and in mammals (Bell et al., 1990) but one publication studied the role 

of a hexose transporter gene in conferring resistance to the tomato yellow leaf curl virus 

(Sade et al., 2013). They demonstrated that a hexose transporter gene (LeHTl)  is up- 

regulated upon infection in resistant plants and its silencing leads to the collapse of 

resistance.

It is however not possible to verify the possible function of these genes in Salix 

caprea and S. viminalis. In order to infer the role of these genes, further analyses should be 

carried out (RNA extraction, cDNA reverse transcription and Real-Time RT-PCR or RNA- 

Seq).
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5.6. Conclusion

Both species harboured substantial amounts o f genetic variation, variation which is 

of interest to breeding studies or those trying to understand adaptive variation. High levels 

of genetic variation have been detected with SNP markers and this is not unexpected for 

outcrossing wind/insect dispersed species and by the fact that resistance genes usually 

experience fast patterns o f evolution. However, we have also recorded high levels of 

variation and gene flow within populations for these regions -  in this case those 

presumably involved in disease resistance which are ecologically and economically 

important. No strong population/group subdivision was detected; therefore a substantial 

amount of the Irish species-wide diversity could be sampled from a small number of 

populations. Individual and population/individual structure was estimated to be low, both 

with PCoA and STRUCTURE analyses. A certain level (21% of AMOVA variation) of 

population substructuring was evident among the S. caprea populations. However, the 

underlying factor or factors causing this are unclear as it does not correspond to any 

geographic structuring.

The rate of decay of LD with physical distance was relatively rapid in both species, 

which was comparable to other Salicaceae, even if the level of LD in S. caprea extended 

much further than in the lignocellulose genes (Chapter 4). The rate of decay of LD has 

implications for the potential utility o f association mapping as it effectively determines 

whether genome-wide scans are feasible (and the density of SNPs required) or whether a 

candidate gene approach has to be used (Gaut and Long, 2003). The latter approach might 

be more realistic for both species. However, future studies are required to estimate LD 

across greater distances to determine the variation of LD across the genome.

High levels o f variation in the putative rust related genes were observed, but further 

analyses should be undertaken to infer their function in Salix species. Species specific 

haplotypes and SNPs were characterised within this study. In fact, one notable point is the 

clear species distinction despite the huge variability. These markers are of potential use for 

future breeding programmes.
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Chapter 6. Overall levels of genetic diversity in Irish populations of Salix 

caprea inferred from chloroplast and nuclear SSR markers

6.1. Introduction

6.1.1. Microsatellite DNA markers

M icrosatellites, also known as simple sequence repeats (SSRs), are stretches o f 

DNA that consist o f  tandem repeats o f 1-6 bp. They are located throughout the nuclear, 

chloroplast and mitochondrial genomes o f plants. They mutate much more rapidly than 

most other types o f  sequences, with estimated mutation rates o f  around 2.4 10 mutations 

per allele per generation in a wheat species {Triticum turgidum  L.) for example (Thuillet et 

al., 2002), substantially higher than the estimated overall point mutation rate o f  around 10'^ 

to 10 '° in nuclear DNA (Li, 2007).

The high mutation rates o f microsatellites mean that there are often multiple alleles 

at each locus, and this high level o f  polym orphism makes them suitable for inferring 

relatively recent population genetic events. The variability o f  microsatellites means that, 

unlike some o f the more slowly evolving gene regions, they can also be used to genetically 

discriminate between individuals and populations. The high variability and nuclear co

dominant nature o f  microsatellites have made them one o f the most popular types o f 

markers in population genetics (Freeland et al., 2011).

6.1.2. Use of microsatellite markers to characterise genetic diversity in Salix 

caprea

M icrosatellite markers have been developed successfully for some species o f 

willows. They have been characterized in Salix hurjatica  Nasarow (Edwards et al., 1996), 

S. reinii Franch. & L. Sav. (Lian et al., 2001), subarctic willows, S. lanata L., S. lapponum  

L. and S. herhacea  L. (Stamati et al., 2003), S. hukaoana  Kimura (Kikuchi et al., 2005), S. 

arhutifolia  Pall. (Hoshikawa et al., 2009) and up to 31 different species o f willows in 

Barker et al. (2003). A subset o f markers from this later publication have been tested and 

applied in this chapter.

Lian et al. (2003) used nuclear and chloroplast microsatellites to examine 

population genetic structure and reproduction dynamics in S. reinii, a creeping shrub which
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is a pioneer colonist of volcanic substrates on Mount Fuji. Evidence of clonal growth and 

seedling recruitment were detected in this polyploid species.

A study has been conducted in the UK for conservation and restoration o f S. lanata 

and S. lapponum (Stamati et al., 2007). Distinct multi-locus genotypes were found for most 

individuals with five SSR markers, and the authors were able to deduce that sexual 

reproduction is the predominant means of perpetuation and dispersal at the site o f study. 

However, they also examined a more common subarctic willow {S. herhacea) and found 

evidence of clonal growth in individuals found growing up to 7 m apart.

Another study in the USA focused on a native willow (S. eriocephala Michx.) and 

a naturalized one (S. purpurea) to compare the genetic diversity and structure of their 

populations (Lin et al., 2009). Their results revealed that some subpopulations o f S. 

purpurea contained plants with identical multilocus genotypes (inferred to be clones), 

while clonal individuals were rare among S. eriocephala populations. They suggest that 

vegetative propagation in combination with sexual reproduction has contributed to the 

naturalization of S. purpurea in the USA and has resulted in higher levels of genetic 

differentiation among S. purpurea populations than among native S. eriocephala 

populations (Lin et al., 2009).

Salix caprea is a cold-tolerant pioneer species which occurs in a broad range of 

habitats and is one of the few willow species able to grow in forest understories. It is 

frequently found growing in hedgerows, by woodland margins or on rocky lake shores as it 

is more tolerant of dry situations than many other willows (Meikle, 1984).

Only one population genetic study has examined natural populations o f S. caprea 

(Palme et al., 2003). They studied 4 PCR-RFLP markers and 3 chloroplast SSRs on 24 

European populations. High levels of variation within populations were detected and no 

distinct phylogeographic structure was revealed among populations. No studies have 

examined genetic variation in Irish S. caprea.

In order to investigate the genetic diversity, the extent of gene flow and the 

population genetic structure o f natural Irish populations o f S. caprea, nuclear and 

chloroplast microsatellite markers were analysed. A combination of statistics were used for 

these purposes including 1) traditional population-genetic methods that often require a 

priori population designation (diversity statistics, allele frequencies across Ireland, unique 

haplotypes, analysis of variance, tests of isolation by distance, UPGMA trees) and 2) 

Bayesian algorithms that cluster individual samples into populations without a priori 

population designation. Results were compared to those presented in previous studies on 

other woody species with a particular focus on Salicaceae.

137



6.2. Aims

The specific aims of this chapter were to:

1) Test existing chloroplast and nuclear SSR markers for their ability to detect and 

describe genetic diversity and differentiation of populations o f Salix caprea,

2) Describe nuclear DNA and cpDNA allelic and haplotypic diversity in natural 

Irish populations o f S. caprea,

3) Determine the level o f geographic population genetic structure in natural Irish 

populations of S. caprea, and

4) Detennine the extent o f gene flow and sexual reproduction in this species.
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6.3. Material and methods

6.3.1. Sample collection

The samples analysed were the same as in Chapter 4 (See Table 4.3.1). A total o f 

183 individuals were used.

6.3.2. SSR markers

The markers used included 8 chloroplast and 6 nuclear SSR loci. The chloroplast 

markers are a set o f conserved SSRs designed for universal application for dicotyledonous 

angiosperms and were developed by W eising and Gardner (1999) on tobacco {Nicotiana 

tabacum  L.) (Table 6.3.1). They are located mostly in intron and intergenic regions. Loci 

were genotyped with automated capillary based electrophoresis and fluorescently labelled 

primers. Each forward prim er o f a pair was labelled on the 5 ’ end with a fluorescent dye. 

CCMP2, CCMP3 and CCMP6 primers were labelled with a green dye (JOE'^^); CCMP4, 

CCMP7 and CCMP8 with a yellow dye (TAM RA) and CCMP5 and CCMPIO with a blue 

dye (5-FAM™ ).

Table 6.3.1 Name, location, primer details, repeat motif and size in tobacco of the different 
chloroplast SSR markers as per Weising and Gardner (1999). Degenerate positions are Y (=C or 
________________________ T). B (=G, C or T) and D (=A, T or G).________________________

Repeat Size in
Locus Location motif in 

tobacco
Primers (5'-3') tobacco

(bp)

CCMP2 5 ’ to tmS (A)n
F:GATCCCGGACGTAATCCTG 189R: ATCGTACCGAGGGTTCGAAT

CCMP3 trnG intron (T)n
F: CAGACCAAAAGCTGACATAG 
R; GTTTCATTCGGCTCCTTTAT 112

CCMP4 atpF intron ( T ) , 3
F: AATGCTGAATCGAYGACCTA 
R; CCAAAATATTBGGAGGACTCT 126

CCMP5 3 ’ to rps2 (C)7(T),„
(T)5C(A)h

F: TGTTCCAATATCTTCTTGTCATTT 
R: AGGTTCCATCGGAACAATTAT 121

CCMP6
ORF 77- 
ORF 82 
intergenic

(T)sC(T)n
F: CGATGCATATGTAGAAAGCC 
R: CATTACGTGCGACTATCTCC 103

CCMP7 atpB-rbcL
( A ) | 3

F: CAACATATACCACTGTCAAG 133intergenic R: ACATCATTATTGTATACTCTTTC

CCMP8 rpl20-rpsl2
( T ) 6 C ( T ) , 4

F;TTGGCTACTCTAACCTTCCC 77intergenic R: TTCTTTCTTATTTCGCAGDGAA

CCMPIO rpl2-rpsJ9
( T ) , 4

F: TTTTTTTTTAGTGAACGTGTCA 103intergenic R; TTCGTCGDCGTAGTAAATAG

The nuclear markers were designed specifically for Salix spp. by Barker et al. 

(2003) from an enriched library o f  Salix burjatica (Table 6.3.2). Every forward prim er was
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labelled on the 5 ’ end with a fluorescent dye. SB85 and SB93 primers were labelled with a 

green dye (JOE™ ); SB38 and SB 194 with a yellow dye (TAM RA) and SB24 and SB 199 

with a blue dye (5-FAM™ ).

Table 6.3.2 Name, primer details, repeat motif and predicted product size in Salix hurjatica of the 
dilTerent nuclear SSR markers as per Barker et al. (2003). *Linkage Group: some of the loci have 

 been mapped on a Salix genetic map, data from Hanley (2006)_______________

Locus Repeat motif Primer sequences (5'-3') size LG='

SB24 

SB38 

SB85 

SB93 

SB 194 

SB 199

[TG]2,AG[TG]3AG[TG]3
[TG]3AGTGAG[TG]3

[TG]27

[CCG]s

[GT],v

[CA],4

[TG]nCG[TG]<,

F; ACTTCAATCTCTCTGTATTCT 
R: CTATTTATGGGTTGGTCGATC 
F: CCACTTGAGGAGTGTAAGGAT 
R: CTTAAATGTAAAACTGAATCT 
F: CTCAGCAACTCAATCCAACTA 
R: GTTTGTTAGGGGAGGTAAGAA 
F:GACGCACATACACCATTACAC 
R: TGTTAGAAAATTAGGCACGGA 
F; TGTGAGATAAGATTTGTCGGT 
R: CCATAAATAAAAAACGTGAAC 
F: CTATTTGGTCTCAATCACCTT 
R: CTTTACCTCAGAAAATCCAGA

167

144 IXb

87

179 Vlllb

122 IXa

122 XVb

6.3.3. Amplification of chloroplast and nuclear gene regions and verification of 

amplification success

Prior to amplification by PCR, the quantity o f DNA o f each sample was checked 

using a NanoDrop 1000 spectrophotometer (Thermo Scientific). The blank was made with 

l|j,L o f buffer AE (the elution buffer used during DNA extraction). Each DNA sample was 

then diluted to 5 n§J\xL.

Amplification o f the CCM P primers is detailed in Table 6.3.3. Every prim er was 

used at 0.2|iM  except forward and reverse primers o f CCMP5 which were both used at 

0.4^iM. The parameters o f the PCR are given in Table 6.3.4.
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Table 6.3.3 PCR reaction m ix for the CCMP primers. The volum es and concentrations are shown.

For a 12.5)aL reaction
Individual 
w ell (^L)

Concentration/
amounts

Master mix 
(HL)

X 1 x 100
D N A  (5 ng/^L) 2 10 ng 2 |j,L/well

H 2O (ultra pure)
5.4375 or 

4.9375
543.75 or 

493.75
5x C olorless G oTaq® Flexi Buffer’'* 2.5 Ix 250
Invitrogen dNTPs (A , T, C, G) 2mM 1.25 0.2m M  o f  each dNTP 125
Primer Forward (lOjiM ) 0.25 or 0.5 0.2-0.4pM 25-50
Primer Reverse (lOpM ) 0.25 or 0.5 0.2-0.4pM 25-50
M gC b (25m M ) 0.75 1.5mM 75
G oTaq® D N A  Polym erase (5 units/|aL) 0.0625 0.25 units 6.25
Total 12.5

Table 6.3.4 C ycle parameters o f  a typical PCR reaction o f  35 cycles for the CCM P primers
Step Temp. Time
Premelt 95°C 4 min
Denaturation 95°C 30 s
Annealing 50°C 45 s I  x 35
Synthesis 72°C 1 m in 15 s J
Final extension 72°C 8 min

A m p lif ica tio n  o f  the n u clear  S B  prim ers is  d e ta iled  in T a b le  6 .3 .5 . S B 3 8  and S B 8 5  

forw ard and reverse  prim ers w ere  both at 0 .4 |aM  w h erea s the o th ers w ere  at 0 .3 2 ^ M . T he  

a n n ea lin g  tem perature w a s  a lso  d ifferen t d ep en d in g  on  the prim ers, it w a s 4 8 °C  for S B 3 8 ,  

5()°C  for S B 8 5 , 5 2 °C  for S B  194 and 5 4 °C  for S B 2 4 , S B 9 3  and S B  199 (T a b le  6 .3 .6 ) .

Table 6.3.5 PCR reaction master m ix for the SB primers. The volum es and concentrations are
shown.

For a 12.5pL reaction
individual Concentration/ master mix
well (|0,L) amounts (^^L)

x 1 X 100
D N A  (5ng/|iL ) 2 lOng 2pL /w ell

H2O (ultra pure)
5.1375 or 513.75 or

4.9375 493.75
5x C olorless G oTaq® Flexi Buffer 2.5 Ix 250
Invitrogen dNTPs (A, T, C, G) 2mM 1.25 0.2m M  (each) 125
Primer Forward (lOpM ) 0.4 or 0.5 0.32-0.4^M 40-50
Primer Reverse (lOjaM) 0.4  or 0.5 0.32-0.4^M 40-50
MgCU (25m M ) 0.75 1.5mM 75
G oTaq® D N A  Polym erase (5 units/ )iL) 0.0625 0.25 units 6.25
Total 12.5

Table 6 .3 .6 C ycle parameters o f  a typical PCR reaction o f  35 cycles for SB primers
Step Temp. Time
Premelt 94°C 2 min
Denaturation 94°C 40 s 'I
Annealing 48 or 50 or 52 or 54°C 1 min L X 35
Synthesis 72°C 2 min J
Final extension 72°C 20 min

Proprietary form ulation supplied at pH 8.5
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Agarose gel electrophoresis was used to determine whether the amplification was 

successful or not and how strong the amplification had been. 2[iL o f PCR product was 

mixed with 2[iL o f loading dye" and then loaded into a well on a 2% agarose gel stained 

with GelRed (Biotium). The buffer used was 1 x TBE^^. The gel was subjected to
27electrophoresis at lOOV for 30 min. The gel was then viewed over a UV light box .

6.3.4. Genotyping and fragment analysis

In order to reduce costs and save time, PCR products were multiplexed. One 

TAM RA, one JOE and one FAM labelled PCR product were combined in one well and run 

at the same time (same capillary) on an ABI 3130x1 Genetic Analyzer .

Prior to genotyping, PCR products were diluted in order to be at the optimal level 

o f detection for the automated DNA genotyping by electrophoresis on the automated 

sequencer. Between 1:5 and 1:80 dilutions were performed according to the brightness o f 

the band on the agarose gel. For example, for a 40-fold dilution, l|aL o f each product 

(FAM /JOE/TAM RA labelled) were combined with 37|iL o f  sterile ultrapure water.

The loading cocktail was then prepared. l|iL  o f the diluted mix was added to 

8.75(j L Hi-Di formamide^^ and 0.25|iL o f  an internal lane size standard^®. Immediately 

before loading on an ABI 3130x1 sequencer, the cocktail was heated at 95°C for 3 min and 

then cooled on ice for 5 min.

After genotyping, the fragments were analysed using GeneM apper v4.1^'. This 

program helps to size the microsatellite fragments (peaks) by their length in base pairs so 

that they can be subsequently compared and analysed in further statistical programs. The 

process o f sizing the microsatellites is lengthy as it involves a lot o f  manual intervention, 

but once this step was complete, result tables were compiled and exported into M icrosoft 

Excel.

Loading dye: 0.25% Bromophenol blue, 40% sucrose 
TBE buffer: Tris base, boric acid and EDTA, disodium salt 
UV light box DNR Minibis Pro 
From Applied Biosystems 
Highly deionised formamide
Genescan™ 400HD-ROX Standard from Applied Biosystem s 
Applied Biosystem s
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6.3.5. Data analyses

For both the chloroplast and nuclear markers, the frequency distribution o f  each 

marker was graphed in M icrosoft Excel and mapped into ArcGIS 10.1 (ESRI) for each 

population.

Diversity indicators were calculated in total, per population and per locus in 

GenAlEx 6.5 (Peakall and Sm ouse, 2012), POPGENE 1.31 (Yeh et al., 1997) and Arlequin 

3.1 (E xcoffieret al., 2005).

The number o f  different alleles, number o f  effective alleles ( l/(S p , )), Shannon's 

information index (-1 *E(;?/*ln(p,))), gene diversity/expected heterozygosity (Nei, 1973) (1- 

Ip , ), observed heterozygosity (number o f  heterozygotes/n) (where /?, is the frequency o f  

the i'*’ allele and is the sum o f  the squared allele frequencies) and Jost estimate o f  

differentiation (Jost, 2008, Meirmans and Hedrick, 2011) were calculated in GenAlEx  

(Nei, 1987).

POPGENE was used to calculate overall diversity in collections (total gene 

diversity = Hj),  diversity within populations {Hs), genetic differentiation { G s t =  

inbreeding coefficient within individuals in each subpopulation (F/5), inbreeding 

coefficient o f  an individual relative to the total population (F /r ) ,  inbreeding coefficient 

within subpopulations, relative to total (genetic differentiation among populations, F s t  = 

{HtHs)IHt) .  Gene flow was estimated from GsT{Nm = Q . 5 * { \ - G s t ) I G s t )  or from Fst  {Nm =  

Q . 2 5 { \ - F s t ) I F s t )  (McDermott and M cDonald, 1993).

The average gene diversity over loci was calculated in Arlequin. Haplotypes were
' I 'y

also inferred in Arlequin using a Bayesian analysis and the ELB algorithm (Excofficr et 

al., 2003), with a y-value o f  0 and an s-value o f  0.1 as explained in the user manual for 

microsatellite data.

AMO VA s were carried out in Arlequin with two different analyses o f  distance, the 

number o f  different alleles { F s t )  based on the infinite allele model (i.e. assumes an infinite 

number o f  possible alleles at a given locus) and the sum o f  squared size difference { R s t )  

based on the stepwise mutation model (i.e. assumes that alleles are represented by integer 

values and that a mutation either increases or decreases the allele value by one; the integer 

value being the length o f  the repeat motif). The later would be expected to be more 

realistic for microsatellite data than the infinite alleles model as it allows the stepwise 

mutation o f  the microsatellite -  changes in length relating to the size o f  the microsatellite 

unit (Freeland et al., 2011).

ELB: Excoffier-Laval-Balding algorithm
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IBD estimation was carried out using a Mantel test. Two types o f test were made: 

1) with all the individuals against the haploid genetic distances matrix (for the cpSSRs) or 

the codominant genotypic distances matrix (for the nuclear markers) obtained from 

GenAlEx or 2) with the matrix o f Slatkin linearized Fst for each population obtained from 

Arlequin. A matrix o f Slatkin linearized Fst is calculated as follows; t /M = F st/{^-Fst), M  

= N  for haploid data, M =  2N  for diploid data (Slatkin, 1995). Both tests were performed in 

GenAlEx with 9999 permutations.

A dendrogram was drawn in POPGENE based on N ei’s genetic distances (Nei, 

1972) o f  populations using UPGM A (Unweighted Pair Group Method with Arithmetic 

Mean). The different groups were then mapped using ArcGIS.

Genetic structure was investigated using STRUCTURE v2.3.4. (Falush et al., 2003, 

Pritchard et a l ,  2000), which applies the M arkov Chain Monte Carlo (M CMC) algorithm. 

This procedure clusters individuals into populations and estimates the proportion o f 

membership in each population for each individual. An admixture model (i.e. each 

individual draws some fraction o f  its genome from each o f  the K  clusters) with correlated 

allele frequencies (frequencies in the different populations are likely to be similar probably 

due to migration or shared ancestry) was used, the K  value (a user-defined num ber o f 

clusters) was set from one to ten, and ten runs were perfonned for each value o f K. The 

length o f  the burn-in period was set to 50,000, and the M CM C chains after burn-in were 

run for an additional 100,000 times. The optimal value o f K  was determined by 

examination o f the A K  statistic (Evanno et al., 2005) using Structure Harvester (Earl and 

vonHoldt, 2012).
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6.4. Results

6.4.1. Chloroplast microsatellite results for samples across Ireland

6.4.1.1. Overall frequencies o f  the chloroplast alleles detected

A maximum o f one allele per locus per individual was detected. They were the 

predicted length suggesting there was no contamination and the right region was amplified. 

31 alleles were discovered in total for the 8 chloroplast SSRs. CCM P4 and CCM P7 were 

found to be monomorphic (respectively 113 and 133 bp) but the other microsatellites were 

variable, with mononucleotide repeats in every case (1 bp difference). Between 2 and 7 

alleles per locus were found (Figure 6.4.1). CCM P2 had 6 alleles ranging between 210 and 

215 bp, with allele 213 being the most frequent (44%). CCMP3 had 3 alleles ranging 

between 102 and 104 bp, with allele 103 being the most frequent (63%). CCMP5 had 7 

alleles ranging between 101 and 107 bp, with allele 104 being the most frequent (48%). 

CCM P6 had 6 alleles (108, 109, 113, 114, 115 and 116 bp), with allele 115 being the most 

frequent (33%). CCMP8 had 5 alleles ranging between 69 and 73 bp, with allele 72 being 

the most frequent (51%). CCM P 10 had 2 alleles (102 and 103 bp), with allele 103 being 

the most frequent (93%) (Figure 6.4.1).

Figure 6.4.1 The frequency distribution (in %, y axis) of the different CCMP alleles per locus. The 
__________ total number of samples analysed for each marker is also shown.___________
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■  CCMP8 (total: 183) ■  CCMPIO (total: 181)

6.4.1.2. Geographical distribution o f chloroplast microsatellite alleles across 

Ireland

Map 6.4.1 shows the geographical distribution o f  alleles detected at the CCMP2 

locus. The most common allele was A04 (213bp) which was also found to be widespread 

across the country except in Lark, W est and Oak populations. AOl (210bp) was only 

present in the Corr population. A02 (211 bp) was mostly found in the eastern populations 

and AOS (214bp) in the western populations. No obvious geographical pattern was detected 

for A03 and A06.

The allele AOS (103bp) was the most widespread allele o f CCMP3 (Map 6.4.2) and 

is present in every population except for Corr. No obvious geographical pattern was 

detected for A07 and A09.

CCM P5 was the most variable o f all chloroplast markers (Map 6.4.3). A13 (104 bp) 

was the most widespread allele. A12 (103bp) was also common in numerous populations. 

The overall percentage o f  the other alleles was low but these alleles were still present in 

several populations across the country except for AlO (lO lbp) which was only found in 

Anna and Char populations.

A22 ( llS b p )  was the most common allele o f CCM P6 (Map 6.4.4) but was not 

present in 5 populations. A21 (1 14bp) was the most widespread and A20 (1 13bp) was also 

common. The other alleles were rare.

Map 6.4.5 shows the allele distribution found in CCMP8. All (72bp) was the most 

widespread allele. However, A28 was more common in the western populations. On the 

other hand, A26 and A25 were more common in the eastern populations. A24 (69bp) was 

only found in the Ardmo population.

CCMPIO was the least polym orphic locus (M ap 6.4.6) with most populations 

showing A30 (103 bp). The only other allele (A29, 102 bp) was only found in Slie and 

Gort.
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Map 6.4.1 Allele proportions at the CCMP2 locus per population. In bp, AO 1=210, A02=211, 
A03=212, A04=213, A05=214, A06=215. N ranged from 7 to 23 per population
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Map 6.4.2 Allele proportions at the CCMP3 locus per population. In bp, A07=102, A08=103, 
A09=104. N ranged from 7 to 23 per population
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M ap 6.4.3 Allele proportions at the CCM P5 locus per population. In bp, A10=101, A 1 1 = 102, 
A12=103, A13=104, A14=105, A15=106, A16=107. N ranged from 7 to 23 per population
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M ap 6.4.4 Allele proportions at the CCM P6 locus per population. In bp, A 17= 108, A 18=109, 
A 20=l 13, A 2 1 = 114, A 22=l 15, A 23=l 16. N ranged from 7 to 23 per population



Map 6.4.5 Allele proportions at the CCMP8 locus per population. In bp, A24=69, A25=70, 
A26=71, A27=72, A28=73. N ranged from 7 to 23 per population
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Map 6.4.6 Allele proportions at the CCMPIO locus per population. In bp, A29=102, A30=103. N
ranged from 7 to 23 per population
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6.4.1.3. Genetic diversity

Several indicators o f  genetic diversity were calculated in GenAlEx and POPGENE 

(Table 6.4.1). The number o f effective alleles {Ne) ranged from 1.15 for CCMPIO to 3.66 

for CCMP6. N ei’s gene diversity ranged from 0.13 for CCMPIO to 0.73 for CCMP6. The 

mean Shannon’s Information index (7) was 1.48, and ranged from 0.26 (CCMPIO) to 1.48 

(CCMP2). The diversity within populations {Hs) was lower than the overall diversity {Hj) 

for all markers, which is logical as not all the alleles were present in every population. An 

estimation o f interpopulation gene flow {Nm)  was calculated in POPGENE as a function o f 

Gst- Nm was 0.76 on average, so Nm<l.O,  which shows the limited genetic exchange 

among populations, i.e. fewer than one migrant per generation into a population.

Table 6.4.1 Diversity indicators for the different chloroplast markers across all populations
Locus N Na Ne 1 h H t Hs G st Nm

CCMP2 170 6 3.59 1.48 0.72 0.73 0.45 0.38 0.81
CCMP3 183 3 2.15 0.92 0.54 0.48 0.28 0.42 0.70
CCMP5 180 7 2.90 1.32 0.66 0.66 0.43 0.35 0.94
CCMP6 179 6 3.66 1.42 0.73 0.73 0.47 0.35 0.92
CCMP8 183 5 2.85 1.22 0.65 0.65 0.44 0.32 1.08

CCMPIO 181 2 1.15 0.26 0.13 0.14 0.02 0.84 0.09
Mean 179 4.8 3.59 1.48 0.57 0.57 0.35 0.38 0.76

SE 1.98 0.8 2.15 0.92 0.22 0.05 0.03
N  -  Sample Size, Na=  No. o f  Different Alleles, Ne = Effective No. o f  A lleles, /  =  Shannon's Information 
Index, h = Gene diversity (Nei, 1973). Hj =  Diversity in overall collections total gene diversity, Hs = 
Diversity within populations, G s t =  Genetic differentiation, Nm =  Estimate o f  gene flow from G s t -

A mean number o f  2.2 alleles were found per locus and per population which is 

lower than the average o f 4.8 alleles found for all individuals; the maximum was obtained 

for Keel with 3 alleles on average and the minimum was 1.5 alleles on average for Lism 

(Table 6.4.2). Unique haplotypes {UH)  were found for 43% o f the individuals in Rey and 

up to 88% in Ard, Keel, Kile and Ona. This is probably due to the fact that Rey had almost 

triple the sample number o f the other populations.

The average gene diversity over all samples was high (0.56), showing that two 

randomly chosen genes will carry different alleles roughly half o f  the time. The average 

over populations was 0.39 with the minimum obtained for She (0.21) and the maximum 

was again for the Keel population (0.58).
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Table 6.4.2 Diversity indicators for the different chloroplast markers per population
Sampling site N UH A (s.d.) H  (s.d.)

ANNA 8 63 2.2 (0.7) 0.41 (0.28)
ARD 8 88 2.3 (1.0) 0.43 (0.30)

ARDMO 8 63 2.7 (0.8) 0.53 (0.35)
BROW 8 75 2.3 (0.8) 0.46 (0.31)
CHAR 8 75 2.3 (0.8) 0.42 (0.29)
CORR 8 63 2.2 (0.9) 0.32 (0.23)
DERR 8 75 2.5 (1.2) 0.42 (0.30)
GOLE 7 71 2.0 (1.1) 0.31 (0.23)
GORT 8 75 2.3 (0.5) 0.54(0.36)
HILL 8 75 1.8 (0.7) 0.34 (0.24)
JOHN 8 63 2.0 (0.6) 0.27 (0.20)
KEEL 8 88 3.0 (1.3) 0.58 (0.38)
KILC 8 88 2.5 (0.8) 0.45 (0.30)
LARK 8 75 2.2 (0.7) 0.40 (0.28)
LISM 8 50 1.5 (0.5) 0.24 (0.20)
OAK 8 50 2.2 (0.9) 0.27 (0.20)
ONA 8 88 2.8 (1.5) 0.49 (0.33)
REIL 9 67 1.8 (0.4) 0.29 (0.23)
REY 23 43 2.5 (0.8) 0.47 (0.29)
SLIE 8 50 1.7 (0.8) 0.21 (0.17)

WEST 8 50 1.8 (0.7) 0.34 (0.25)
Average over populations 68 2.2 (0.4) 0.39 (0.27)

Average* 8.7 48.1 4.8 (1.9) 0.56 (0.32)
N = Number o f  samples per site, UH  = unique haplotypes (%), A (s.d.) = Mean number o f  alleles (standard 
deviation), H {s.d.) =  Average gene diversity over loci (standard deviation), * Average over all samples, 
individuals analysed independently from their geographic origin

W hen every allele from  each individual w ere com bined and analysed in A rlequin, 

79 haplotypes w ere discovered from  the analysis o f  the ch loroplast m icrosatellites. A m ong 

them , 38 w ere unique and 41 w ere shared am ong 2 or m ore individuals (up to 10 

individuals). These individuals could be clonal or half-sibs (sharing the sam e m other) 

(Table 6.4.3).



Table 6.4.3 Individuals sharing the same haplotype. There is a total o f  41 non unique haplotypes.
Individuals sharing Individuals sharing Individuals sharing

G olel , 3, 4, Him, L ism l, 3, 7, Reil2, 6, 7 Rey4, 6, 11, 15 Char7, 8
Derr3, Gole2, Hill3, John3, 4, 6, 7, Lism4 Char2, Gort7, Hill4, Oak5 Corr4, 7
Hill5, 6, Lism2, O ak l, 3, 7, 8, Reil4 C o rrl, Lark3, Reil9, Rey8 Derr5, 6
B row l, K ee ll, K ilc l, R ey l, 2, 3, 13 Corr2, 5, 6 Derr7, Reil3
A n n a l, 2, 7, Char6, Derr4, 8 Ard2, Lism8, R eill Gole6, Reil8
Gole7, Lism5, 6, W est7, 8 She3, 7, 8 Gort 1, 2
G ort3 ,4 , S l ie l ,2 ,4 Oak6, W ests, 6 Gort8, John8
Ard5, Brow2, Rey7, 14, 16 R e y l7, 19, 22 Hill8, Reil5
Brow3, 5, 6, Keel5, Rey5 Anna3, 6 Keel3, Lark4
Brow7, Keel4, R e y l8, 20, 23 Anna8, Kilc2 Keel7, 8
Ard4, 8, LarkS, 7 Ard 1, Lark6 Lark8, Ona8
Ard3, Ardm o2, 3, 6 Ard7, Larkl Oak4, West3
Derr2, W estl, 2, 4 Ardm o 1, 4 ReylO, 12
Kilc6, 8, Ona6, 7 C hari, 3

6 .4 .1 .4 . G en e tic  s tru c tu re

T w o  locus b y  locus A M O V A  an a ly ses  w ere  ca rried  o u t in A rleq u in  u sin g  tw o 

d is tan ce  m easu res: the  n u m b er o f  d iffe ren t a lle les  ( F s t )  (T ab le  6 .4 .4 ) and  the  sum  o f  

sq u ared  size  d iffe ren ce  ( R s t )  (T ab le  6 .4 .5 ). B o th  an a ly ses  sh o w ed  th a t the  v aria tio n  w as 

m o stly  w ith in  p o p u la tio n s  (7 0 %  fo r the  F s t  b ased  A M O V A  and  63%  fo r the R s t  based), 

the rest o f  the  v aria tio n  b e in g  am o n g  p o p u la tio n s. G en etic  d iffe ren tia tio n  am ong  

p o p u la tio n s  w as fo u n d  to  be  m o d era te  as the  F $ t  asso c ia ted  w ith  bo th  A M O V A  w ere  

sig n ifican t at 0 .3 0 4  and  0 .371 .

Table 6.4.4 AM OVA based on the F s t  using cpSSR data. F s r  associated with the AM OVA: 0.304, 
________ p-value over 1000 perm utations < 0.0001_________

Sum of 
squares

Variance
com ponents

Percentage
variation

Am ong populations 114 0.528 30.4%
W ithin populations 192 1.214 69.6%

Total 306 1.742 100%

Table 6.4.5 AM OVA based on the using cpSSR data. associated with the AM OVA: 0.371, 
___________ p-value over 1000 perm utations < 0.0001____________

Sum o f 
squares

Variance
com ponents

Percentage
variation

Am ong populations 493 2.456 37.1%
W ithin populations 654 4.164 62.9%

Total 1147 6.620 100%
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Two types o f Mantel test were carried out, one with all the individuals against the 

haploid genetic distances matrix obtained from GenAlEx (Figure 6.4.2) and one with the 

matrix o f Slatkin linearized Fst for each population obtained from Arlequin (Figure 6.4.3).

The first test with all individuals (Figure 6.4.2) showed a slight pattern o f  isolation 

by distance, although the slope is nearly equal to zero, the p-value associated with the test 

is <0.0001, which would indicate that the null hypothesis is rejected, showing a weak 

isolation by distance. Therefore, the further two individuals are geographically apart, the 

more different they are.

However, the 2"̂ * test with Slatkin linearized F sr (Figure 6.4.3) showed no isolation 

by distance because the slope is zero and the p-value associated with the test is non

significant so the null hypothesis is verified.

Figure 6.4.2 Mantel test o f  isolation by distance for the CCMP microsatellites for all individuals 
performed in GenAlEx. p-value associated with the test under the null hypothesis <0.0001. No. 

______________________ permutations performed for the test = 9,999_______________________

y = 0.0016x + 3.2762 
0.0051

7

0
0 50 100 150 200 250

Geographic distance (km)
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Figure 6.4.3 Mantel test of isolation by distance for the CCMP microsatellites between populations 
performed in GenAlEx. Matrix ofSlatkin linearized as t/N=Fsil{\-FsT) (Slatkin, 1995)./7-value 
associated with the test under the null hypothesis = 0.426. No. permutations performed for the test

-  9,999______________________
2.5

2.0

♦  ♦1.0
♦ ♦ y = 5.10-5x+ 0.4624 

^ " = 5 . 10-5
♦

A  /  /  V
0.5

♦  ♦♦  ♦
0.0

0 50 100 150 200 250

Geographic distance (km)

A dendrogram has been drawn in POPGENE based on N ei’s genetic distances for 

populations using UPGMA. Figure 6.4.4 shows the tree and the map associated to the 

dendrogram. Seven groups can be distinguished; they are mapped in different colours. Gort 

and Slie populations are grouped together and geographically close. The other populations 

in the different groups are not close. Both W est and Corr were not grouping with any other 

populations.

STRUCTURE software was used to cluster the individuals. M ean grouping o f  each 

cluster was performed for the optimal value o f K  found and the populations were mapped 

into ArcGIS using the clustering computed in STRUCTURE. Optimal value o f K  was 

determined to be K=2 (Figure 6.4.5). The 2 clusters were mapped for each population 

(M ap 6.4.7). No obvious structure was detected. However, individuals mostly associated 

with cluster 2 were more common in the western populations and individuals mostly 

associated with cluster 1 in the eastern populations. West had a different pattern from the 

other western populations. Anna, Slie and Gort had very similar patterns, and so too did 

Lism, Lark and Corr. An alternative cluster solution, K=A, was mapped for each population 

but it did not improve any understanding o f  geographical patterns.
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Figure 6.4.4 Dendrogram using cpSSR data based on N ei’s genetic distances using UPGMA 
method and associated map. Branch lengths correspond to the N ei’s genetic distances calculated in

POPGENE.
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 Figure 6.4.5 AK  results for the C C I ^  nmrkers
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Map 6.4.7 Cluster identity o f individuals within S. caprea populations obtained from 
STRUCTURE for the chloroplast analysis. Between 7 and 23 individuals per population were

mapped.



6.4.2. Nuclear microsatellite results for samples across Ireland

6.4.2.1. Overall frequencies o f the nuclear alleles detected

All six nuclear markers were found to be polym orphic with between 3 and 16 

alleles per locus (mean=10). A total o f 60 alleles were detected from the 6 markers. The 

repeats were di- or tri-nucleotide in every case (2 or 3 bp difference). Consistent with the 

expectation that all plants were diploids, a maximum o f two alleles per locus per individual 

was detected. SB24 has 16 alleles ranging between 124 and 182 bp, with allele 136 being 

the most frequent (58%) (Figure 6.4.6 A). SB38 has 15 alleles ranging between 106 and 

156 bp, with allele 136 being the most frequent (19%) (Figure 6.4.6 B). SB85 has 3 alleles 

(79, 82 and 85 bp), with allele 82 being the most frequent (98%) (Figure 6.4.6 C). SB93 

has 7 alleles ranging between 150 and 168 bp, with allele 160 being the most frequent 

(59%) (Figure 6.4.6 D). SB 194 has 11 alleles ranging between 108 and 130 bp, with allele 

114 being the most frequent (25%) (Figure 6.4.6 E). SB 199 has 8 alleles ranging between 

98 and 126 bp, with allele 98 being the most frequent (61%) (Figure 6.4.6 F).

Figure 6.4.6 The frequency distribution (in %) of the SB marker alleles in S. caprea. The total 
number of samples analysed is shown, x axis = allele size class (bp). A) SB24, B) SB38, C) SB85, 

_____________________ D) SB93, E) SB 194, F) SB 199_____________________

A) SB24 (total: 362)

124 130 132 134 136 138 140 142 144 146 152 154 156 162 164 182

B) SB38 (total: 364)

106 116 118 120 122 126 128 130 132 134 136 138 140 142 156
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6.4.2.2. Geographical distribution o f nuclear microsatellite alleles across Ireland

Allele 136 was the most widespread allele across all populations for SB24 (Map 

6.4.8). Alleles 130, 138 and 140 were also widespread across the country but to a lesser 

extent. The other alleles were rare.

Map 6.4.9 shows the geographical distribution o f alleles detected with SB38. 

Alleles 118, 122, 126, 128, 130, 132, 136 and 138 were widespread across the country and 

the other ones were rare.

SB85 was the least polymorphic locus with allele 82 being the most frequent. 

Allele 79 was only found in the Lismore population (Map 6.4.10) and allele 85 in 5 

populations across the country.

Allele 160 was the most widespread for SB93 with allele 162 being also very 

frequently found across the country (Map 6.4.11). The other alleles were rare.

Map 6.4.12 shows the geographical distribution o f alleles detected with SB 194. 

Alleles 114 and 118 were the most w idespread variants across the country and alleles 116, 

120, 124 and 126 were also widespread but to a lesser extent. The other alleles were rare.

The allele 98 was present in every population o f  SB 199 (M ap 6.4.13). Alleles 114 

and 126 were also common. The other alleles were rare.
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Map 6.4.8 Allele proportions at the SB24 locus per population. N ranged from 7 to 23 per
population
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Map 6.4.9 Allele proportions at the SB38 locus per population. N ranged from 7 to 23 per
population
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Map 6.4.10 Allele proportions at the SB85 locus per population. N ranged from 7 to 23 per
population
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M ap 6.4.12 Allele proportions at the SB 194 locus per population. N ranged from 7 to 23 per
population
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M ap 6.4.13 Allele proportions at the SB 199 locus per population. N ranged from 7 to 23 per
population



6.4.2.3. Genetic diversity

Several indicators o f  diversity were calculated in GenAlEx and POPGENE (Table 

6.4.6). The number o f  effective alleles was lower than the total number o f  alleles, showing 

that few alleles contributed to the variation. Its value ranged from 1.1 for SB85 to 9.0 for 

SB38. The mean Shannon’s Information index (7) was 1.35, and ranged from 0.11 (SB85) 

to 2.34 (SB38). For each locus, the observed heterozygosities {Ho) were less than the 

expected heterozygosities {He). Average heterozygosities were variable across loci 

reflecting the different number and frequencies o f the alleles found. Both Fis and F u  are 

close to 0 or negative for most loci except for SB93 and SB 199 where these indicators 

were found to be high, indicating a dearth o f heterozygotes at these two loci.

Fst was moderate for all loci suggesting moderate differentiation among 

populations. Gst was approximately twice as low as F st and was used to calculate an 

estimation o f  gene flow. Another measure o f  differentiation was calculated in GenAlEx, 

Jost’s D  (Jost, 2008) (Desi)- Jost suggests that when using highly polymorphic markers to 

examine differentiation among populations, Gst or its analogues should not be used 

because when diversity is high this measure will approach zero (no differentiation). M y 

data suggests this as SB85 was the least variable and SB38 was the most variable even 

though their Gst is similar (0.04 against 0.06). Jost’s D  was very low for SB85 (0.002) and 

quite high for SB38 and SB 194 (0.33 and 0.27). It was moderate for SB24 and SB93.

An estimation o f  interpopulation gene flow {Nm) was calculated in POPGENE as a 

function o f  F st- It was 1.33 on average, Nm  >1.0 this time, which shows a constant gene 

flow among populations (i.e. at least 1 migrant per generation), therefore populations are 

expected to remain genetically stable over time (Lowe et al., 2004).

Table 6.4.6 Diversity indicators obtained from the nuclear SSR markers
Locus N Na Ne I Ho He Fis F it Fst Nm Gst ^esl

SB24 362 16 2.8 1.57 0.62 0.64 -0.09*̂ ® 0.03 0.11** 2.07 0.05** 0.09**
SB38 364 15 9.0 2.34 0.86 0.89 -0.09̂ ® 0.03 0.11** 2.04 0.06** 0.33**
SB85 362 3 1.1 0.11 0.04 0.04 -0.12^^ -0.02 0.09* 2.52 0.04* 0.002*
SB93 336 7 2.1 0.92 0.07 0.53 0.85^® 0.88 0.23* 0.83 0.12* 0.13*
SB 194 362 11 5.9 1.95 0.75 0.83 -0.04'̂ ® 0.09 0.13** 1.73 0.07** 0.27**
SB199 212 8 2.4 1.20 0.10 0.58 o .7 r^ 0.79 0.28* 0.66
Mean' 333 10 3.9 1.35 0.41 0.58 0.08^^ 0.30 0.16** 1.33 0.07** 0.10**
SE 24.6 2 1.2 0.32 0.15 0.12

jV =  Sam ple S ize, N a  =  N o. o f  D ifferent A lle les, N e  =  N o. o f  E ffective A lle les, I  =  Shannon's Information  
Index, H o  =  Observed H eterozygosity, H f=  Expected H eterozygosity, F /5  =  Inbreeding coefficient w ithin  
individuals in each subpopulation, F u  =  Inbreeding coeffic ien t o f  an individual relative to the total 
population, F sr =  G enetic differentiation am ong populations, Nm =  G ene flow  estim ated from F st. Gst =  
A nalog o f  =  Jost's estim ate o f  differentiation. 'M ean over loci rather than the arithmetic average,
"^^non significant, *P<0.05; **P<0.001 Probability values are based on 999  permutations.
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A m ean num ber o f  3.9 alleles w ere found per locus and per population w hich is 

low er than the average o f  10.2 alleles found for all individuals; the m axim um  was obtained 

for D err w ith 5.3 alleles on average and the m inim um  was 2.7 alleles on average for the 

W est population (Table 6.4.7). The average gene diversity  over all sam ples was high 

(0.56), and the sam e was found for the chloroplast m arkers, show ing that tw o random ly 

chosen genes will carry different alleles roughly h a lf  o f  the tim e. The average gene 

diversity over populations was sim ilar (0.53) w ith the m inim um  obtained for C orr (0.37) 

and the m axim um  for the G ole population (0.62). For each population, the observed 

heterozygosities {Ho) were less than the expected heterozygosities {He) except for C orr 

and Kile w here an excess o f  heterozygotes was observed. The percentage o f  polym orphic 

loci was alw ays high in populations except for She and Brow  w here low er polym orphism  

was detected.

Table 6.4.7 Diversity indicators per population obtained from the nuclear SSR markers
Sampling site N G UH A (s.d.) H  (s.d.) H e (s.d.) Ho (s.d.) P

ANNA 8 16 88 4.5 (2.3) 0.59 (0.37) 0.56 (0.29) 0.51 (0.41) 83.3%
ARD 8 16 81 3.8 (2.6) 0.49 (0.31) 0.48 (0.34) 0.39 (0.38) 83.3%

ARDMO 8 16 94 4.2 (2.9) 0.60 (0.37) 0.52 (0.33) 0.35 (0.39) 83.3%
BROW 8 16 94 3.3 (2.1) 0.48 (0.31) 0.46 (0.36) 0.46 (0.45) 66.7%
CHAR 8 16 94 4.2 (2.2) 0.52 (0.34) 0.48 (0.27) 0.39 (0.31) 83.3%
CORR 8 16 38 2.8 (1.8) 0.37 (0.24) 0.35 (0.31) 0.48 (0.53) 66.7%
DERR 8 16 100 5.3 (2.9) 0.58 (0.35) 0.58 (0.32) 0.46 (0.47) 100.0%
GOLE 7 14 100 4.2 (2.5) 0.62 (0.38) 0.54 (0.28) 0.51 (0.37) 100.0%
GORT 8 16 81 3.8 (2.3) 0.47 (0.29) 0.45 (0.26) 0.32 (0.23) 83.3%
HILL 8 16 81 3.3 (2.0) 0.52 (0.33) 0.48 (0.29) 0.40 (0.34) 83.3%
JOHN 8 16 94 4.0 (2.4) 0.53 (0.32) 0.51 (0.31) 0.40 (0.42) 83.3%
KEEL 8 16 100 3.7 (2.3) 0.56 (0.37) 0.53 (0.29) 0.42 (0.47) 83.3%
KILC 8 16 75 4.0 (2.8) 0.50 (0.32) 0.41 (0.32) 0.44 (0.41) 83.3%
LARK 8 16 94 4.5 (2.5) 0.56 (0.36) 0.51 (0.29) 0.39 (0.32) 100.0%
LISM 8 16 100 4.0 (1.5) 0.56 (0.35) 0.57 (0.24) 0.43 (0.36) 100.0%
OAK 8 16 94 3.8 (2.6) 0.55 (0.34) 0.51 (0.30) 0.40 (0.44) 83.3%
ONA 8 16 100 4.7 (2.2) 0.61 (0.36) 0.56 (0.31) 0.44 (0.45) 83.3%
REIL 9 18 89 3.8 (2.6) 0.58 (0.35) 0.53 (0.29) 0.41 (0.45) 83.3%
REY 23 46 74 4.5 (2.9) 0.51 (0.31) 0.50 (0.31) 0.37 (0.37) 83.3%
SLIE 8 16 88 2.8 (2.1) 0.42 (0.27) 0.39 (0.34) 0.38 (0.44) 66.7%

WEST 8 16 69 2.7 (1.0) 0.45 (0.29) 0.45 (0.23) 0.33 (0.38) 83.3%
Average over 
populations

8.7 87 3.9 (2.3) 0.53 (0.33) 0.49 (0.30) 0.41 (0.40) 84.1%

Average* 95.4 10.2 (4.9) 0.56 (0.33) 0.59 (0.30) 0.41 (0.38) 100%
N  =  Number o f  samples per site, G =  Gene copies, UH =  Unique haplotypes (%), A (s.d.) =  Mean number o f  
alleles (standard deviation), H (s.d.) = Average gene diversity over loci (standard deviation), Hq = Observed 
Heterozygosity, He = Expected Heterozygosity, P =  Polymorphic loci (%), *Average over all samples, 
individuals analysed independently from their geographic origin
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In order to infer the different haplotypes, a Bayesian analysis using the ELB 

algorithm (Excoffier et al., 2003) in Arlequin was used (Excoffier et al., 2005). 64% of 

these haplotypes were found with at least 50% confidence (Table 6.4.8). 286 different 

haplotypes were found, among them, 273 (95%) were only present in one sample.

Table 6.4.8 Number of haplotypes found with 90, 80 or 50% confidence
Probability of haplotypes >0.9 >0.8 >0.5

Number haplotypes 27 44 117
Total 183 183 183

% Haplotypes with 90, 80 or 50% confidence 14.75 24.04 63.93

Individuals West6, 7 and 8 on the one hand and Corr2, 4, 6, 7 and 8 on the other 

hand have the same 2 haplotypes. When the results are combined with the haplotypes 

found during the chloroplast SSRs analysis, Corr2 and 6, Corr4 and 7, and West? and 8 

have the same genotype, probably demonstrating that these individuals are clonal (Table 

6.4.9).

Table 6.4.9 Shared haplotypes. Both the SB and CCMP haplotypes are shown for the individuals
Name SB CCMP

CORR2, CORR6 136 126 82 160 118 98 
140 118 82 160 126 98 210 102 104 108 70 103

CORR4, CORR7
136 126 82 160 118 98 
140 118 82 160 126 98

210 102 104 108 72 103

WEST7, WEST8 136 138 82 160 116 114 
130 122 82 160 118 114 215 103 106 115 71 103

6.4.2.4. Genetic structure

A locus by locus AMOVA was carried out in Arlequin using two distance 

measures: the number of different alleles ( F s t )  (Table 6.4.10) and the sum of squared size 

difference ( R s t )  (Table 6.4.11).

The first AMOVA based on Fst shows that most o f the variation was within 

individuals (68.9%) while 22.8% was among individuals within populations and 8.3% was 

among populations (Table 6.4.10).

As for the AMOVA based on the Rst analysis, it shows that most of the variation 

was among individuals within populations (62.4%), while 39.4% was within individuals 

and -1.8% was among populations (Table 6.4.11). A negative variance component can 

sometimes occur, because it is rather a covariance. It shows that there is an absence of 

genetic structure. It can also have a biological meaning. For instance, in dioecious 

organisms like Salix caprea, genes from different populations can be more related to each
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o th er th an  g en es from  th e  sam e p o p u la tio n . T h is an a ly sis  is ca lcu la ted  u sin g  a stepw ise  

m u ta tio n  m o d el (i.e. assu m es th a t a lle le s  are rep resen ted  by  in teg er v a lu es  and  th a t a 

m u ta tio n  e ith e r in c reases  o r d ec rea ses  the alle le  v a lu e  b y  one) w h ich  m ay  be m o re  rea listic  

fo r m ic ro sa te llite  d a ta  th an  the  in fin ite  a lle les m o d e l (F ree lan d  et a l., 2011).

Table 6.4.10 A M OVA based on the F s t - associated with the AM OVA; 0.083,/?-value over 
_________________________ 1000 permutations < 0.0001_________________________

AMOVA ( F s t )
Sum o f 
squares

Variance
components

Percentage
variation

Among populations 85 0.15 8.3

Among individuals within populations 284 0.40 22.8
W ithin individuals 217 1.22 68.9

Total 586 1.77 100%

6.4.11 AM OVA based on the R s t - associated with the AMOVA:
1000 permutations = 0.998

-0.018,/7-valu

AM OVA ( R s t )
Sum o f 
squares

Variance
components

Percentage
variation

Among populations 10229 -5.59 -1.8
Among individuals within populations 51350 193.97 62.4

W ithin individuals 20574 122.25 39.4
Total 82153 310.63 100%

T w o m an te l tests w ere  a lso  perfo rm ed  for the n u c lea r m icro sa te llite  analysis. 

S im ilar resu lts  to the C C M P  ana lysis  w ere  ob ta ined . T he first test fo r iso la tion  by  d istance 

fo r the SB m icro sa te llite s  fo r all ind iv idu a ls  w as sig n ifican t (F ig u re  6 .4 .7 ) but the M antel 

test based  on p o p u la tio n  F s t  w as show ed  no s ign ifican ce  (F igu re  6 .4 .8 ). T he slope o f  both  

tests is also  n ea r ze ro , so the null h yp o th esis  o f  no  iso la tion  by  d is tance  sh ou ld  be verified . 

H ow ever, the test w ith  all ind iv idu a ls  has a /7-value o f  0 .003 , w h ich  w ou ld  ind icate  th a t the 

null h y po th esis  is re jec ted , sho w in g  a s lig h t iso la tion  by  d istance.
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Figure 6.4.7 M antel test o f isolation by distance for the SB m icrosatellites for all individuals 
perform ed in GenAlEx. /?-value associated with the test under the null hypothesis = 0.003. No. 
_______________________ permutations performed for the test = 9,999_______________________
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Figure 6.4.8 Mantel test o f  isolation by distance for the SB m icrosatellites between populations 
perform ed in GenAIEx. Matrix o f  Slatkin linearized F ^ ras  t!2N=Fsi^{\-FsT) (Slatkin, 1995).;;- 

value associated with the test under the null hypothesis = 0.266. No. permutations perform ed for
the test = 9,999
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For the nuclear markers, 5 groups have been identified from the UPGM A  

dendrogram (Figure 6.4.9). The Slie and Gort populations are not grouped together this 

time, but W est is still different from the other populations, as for Hill. The other groups are 

spread across the country without any geographic clustering.
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Figure 6.4.9 Dendrogram using the nuclear SSR data based on N ei’s genetic distances using 
UPGMA method and associated map. Branch lengths correspond to the Nei’s genetic distances

calculated in POPGENE.
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Mean grouping o f each cluster was performed for the optimal value o f K  found and 

the populations were mapped into ArcGIS using the clustering computed in STRUCTURE. 

Optimal value o f K  was also determined to be K=2 for the nuclear microsatellites (Figure 

6.4.10). Again, no obvious structuring o f the different populations was detected (Map 

6.4.14). The Oak, Anna, Keel, Reil, Gole, John, Ardmo and Ona populations had a similar 

pattern while cluster 1 was more common in the other populations.

Figure 6.4.10 AK  results for the SB markers
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Map 6.4.14 Cluster identity of individuals within S. caprea populations obtained from 
STRUCTURE for the nuclear analysis. Between 7 and 23 individuals per population were mapped
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6.5. D iscussion

6.5.1. Genetic Diversity and Heterozygosity

Every SSR marker worked very well and nearly all individuals were amplified. The 

cpDNA markers were designed as universal markers in dicotyledonous angiosperms by 

Weising and Gardner (1999) on tobacco {Nicotiana tahacum) and this study has 

demonstrated their utility in Salix caprea. The same is true o f the nuclear microsatellite 

markers applied in this study. They detected a high level of diversity and were useful for 

studies of population genetic structure. The nuclear SSR markers were designed for Salix 

hurjatica (Barker et al., 2003) and have been shown to work well here on S. caprea. The 

allele size ranges found in this study are within the ranges found in Barker et al. (2003) 

except for SB85, SB93 and SB 199 where the size range was slightly shifted (Table 6.5.1).

Table 6.5.1 Allele size range found for S. caprea  in this chapter. The predicted product sizes are 
from W eising and Gardner (1999) for the CCMP markers in tobacco and from Barker et al. (2003)

for the SB markers in Salix

Locus
Predicted product 

size (bp)
Allele size range (bp) 

in S. caprea

Allele size range (bp) 
in Palme et al. (2003) 

in S. caprea
CCMP2 189 210-215 206, 208-211
CCMP3 112 102-104
CCMP4 126 113
CCMP5 121 101-107
CCMP6 103 108-116
CCIVIP7 133 133 135
CCMP8 77 69-73
CCMPIO 103 102-103 107,109-110
SB24 109-245 124-182
SB38 105-161 106-156
SB85 81-87 79-85
SB93 159-185 150-168
SB 194 105-152 108-130
SB 199 102-140 98-126

Some of the CCMP alleles can be compared with those found for another 

microsatellite study on 24 populations of S. caprea sampled across Europe (Palme et al., 

2003). In both studies, CCMP7 was found to be monomorphic (135bp against 133bp, 

Table 6.5.1). CCMPIO had limited variation: 3 alleles were found (107, 109, llObp) in 

Palme et al. (2003) against 2 for our study (102 and 103bp). Five alleles were found for 

CCMP2 in Palme et al. (2003) (206, 208-211 bp). 6 alleles o f nearly similar sizes were
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found in our study (210-215bp). The fragment analysis method used was not the same, 

acrylamide gels were run in Palme et al. (2003) which could explain the differences.

All S. caprea individuals studied displayed a high level o f cpDNA and nuclear 

DNA SSR allelic variation and a considerable number of haplotypes were found within 

and among populations. In fact, 79 chloroplast SRR haplotypes were found and 48% of the 

individuals had a unique multilocus haplotype. 286 haplotypes were found for the nuclear 

SSRs and 95% of them were only present in a single individual. This high allelic variation 

could be explained by the fact that S. caprea is an outcrossing species producing very 

small, numerous seeds bearing a tuft of long hairs encouraging wind dispersal 

(Newsholme, 1992). They could also have been moved deliberately or accidentally by 

grazers, birds or human involvement. We have detected numerous haplotypes within and 

between S. caprea populations which would suggest that seed dispersal is high over 

Ireland. The high haplotype diversity contrasts with that found in other species groups 

studied in Ireland. For example, Kelleher et al. (2004) used plastid DNA markers (PCR- 

RFLPs) to characterise plastid types in Irish oak. They found low diversity in comparison 

with the rest of Europe and low diversity within populations. Also a study by Provan et al. 

(2008) on Irish juniper found only 6 haplotypes for 309 individuals studied for 3 nuclear 

and 5 chloroplast microsatellites. However, the results on S. caprea found here are 

consistent with a study on natural populations of S. viminalis in the Czech Republic 

(Trybush et al., 2012) where they found that 92 % of the individuals had unique multilocus 

genotypes with 38 nuclear microsatellites analysed.

A few individuals were found to have both the same chloroplast and nuclear 

haplotypes (Corr2 and Corr6, Corr4 and Cowl, West? and West8). Microsatellite markers 

and especially the nuclear ones in this study are highly polymorphic, so it could be 

hypothesized that these individuals might be clonal. However, S. caprea seems to be a 

species that hardly propagate vegetatively (Liesebach and Naujoks, 2004) so it is possible 

that these individuals are introgressed hybrids of S. caprea, probably with S. cinerea ssp. 

oleifolia, as this hybrid is frequent in Ireland (Meikle, 1984) and it was noted during 

morphological examination in the Corratober population when the samples were collected.

All populations showed relatively high values o f observed heterozygosity (//o=0.41 

for the nuclear SSRs) and gene diversity (//==0.39 for the cpSSRs and //=0.53 for the 

nuclear SSRs) which are comparable to the diversity in other Salicaceae like Populus 

tremuloides, S. purpurea or S. viminalis (De Woody et al., 2009, Lin et al., 2009, Trybush 

et al., 2012) and also consistent with the trends of genotypic variation revealed through 

microsatellite data in many outcrossing flowering plants (Nybom, 2004).
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Overall genetic variability for the accessions studied, represented by Shannon’s 

indexes, was particularly high with an average of 1.48 for the cpSSRs and 1.35 for the 

nuclear SSRs. The high value of Shannon’s information index represents the effectiveness 

of microsatellite loci to reveal the variation.

Genetic differentiation ( G st) of populations was pronounced for the cpSSRs (0.38 

on average) but quite low for the nuclear microsatellites (0.07 on average). It is not 

completely unexpected as cpDNA is generally maternally inherited in angiosperms 

(Dumolin et al., 1995, Rajora and Dancik, 1992) and has therefore a smaller effective 

population size than nuclear DNA. Maternal inheritance also means that cpDNA is only 

dispersed through seeds. Pollen mediated gene flow is higher than seed mediated gene 

flow. It implies that Gst among populations is generally more pronounced for cpDNA than 

nuclear DNA. Gst was found to be much lower for populations of S. caprea sampled 

across Europe for chloroplast DNA (Palme et al., 2003). They have found a Gst o f 0.090 

for PCR-RFLP markers and a Gst o f  -0.017 for cpSSRs.

From the nuclear SSR analysis, F-statistics and Jost’s D have been calculated. The 

Fis was low (0.08) on average, which means that the degree of inbreeding within 

individuals relative to the rest o f their population was low. The Fst was equal to 0.16 on 

average, which indicates moderate genetic differentiation between populations. It is higher 

than in natural populations of S. viminalis in the Czech Republic where a F$r of 0.05 has 

been calculated (Trybush et al., 2012). In Bulgarian populations of Fraxinus excelsior 

trees, Heuertz et al. (2001) found an Fst of 0.09 based on 6 nuclear microsatellites.

The Jost’s D  was 0.10, which is lower than the calculated F st , indicating less 

population differentiation than the F $ t estimate. However, this is comparable to the G st  

found for the nuclear SSRs.

Nm, estimated gene flow from Gst or from Fst was 0.76 for the cpSSRs and 1.33 

for the nuclear SSRs on average. Limited genetic exchange between populations was 

detected for the cpSSRs, i.e. fewer than 1 migrant per generation into a population but was 

superior to 1.0 for the nuclear SSRs, which shows a constant gene flow between 

populations (i.e. at least 1 migrant per generation); therefore populations are expected to 

remain genetically stable over time (Lowe et al., 2004). Nm decreases with increasing G st  

or Fst because greater differentiation between populations corresponds to lower levels of 

gene flow (Freeland et al., 2011). For an outcrossing, dioecious species like S. caprea 

which is mostly wind pollinated, gene flow is expected to be high between and within 

populations (Loveless and Hamrick, 1984). From our data, gene flow is expected to occur 

mostly by pollen and less through seeds. In fact, the ratio of Pollen mediated gene
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flow /Seed mediated gene flow  was calculated according to Ennos (1994). The absolute 

values o f  Fsr calculated from the AM O VA from Table 6.4.5 and Table 6.4.11 were taken 

to calculate the ratio which was found to be approximately equal to 30. It is comparable to 

several Pinus species (Ennos, 1994). It means that gene flow via pollen is approximately 

30 times more important than via seeds.

6.5.2. Genetic Structure

In order to gain an insight into the pattern o f  intraspecific variation, the spatial scale 

o f  genetic diversity was investigated using a number o f  approaches.

AM OVA results for the chloroplast SSRs study showed that most o f  the variation 

(70 and 63%) was within populations. For the nuclear SSRs study, however, the variation 

was different depending on the method used. M ost o f  the variation was estimated to occur 

within individuals (69%) for the Fs/^AM OVA but m ostly among individuals within 

sampling sites for the ^ 5 7 -A M O V A  (62%). These results are in accordance with other 

outcrossing w oody species (Hamrick and Godt, 1996) and with other Salicaceae like 

Populus nigra  or S. vim inalis (Imbert and Lefevre, 2003, Trybush et al., 2012). In another 

study on 16 populations o f  P. nigra  across Europe, they have found that 90% o f  the genetic 

variation was present within populations for the microsatellite data used (Smulders et al., 

2008). The results o f  these studies are based on Fsr-

The tests for isolation by distance gave similar results for both the cpSSRs and 

nuclear markers. A slight isolation by distance was identified for the tests among all 

individuals on pairwise distances (cpSSRs: ^^=0.0051, /?<0.0001; nuclear SSRs: 

^^=0.0046, /7=0.003) but no isolation was detected for the tests with the linearized F $ t 

among the sampled sites (cpSSRs: ^^=5.10'^, />-0.426; nuclear SSRs: /?^=0.0038, 

/?=0.266). This is in accordance with Trybush et al. (2012) on S. vim inalis in the Czech  

Republic.

The IBD tests were also in accordance with the Bayesian analysis o f  the possible  

structuring o f  the populations. This analysis identified two putative clusters for both 

analyses, but no obvious geographical pattern was detected for the clusters. From the 

cpSSRs study, a slight North-East versus W est structuring could be detected. It was 

especially visible for the two populations in the Burren, Gort and Slie. These populations 

had similar pattern o f  clustering which could be indicative o f  a limited gene flow through 

seeds with the other populations. Human activities in the Burren are perhaps lower than the 

other regions (less densely populated than elsewhere in Ireland), possibly reducing the

173



amount of artificial gene flow. This structuring is not shown in the nuclear analysis, 

probably indicating a stronger pollen-mediated gene flow between populations. Our study 

is consistent with a study on populations o f S. caprea across Europe where an absence of 

geographical structure was found from the analysis of 3 cpSSRs and 4 PCR-RFLPs (Palme 

et al., 2003).

Finally, the dendrograms obtained from POPGENE showed no clear grouping of 

the different populations. However, the Gort and Slie populations are grouped together 

again in the tree from the cpSSRs analysis. In both analyses, the West population is not 

grouped with any other population; no obvious difference is shown on the allele 

distribution maps of the CCMP or SB markers. This population is also clustered differently 

from the others in the Bayesian analysis o f the cpSSRs as its individuals were mostly 

associated with cluster 1. No private alleles were discovered in this population; however, 

two possible clones were found. As seen in the cpSSR dendrogram, the Corr population 

was also different. This is likely due to the number of clones found in this population and 

that the trees may not be pure S. caprea but possible S. caprea x S. cinerea hybrids {S. 

><reichardtii).

Results obtained with different methods, both traditional population-genetic 

statistics that require a priori population designation and Bayesian algorithms (not 

requiring such assumptions) were in agreement. Sexual reproduction is inferred to be high 

for S. caprea within the sampling area and this is expected as S. caprea is recalcitrant to 

natural vegetative regeneration except for a few genotypes (Liesebach and Naujoks, 2004). 

Our data, in which a high number of multilocus genotypes were unique to a single 

individual (95 % for the nuclear markers) and GstIFst^D values were low especially for the 

nuclear SSRs, are consistent with outbreeding and indicate that there are no significant 

barriers for sexual reproduction and gene flow within Ireland over large geographic 

distance.

Both pollen-mediated and seed-mediated gene flow is high, some of the 

populations being 230 km apart from each other. Such a finding could also be due to 

human intervention through seed trade or accidental transportation o f both seeds and 

pollen. A parentage study has not been undertaken in our work but the results are 

consistent with long distance pollination. Parentage analyses were undertaken in Populus 

trichocarpa (Slavov et al., 2009). In a study site o f >300 km (radius 10 km) in western 

Oregon, the mean pollination distance was 7.6 km, with many recorded matings over 10 

km (Slavov et al., 2009). The maximum within stand pollination distance simply reflect the 

maximum potential distances between trees within the study site, which is verified for
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other studies (Ashley, 2010), it is therefore not possible to conclude on the maximum 

distance pollen could travel in P. trichocarpa.

In a review, Hewitt (2000) describes the types of patterns unravelled by previous 

phylogeographic studies and shows three patterns o f recolonisation from refugia in 

southern Europe. The data presented here are confined to Ireland but it is in accordance to 

what was found for this species in Palme et al. (2003) on a larger scale. With low G $ t and 

an absence o f clear geographical structure, S. caprea does not conform well to the 

prediction of recolonisation from refugia in southern Europe (Iberia, Italy, the Balkans and 

Caucasus) after the last glacial maximum (Petit et al., 2003, Palme et al., 2003). As a cold- 

tolerant pioneer species, it may not have been confined to southern Europe during the last 

glacial maximum but be present at more intermediate latitude refugia, with large 

population sizes (Palme et al., 2003).

6.6. Conclusion

This chapter aimed to use chloroplast and nuclear microsatellites to examine the 

genetic diversity, the geographic population genetic structure and the extent o f gene flow 

in natural populations of S. caprea across Ireland.

New markers were tested and shown to be suitable for genetic characterization of S. 

caprea. High levels of allelic and genetic diversity were found with these markers, with 

within population variation accounting for the majority of the variation, and a high number 

of unique haplotypes detected. Population structure and differentiation analyses, as well as 

IBD tests and UPGMA trees confirmed low levels of geographical structuring o f variation. 

Gene flow through seeds and pollen was shown to be large.

These results could be useful for breeders wishing to exploit natural populations 

and foresters having to choose planting material. Further analysis should analyse the 

variation o f Irish populations in relation to those found in Europe.
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Chapter 7. Overall levels o f genetic diversity in Irish Salix viminalis 

inferred from chloroplast and nuclear SSR markers

7.1. Introduction to the use of microsatellite markers to characterise genetic 

diversity in Salix viminalis

Salix viminalis is a pioneer shrub found predominantly in riparian environments. It 

is dioecious and produces pollen that can be dispersed by insects or wind. It is naturally 

occurring over wide regions in Eurasia but it is widely naturalised outside this range 

(Preston et al., 2002). It is one o f  the commonest o f the willows found in Ireland, often 

planted, or an escape or a relic o f cultivation (Meikle, 1984). Population genetic studies 

have been conducted on several o f  its relatives within Salicaceae. For example, Populus 

tremuloides (aspen) was studied in the southern Cascade M ountains o f North America 

using molecular markers in order to describe clone size and genetic structure (De W oody et 

al., 2009). 864 stems from six sites were assayed at 15 isozyme and 6 microsatellite loci. 

They found that sexual reproduction is a significant factor contributing to the genetic 

structure o f the populations studied, consistent with high genetic diversity, low genetic 

differentiation, and long distance gene flow during seedling recruitment. This is in contrast 

with an otherwise high clonal capacity o f  aspen, as demonstrated by the massive clone 

found in arid central Utah (De W oody et al., 2008).

Some studies have also studied Salicaceae taxa along riparian landscapes. For 

example, Imbert and Lefevre (2003) used genetic markers to study gene flow o f Populus 

nigra, another riparian pioneer tree species, along the Drome river in France. They 

investigated 22 sites along the river with six nuclear SSRs. High levels o f  diversity and 

significant differentiation among populations were found, as well as a significant isolation 

by distance test, suggesting restricted gene flow.

Furthermore, a study on an endangered riparian pioneer willow, S. hukaoana  was 

conducted in Japan using 6 microsatellite markers (Kikuchi et al., 2011). Genetic variation 

and genetic structure were investigated in 80 populations within five river basins; the two 

sites furthest apart were separated by approxim ately 300 km. Their isolation by distance 

test was significant across riparian habitats, suggesting restricted gene flow. They also 

observed a downstream directionality o f  gene flow.

Relatively little has been published specifically on Salix viminalis population 

genetics. Two publications have investigated the natural diversity and genetic structure of 

S. viminalis. Trybush et al. (2012) investigated 38 nuclear microsatellites on 84 individuals

176



of s. viminalis distributed among 7 populations in the Czech Republic along 7 rivers 

covering a distance of approximately 250 km between the two most separated sites. 

Significant levels of genetic diversity were revealed within all sampling sites. Low 

vegetative regeneration and high sexual reproduction were discovered.

Finally, a study along the Elbe River floodplain, Germany, investigated clonal and 

genetic diversity patterns of S. viminalis for 23 sampling sites (Mosner et al., 2012) using 

microsatellites. Between 12 and 51 individuals per site were analysed. Considerable 

numbers of clones were detected, with individual clones mostly covering distances o f less 

than 10 m, but in three cases, long distance vegetative dispersal was detected with a 

maximum of 1.9 km. Genetic diversity pattern analyses revealed one continuous 

population.

Even fewer studies have been published on S. viminalis genetic diversity in Ireland 

or how diversity is structured in a biogeographical context. We have published work on 

variation in wood formation genes in Salix (Perdereau et al., 2013) including Irish material, 

and chapter 6 describes diversity assessments on S. caprea using neutral markers. 

However, there have been no detailed attempts to study genetic diversity, the extent of 

gene flow and the genetic structure of natural Irish individuals of S. viminalis.

We use nuclear and chloroplast microsatellites markers for this purpose as they are 

well suited to population genetic studies in trees (Petit et al., 2005). These markers are 

assumed to be neutral or nearly so and in combination can help determine patterns of seed 

mediated and pollen mediated gene flow. This contrasts to our previous work that has 

examined molecular variation in coding genes of adaptive significance (Perdereau et al., 

2013). A combination of statistics were used for these purposes including traditional 

population-genetic methods (diversity statistics, haplotype determination, tests of isolation 

by distance) and Bayesian algorithms that cluster individual samples in to groups 

(Structure and Principal coordinate analyses). Results are compared to those presented in 

previous studies on other woody species with a particular focus on Salicaceae and with 

those found for Salix caprea in Chapter 6. These results should be of interest for forest 

policy makers and foresters who source seed material and also to breeders who would like 

to know the extent of diversity in Irish material.
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7.2. Aims

The specific aims o f this chapter were to;

1) Test existing chloroplast and nuclear SSR markers for their ability to detect and 

describe genetic diversity and differentiation in Salix viminalis,

2) Describe nuclear DNA and cpDNA allelic and haplotypic diversity in natural 

Irish S. viminalis,

3) Determine the level o f  geographical genetic structure in natural Irish S. 

viminalis, and

4) Determine the extent o f gene flow and sexual reproduction in this species.
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7.3. M aterial and m ethods

7.3.1. Sample collection

The samples were the same as those described in Chapter 2 (See section 2.3). As 

they have not been sampled as populations but as scattered individuals, it was decided to 

gather the samples in groups corresponding to their location and counties (proximity to 

each other) for some o f the analyses, mainly for ease o f  visualization on the maps and 

PCoA, as shown in Table 7.3.1. A total o f 116 individuals were used. Sampling included 

23 specimens from Drogheda. Each group was composed o f between 3 and 23 samples.

Table 7.3.1 Groups used for some of the analyses. For full details o f the individual identity, see 
____________Table 4.3.2. NE: North-East, CE: Centre-East____________

ID Group
045, 055,061, 078, 079, 088, 110, 113, 116, 123, 130 Antrim
036, 053,081,083, 120 NE Ireland
032, 034, 124, 060, 109 Cavan-Leitrim
090,100, 115, 128 Clare
073,099, 119, 043 Cork-Limerick
044,075, 076 Donegal
010 ,016 ,018 ,020 , 028 Fermanagh
066, 118, 121, 125 Galway-Mayo
089, 093,094, 103 Kerry
041,004,131, 001, 002, 069, 054 CE Ireland
008,074, 084, 108 Londonderry
012, 038, 040, 064, 070, 071, 106 Roscommon
Drol-Dro23 Drogheda
046, 058, 085, 104, 135, 137, 139 Sligo
063,091,096, 098, 129, 133 Tipperary
014, 022, 024, 026, 086, 101 Tyrone
039, 049, 050, 056, 059, 065, 126 Waterford
048, 095, 111, 114 Wexford

7.3.2. SSR markers

The microsatellite marker loci were the same as used for Chapter 6 (See section 

6.3.2). These makers detected considerable variation in Irish S. caprea  and were able to 

reliably assess population genetic structure and gene flow.
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7.3.3. Amplification of chloroplast and nuclear genes and verification of 

amplification success

Amplification o f the CCMP and SB primers is detailed in Chapter 6 (section 6.3.3). 

The only change made was in the PCR parameters for SB93 where a touchdown PCR was 

performed (reducing annealing by 1°C per step over 10 cycles) in order to improve the 

amplification (Table 7.3.2).

Table 7.3.2 Touchdown PCR parameters for SB93
Step Temp Time
Premelt 94°C 2 min
Denaturation 94°C 40 s
Annealing 65-56°C 1 min x 10
Synthesis 72°C 2 min J
Denaturation 94°C 40 s
Annealing 55°C 1 min I x 2 5
Synthesis 72°C 2 min J
Final extension 72°C 20 min

Agarose gel electrophoresis was used to check for amplification prior to automated 

sizing o f  alleles on the Genetic Analyzer as explained in Chapter 6 (See 6.3.3).

7.3.4. Genotyping and fragment analysis

PCR products were diluted and multiplexed as explained in Chapter 6 (section 

6.3.4). The loading cocktail was then prepared and analysed on an ABl 3130x1 sequencer. 

After genotyping, the fragments were analysed using GeneM apper v4.1 and result tables 

were compiled and exported into M icrosoft Excel.

7.3.5. Data analyses

As explained in Chapter 6 (part 6.3.5), the frequency distribution o f each marker 

was graphed in Excel and mapped into ArcGIS for each group. IBD assessments, PCoAs 

and diversity indicators were calculated for all individuals and each m arker in GenAlEx 

(number o f different alleles, number o f  effective alleles. Shannon's information index, gene 

diversity, observed heterozygosity and expected heterozygosity). The haplotypes were 

inferred from Arlequin. Genetic structure was investigated using STRUCTURE. No 

analyses that require a priori definition o f populations (F-statistics and AMOVA) were 

performed as the groupings were made only to summarize the data for ease of 

interpretation on the maps.
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7.4. Results

7.4.1. Chloroplast microsatellite results for samples across Ireland

7 .4 .1 .1 . Overall frequencies o f  the chloroplast alleles detected

A m axim um  o f  one allele per locus per individual was detected, and these w ere 

w ithin the predicted  size for that locus, show ing that there was no contam ination and the 

correct locus was am plified. A total o f  18 alleles were detected using the 8 chloroplast 

SSRs. C C M P3, C C M P4, C C M P7 and C C M P 10 w ere found to be m onom orphic 

(respectively  103, 113, 133 and 103bp) but the other m icrosatellites w ere variable, w ith 

m ononucleotide repeats in every case ( I bp  iteration). Betw een 3 and 4 alleles w ere found 

per locus (F igure 7.4.1). Locus CC M P2 had 4 alleles ranging betw een 211 and 214bp, with 

allele 212 being the m ost frequent (56% ). CC M P5 had 3 alleles (103, 104 and 106bp), with 

allele 104 being the m ost frequent (69% ). C C M P6 had 4 alleles ranging betw een 112 and 

115bp, w ith allele 114 being the m ost frequent (50% ). C C M P8 had 3 alleles ranging 

betw een 71 and 73bp, w ith allele 72 being the m ost frequent (72% ).

Figure 7.4.1 The frequency distribution (in %, y axis) o f different alleles per CCMP locus for 5. 
viminalis. The total number o f samples analysed for each marker is shown.
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7.4.1.2. Geographical distribution o f chloroplast microsatellite alleles across 

Ireland

Map 7.4.1 shows the geographical distribution o f alleles detected at the CCMP2 

locus. The most common allele was A03 (212bp) which was found in every group. A02 

(21 Ibp) was frequent in some o f the groups and A04 (213bp) was found in 5 groups across 

the country. AOS (214bp) was only present in the Londonderry group.

A13 (104bp) was the most widespread allele for CCMP5 (Map 7.4.2). A12 (103bp) 

and A 15 (106bp) were present in several groups across the country.

The alleles A21 (1 14bp) and A22 (1 15bp) were widespread across the country for 

CCMP6 (Map 7.4.3). Allele A21 is more widespread in the northern groups, while A22 is 

more common in the southern groups. A19 (1 12bp) and A20 (1 13bp) were confined to a 

few eastern groups.

Map 7.4.4 shows the allele distribution found for CCMP8. A27 (72bp) was the 

most widespread allele. A26 (7 Ibp) was present in most groups and A28 (73bp) was only 

found in the Drogheda population.
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Map 7.4.1 Allele proportions at the CCMP2 locus per group. In bp, A02=211, A03=212, A04=213,
A05=214. N ranged from 3 to 23 per group.
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Map 7.4.2 Allele proportions at the CCMP5 locus per group. In bp, A12=103, A13=104, A15=106.
N ranged from 3 to 23 per group.
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Map 7.4.3 Allele proportions at the CCMP6 locus per group. In bp, A19=l 12, A20=l 13, A21=l 14,
A22=l 15. N ranged from 3 to 23 per group.
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Map 7.4.4 Allele proportions at the CCMP8 locus per group. In bp, A26=71, A27=72, A28=73. N
ranged from 3 to 23 per group.
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7.4.1.3. Genetic diversity

Several indicators o f genetic diversity were calculated using GenAlEx. The number 

o f effective alleles ranged from 1.73 for CCMP8 to 2.40 for CCM P6 (Table 7.4.1). N ei’s 

gene diversity values were high, ranging from 0.42 for CCM P8 to 0.58 for CCMP6. The 

mean Shannon’s Information index (7) was 0.86, and ranged from 0.69 (CCM P8) to 1.00 

(CCMP6). The average gene diversity (computed in Arlequin) over all samples was 

moderate (0.33), showing that two randomly chosen genes will carry different alleles 

roughly 1/3 o f the time.

Table 7.4.1 Allele number, effective number of alleles. Shannon's Information Index and Nei’s 
 gene diversity for each chloroplast marker.______

Locus N Na Ne / h
CCMP2 111 4 2.27 0.95 0.56
CCMP5 115 3 1.86 0.80 0.46
CCMP6 110 4 2.40 1.00 0.58
CCMP8 112 3 1.73 0.69 0.42
Mean 112 3.5 2.07 0.86 0.51
SE 2.2 0.6 0.32 0.14 0.08
Average over samples 116 0.33

N  = Sample Size, Na =  No. o f  Different Alleles, Ne =  Effective No. o f  A lleles = l/(L/7,^), 1 = Shannon's 
Information Index = -1* Z(p,*ln(p,)), h = gene diversity (Nei, 1973) = 1 - "Lp̂ . Pi is the frequency o f  the i"' 
allele and Y.pf is the sum o f  the squared allele frequencies. (Nei, 1987).

18 haplotypes were discovered from the analysis o f the chloroplast microsatellites. 

Among them, only 5 were unique and 13 were shared among 2 or more individuals (up to 

26 individuals) (Table 7.4.2). These individuals could be potentially clonal or half-sibs 

(sharing the same mother). A map representing each individual’s haplotype was drawn in 

ArcGIS (Map 7.4.5). No obvious geographical pattern o f location for the different 

haplotypes could be seen. H I, H4 and H5 were mostly distributed in the north.

Table 7.4.2 Haplotypes found for the combined cpSSR markers. Number of individuals with the 
 haplotype, their relative frequencies and identity are shown_____

Haplotypes Number Relative frequencies (%) ID
212 103 104 114 72 103 26 22.4 H2
211 103 103 114 72 103 18 15.5 H5
212 103 104 115 72 103 16 13.8 H6
212 103 104 115 71 103 14 12.1 H3
212 103 104 n 71 103 8 6.9 HI
213 103 106 115 72 103 7 6.0 H8
211 103 103 n 71 n 4 3.4 H4
211 103 104 112 72 103 4 3.4 H ll
211 103 104 113 72 103 4 3.4 H16
211 103 104 n 71 103 3 2.6 H7
211 103 104 115 72 103 3 2.6 H13
213 103 106 115 71 103 2 1.7 HIO
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Haplotypes Number Relative frequencies (%) ID
211 103 103 114 73 103 2 1.7 H14
213 103 104 114 71 103 1 0.9 H9
214 103 106 115 72 103 1 0.9 H12
212 103 104 113 73 103 1 0.9 H15
211 103 104 115 71 103 1 0.9 H17
211 103 103 113 72 103 1 0.9 H18
Total 116 100%

Map 7.4.5 Haplotype map per S. viminalis individual. The legend corresponds to Table 7.4.2

Legend

Kilometers

11 haplotypes w ere found for the D rogheda population w here 23 individuals w ere 

collected; 6 w ere unique but the others w ere shared betw een up to 6 individuals (Table 

7.4.3).

Table 7.4.3 Chloroplast DNA haplotypes found more than once in the Drogheda population
Haplotypes

DRO 12, 13, 14, 20 212 103 104 114 72 103
D R 0 4, 16, 17, 21, 22, 23 211 103 103 114 72 103
DRO 9, 19 212 103 104 115 72 103
DRO 1, 2, 3 211 103 104 115 72 103
DRO 10, 18 211 103 103 114 73 103
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7.4.1.4. G enetic structure

A M antel test o f  isolation by distance was perform ed w ith all the individuals 

against the haploid genetic d istance m atrix  obtained from  G enA lEx (Figure 7.4.2). This 

test show s that there is no isolation by distance because the slope is nearly  zero and the p -  

value associated w ith the test is non-significant (/?=0.468); so the null hypothesis is 

verified.

Figure 7.4.2 Mantel test o f isolation by distance for the CCMP microsatellites performed in 
GenAlEx. p-value associated with the test under the null hypothesis = 0.468. No. permutations

performed for the test = 9,999
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Principal coordinates analysis (PC oA ) w as carried out in G enA lEx w here haploid 

genetic distance betw een all individuals was converted to a covariance m atrix  and 

standardised by the square root o f  n-1 (F igure 7.4.3). The first axis explains 39%  and the 

2''̂ * axis 23%  o f  the variation, cum ulatively  explaining 61%  o f  the variation. N o clear 

separation o f  the d ifferent groups is evident. H ow ever, som e individuals from  different 

origins have the sam e haplotype, and are therefore grouped together at the sam e point on 

the graph. A xis 1 vs. axis 3 and axis 2 vs. axis 3 w ere also analysed but no further 

groupings w ere detected.
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Figure 7.4.3 PCoA of the CCMP microsatellites for S. viminalis individuals. NE=North-East,
CE=Centre-East
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STRUCTURE software was used to cluster the individuals. Mean grouping o f  each 

cluster was performed for the optimal value o f K  found and the populations were mapped 

into ArcGIS using the clustering computed in STRUCTURE. Optimal value o f K  was 

determined to be K=2 (Figure 7.4.4). The 2 clusters were mapped for each individual (Map 

7.4.6). No obvious structure was detected. However, in the South-W est, cluster 2 was the 

only cluster present. If  we classify clusters as predominantly type 1 or type 2 we can see 

that cluster identity was not randomly distributed over geographical space -  cluster 1 

individuals were more likely to be closest neighbour to another cluster 1 individual (and 

likewise for cluster 2 individuals). Despite this, no obvious geographic patterns were 

identified, which is consistent with the PCoA results.

The score o f K=9 was also high, but no geographical pattern could be seen. Every 

individual was sharing approximately the same amount o f each cluster, except 25 

individuals corresponding to haplotypes H4, 5, 14 and 18 and 10 other individuals 

corresponding to H8, 10 and 12 which were clustered strongly in one cluster for each 

group o f individuals.
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^igure 7.4.4 AK  results for the chloroplast CCMP markers
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Map 7.4.6 Cluster identity o f individuals obtained from the STRUCTURE analysis with the
chloroplast data for S. viminalis

I Kilometers
0 15 30 60 90 120

Legend

Q
I I C lusterl 
■ ■  Cluster2

189



7.4.2. Nuclear microsatellite results for samples across Ireland

7.4.2.1. Overall frequencies o f the nuclear alleles detected

All six nuclear markers were found to be polymorphic with between 2 and 14 

alleles per locus (mean = 9.3). A total o f 55 alleles were detected from the 6 markers. The 

repeats were di- or tri-nucleotide in every case (2 or 3 bp difference). A maximum of two 

alleles per locus per individual was detected. SB24 has 11 alleles ranging in length 

between 134 and 180 bp, with allele 148 being the most frequent (35%) (Figure 7.4.5 A). 

SB38 has 6 alleles ranging between 116 and 130 bp, with allele 124 being the most 

frequent (39%) (Figure 7.4.5 B). SB85 has 2 alleles (79 and 82 bp), with allele 79 being 

the most frequent (96%) (Figure 7.4.5 C). SB93 has 9 alleles ranging between 152 and 184 

bp, with allele 158 being the most frequent (70%) (Figure 7.4.5 D). SB 194 has 13 alleles 

ranging between 112 and 148 bp, with allele 136 being the most frequent (25%) (Figure 

7.4.5 E). SB 199 has 14 alleles ranging between 98 and 144 bp, with allele 102 being the 

most frequent (26%) (Figure 7.4.5 F).

Figure 7.4.5 The frequency distribution (in %) o f  the SB marker alleles in S. viminalis. The total 
number o f samples analysed is shown, x axis = allele size class (bp). A) SB24, B) SB38, C) SB85, 

______________________D) SB93, E) SB 194, F) SB 199______________________
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7.4.2.2. Geographical distribution o f nuclear microsatellite alleles across Ireland

No obvious geographic pattern was detected for SB24 alleles (M ap 7.4.7). Most of 

them are spread across the country except alleles 150, 152, 162 and 166 which were rare. 

Map 7.4.8 shows the geographical distribution o f alleles detected with SB38. No obvious 

geographical pattern was detected. SB85 was the least polymorphic locus with allele 79 

being the most frequent. Allele 82 was only found in 6 groups across the country (Map 

7.4.9). Allele 158 is the most widespread allele in SB93. Allele 176 was mostly present in 

the northern groups (Map 7.4.10). Map 7.4.11 shows the geographical distribution oi 

alleles detected with SB 194. Alleles 136 and 138 were the most widespread ones across 

the country although not present in every group. No geographical pattern was detected. 

The allele 102 o f  SB 199 was widespread across the country although not present in the 2 

groups furthest north (Donegal and Londonderry) (Map 7.4.12). Allele 110 was also 

common.
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Map 7.4.7 Allele proportions at the SB24 locus per group. N ranged from 3 to 23 per group
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Map 7.4.8 Allele proportions at the SB38 locus per group. N ranged from 3 to 23 per group
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M ap 7.4.9 Allele proportions at the SB85 locus per group. N ranged from 3 to 23 per group
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Map 7.4.10 Allele proportions al the SB93 locus per group. N ranged from 3 to 23 per group
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Map 7.4.11 Allele proportions at the SB 194 locus per group. N ranged from 3 to 23 per group
Antnm  <

Tyfone

C av an  Leitrim

C E In la n d

Legend

C Z 3A 118
A120

A132
A134

A138
C _ ]A 1 4 0
I I A 1 4 2
C Z JA 1 4 4
I IA146

A148I Kilom eters 
0  15 30 60  90  120

Map 7.4.12 Allele proportions at the SB 199 locus per group. N ranged from 3 to 23 per group
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7.4.2.3. Genetic diversity

Several indicators o f genetic diversity were calculated in GenAlEx (Table 7.4.4). 

The number o f effective alleles (Ne) was a lot lower than the total number o f alleles, 

showing that few alleles contributed to the variation. Ne ranged from 1.1 for SB85 to 6.6 

for SB 199. The mean Shannon’s Information index (/) was 1.47, and ranged from 0.18 

(SB85) to 2.16 (SB 199). For 3 loci (SB38, SB85 and SB93), the observed heterozygosities 

(Ho)  were more than the expected heterozygosities (He). Average heterozygosities differed 

for each locus reflecting the different number and frequencies of the alleles found. The 

mean observed heterozygosity was slightly less than the mean expected heterozygosity.

The average gene diversity over all samples calculated in Arlequin was relatively 

high (0.61), twice as much as the diversity found for the chloroplast markers.

Table 7.4.4 Allele number, effective number of alleles. Shannon's information index, observed 
heterozygosity and expected tetCTog^qsity for^^hjii^leai^rnarker for S. viminalis.

~1^ ~Ne ~  ~ r  ^  Ho~ He ~Locus
SB24
SB38
SB85
SB93
SB 194
SB199
Mean
SE

1 1 2  11 
115 6
113 2
115 9
112 13 5.8 2.00 0.72 0.83
114 14 6.6 2.16 0.48 0.85

4.9 1.84 0.71 0.80
3.8 1.50 0.87 0.74
1.1 0.18 0.09 0.08
2.0 1.11 0.57 0.49

113 9.2 4.0 1.47 0.57 0.63
0.6 1.8 0.9 0.30 0.11 0.12

N  = Sample Size, Na = No. o f  Different Alleles, Ne = Effective No. o f  A lleles =  1/(S/j, ), /  = Shannon's 
Information Index = -1* Z(p/*ln(p,)), H q =  Observed Heterozygosity = No. o f  Heterozygotes/N, He = 
Expected Heterozygosity =  1 - "Lp̂ . p i is the frequency o f  the i* allele and 'Lp^ is the sum o f  the squared 
allele frequencies. (Nei, 1987).

In order to infer the different haplotypes, a Bayesian analysis using the ELB 

algorithm (Excoffier et al., 2003) in Arlequin was used (Excoffier et al., 2005). 84% of 

these haplotypes were found with at least 50% confidence (Table 7.4.5). A total of 125 

different haplotypes were found; among these, 89 (71%>) were only present in one 

individual, which was much higher than the number of unique haplotypes found for the 

chloroplast markers.

Table 7.4.5 Number o f haplot3̂ es found with 90, 80 or 50% confidence
Probability o f haplotypes >90% >80% >50%

Number o f haplotypes 46 57 98
Total 116 116 116

% Haplotypes 39.7 49.1 84.5
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In the Drogheda population, 13 haplotypes were detected, 7 were unique and 6 

were shared between up to 4 individuals (Table 7.4.6).

Table 7.4.6 Shared haplotypes in the Drogheda population
Haplotypes

DRO 13, 14
164 116 79 176 136 110 
148 124 79 158 112 118

DRO 1,2, 3
154 116 79 158 136 136 
154 118 79 158 136 136

DRO 4, 16, 17
148 124 79 158 138 102 
156 118 79 172 132 136

DRO 7, 8, 18, 21
148 124 79 158 138 102 
148 118 79 184 142 102

DRO 10, 23
160 128 79 172 120 116 
154 116 79 158 148 136

DRO 11, 12
160 124 79 164 138 136 
134 124 79 158 138 112

These results were combined with the CCM P analysis, D rol3 and 14; D ro l, 2 and 

3; and Dro4, 16 and 17 share the same haplotypes, suggesting that these individuals might 

be clonal (Table 7.4.7) because o f  their lack o f  variation at otherwise highly polymorphic 

loci.

Table 7.4.7 Shared haplotypes in the Drogheda population, combined with the chloroplast 
________________  haplotype results_____________________________

Nuclear SB haplotype Chloroplast CCMP haplotype

DRO 13, 14
164 116 79 176 136 110 
148 124 79 158 112 118

212 103 104 114 72 103

DRO 1, 2, 3
154 116 79 158 136 136 
154 118 79 158 136 136

211 103 104 115 72 103

DRO 4, 16, 17
148 124 79 158 138 102 
156 118 79 172 132 136

211 103 103 114 72 103

A map, representing the individuals sharing both the same nuclear SB and 

chloroplast CCMP haplotypes was made in ArcGIS (Map 7.4.13). Up to 9 different 

individuals, sometimes collected far apart, share the same haplotypes. They are spread 

across the country, for example the individuals in dark blue with the haplotypes 5, 4 and 55 

are far away from each other. Some individuals along the river Shannon and river Bann 

have the same haplotypes as well (in turquoise, orange and red). Vegetative reproduction 

could potentially explain some o f the results. Broken branches or twigs o f S. viminalis 

could have, for example, travelled along the river and settled downstream sometimes far 

away from the original tree or alternatively be moved by people along these routes.
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Map 7.4.13 Individuals sharing both the CCM P and the SB haplotypes. Each coloured dot 
represents one S. viminalis individual. Legend: 1*‘ num ber = chloroplast CCM P haplotype, 2"'̂  and

num ber = nuclear SB haplotypes.
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7.4.2.4. Genetic structure

A Mantel test was performed with geographical distance o f  all the individual? 

against the codominant genotypic distance matrix obtained from GenAlEx (Figure 7.4.6 

and the results indicate that there might be a weak isolation by distance. Although the slope 

is nearly equal to zero, the p-value associated with the test is significant at the 5% level 

(p=0.038).
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Figure 7.4.6 Mantel test o f isolation by distance for the nuclear SB microsatellites performed in 
GenAlEx. /7-value associated with the test under the null hypothesis = 0.038. No. permutations

performed for the test = 9,999
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PC oA  was carried out in G enA lEx w here codom inant genotypic d istance betw een 

all individuals was converted to a covariance m atrix  and standardised by the square root o f  

n-1 (F igure 7.4.7). The first axis explains 29%  and the 2"‘̂ axis 22%  o f  the variation, 

cum ulatively  explain ing 51%  o f  the variation. A lthough the PC oA  only explains h a lf  o f  the 

variation, no separation o f  the different groups is clearly  shown. A xis 1 vs. axis 3 and axis 

2 vs. axis 3 w ere also analysed but no further groupings w ere detected.

Figure 7.4.7 PCoA of the SB microsatellites for S. viminalis. NE=North-East, CE=Centre-East
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STRUCTURE software was used to cluster the individuals. Mean grouping o f  each 

cluster was performed for the optimal value o f K  found and the populations were mapped 

into ArcGIS using the clustering computed in STRUCTURE. Optimal value o f K  was 

determined to be K=2 (Figure 7.4.8). The 2 clusters were mapped for each individual (Map 

7.4.). No obvious structure was detected. However, cluster 1 was more associated with 

northern individuals. No obvious geographic structuring was identified, which is consistent 

with the PCoA results and with the chloroplast SSRs results.

Figure 7.4.8 AK  results for the SB markers
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Map 7.4. Cluster identity of individuals obtained from the STRUCTURE analysis with the nuclear
SSR data for S. viminalis
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7.5. D iscussion

7.5.1. Genetic Diversity and Heterozygosity of Salix viminalis

Every SSR marker amplified well in Salix viminalis and nearly all individuals were 

amplified without difficulty. The cpDNA markers were designed as universal markers in 

dicotyledonous angiosperms by Weising and Gardner (1999) on tobacco {Nicotiana 

tabacum) and this study has demonstrated their utility in Salix viminalis. The same is true 

of the nuclear microsatellite markers applied in this study. They detected a high level of 

diversity and were useful for studies o f population genetic structure. The nuclear SSR 

markers were designed for Salix burjatica (Barker et al., 2003) and have been shown to 

work well here on S. viminalis. The allele size ranges found in this study are within the 

ranges found in Barker et al. (2003) except for SB85, SB93 and SB 199 where the size 

range was slightly shifted (Table 7.5.1).

Table 7 .5 .1 SSR allele size range found for S. vim inalis in this chapter and S. caprea  from Chapter 
6. The predicted product sizes are from W eising and Gardner (1999) for the CCMP markers in 

 tobacco and from Barker et al. (2003) for the SB nuclear SSR markers in Salix_____

Locus
Predicted product 

(bp)

size Allele size range (bp) 
in S. vim inalis

Allele size range (bp) 
in S. caprea

CCMP2 189 211-214 210-215
CCMP3 112 103 102-104
CCMP4 126 113 113
CCMP5 121 103-106 101-107
CCMP6 103 112-115 108-116
CCMP7 133 133 133
CCMP8 77 71-73 69-73
CCMP 10 103 103 102-103

SB24 109-245 134-180 124-182
SB38 105-161 116-130 106-156
SB85 81-87 79-82 79-85
SB93 159-185 152-184 150-168
SB 194 105-152 112-148 108-130
SB 199 102-140 98-144 98-126

Although not as variable as S. caprea (Table 7.5.1), especially for cpSSRs, S. 

viminalis individuals displayed a high level of cpDNA and nuclear DNA SSR allelic 

variation. Many unique haplotypes were found within and among populations. Eighteen 

haplotypes were found from the cpSSRs and 28% were unique to one individual. 125 

haplotypes were found for the nuclear SSRs and 71% of them were only present in a single 

individual. This high allelic variation could be explained by the fact that S. viminalis is an 

obligate outcrossing species (dioecious) producing very small, numerous seeds bearing a
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tuft o f long hairs encouraging wind dispersal (Newsholme, 1992). Thus Salix has high 

potential long distance pollen or seed mediated gene flow. Plants could also have been 

moved deliberately or accidentally by grazers, birds or human involvement (D. Reilly pers. 

comm.). Numerous haplotypes were detected among S. viminalis individuals which would 

suggest that seed dispersal is high over Ireland. The high haplotype diversity contrasts with 

that found in other woody species groups studied in Ireland. For example, Kelleher et al. 

(2004) used plastid DNA markers (PCR-RFLPs) to characterise plastid types in Irish oak. 

They found relatively low diversity in comparison with the rest o f Europe and low 

diversity within populations. Also a study by Provan et al. (2008) on Irish juniper found 

only 6 haplotypes for 309 individuals studied for 3 nuclear and 5 chloroplast 

microsatellites though Quercus and Juniperus have a very different breeding biology 

relative to Salix.

However, our results are consistent with other studies on natural populations o f S. 

viminalis. In natural Czech populations o f  S. viminalis, Trybush et al. (2012) found 92% o f 

their individuals had unique multilocus genotypes. Likewise, M osner et al. (2012) found 

91% o f individuals had unique haplotypes, using 6 nuclear microsatellites on 943 

individuals sampled from along the Elbe river in Germany. The levels o f haplotype 

diversity in the two papers cited above are greater than the present study, but could be 

explained by the fact that they have used more microsatellite markers and/or more 

individuals.

A total o f 37 individuals were found to share the same chloroplast and nuclear 

haplotypes with at least one other individual and a maximum o f 9 individuals. 

M icrosatellite markers and especially the nuclear ones are otherwise highly polymorphic, 

so it can be hypothesized that these individuals might be clonal. Salix viminalis can easily 

reproduce vegetatively (Ronnberg-W astljung, 2001). Some clonal individuals are spread 

across the country, sometimes as far as 315 km. For example, the New Kildimo individual 

in county Limerick shares the same haplotype with individuals in Killiglen and M illbay 

individuals in county Antrim (Map 7.4.13, orange dots). The most plausible explanation 

would involve human propagation where cuttings were transported and planted as the 

spread o f  vegetative regeneration cannot be as far as a few kilometres unless branch 

fragments are moved by water (M oggridge and Gumell, 2009). The extent o f clonality in 

S. viminalis was investigated by M osner et al. (2012) along the Elbe river and they found 

that individual clones mostly covered distances o f  less than 10 m, except in three cases 

where a m aximum clonal spread o f  1.9 river kms was detected. Some individuals along the 

river Shannon and river Bann share the same haplotypes. For example, in county
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Tipperary, Springpark and Borrisokane clonal individuals are 5 km away from each other 

along the river (Map 7.4.13, turquoise blue dots). Broken branches or twigs could have 

travelled on the river and settled downstream.

As the individuals were sampled mostly as scattered individuals and not as 

populations, no F-statistics were calculated. Only the Drogheda site was sampled as a 

population. Drol3 and 14; D rol, 2 and 3; and Dro4, 16 and 17 share the same haplotypes 

(Map 7.5.1). Drol and 2 are approximately 1 river km downstream from individual 3 

(black dots. Map 7.5.1), suggesting that Dro3 could be the initial donor. D ro l6 and 17 are 

also approximately 1 river km downstream from individual 4, suggesting that Dro4 could 

be the initial donor (yellow dots, Map 7.5.1). It is in accordance to what was found by 

Mosner et al. (2012) along the Elbe river. A mix o f clonal growth and seed borne 

propagation was detected as a few individuals shared the same haplotypes but 18 different 

combinations of cpDNA and nuclear SSR haplotypes were also discovered (Map 7.5.1).

Map 7.5.1 Individuals in Drogheda sharing both the chloroplast CCMP and the nuclear SB 
haplotypes. Each coloured dot represents one individual. Legend: T' number = CCMP haplotype,
2“  and 3™ number = SB haplotypes. E a ^  r e ^ n d iv id u a lh a ^ ^ m io u ^ o m b in a t io i^ ^ a ^ ^

Relatively high values o f observed heterozygosity over all individuals (//o=0.57 for 

the nuclear SSRs) were detected. Gene diversity was also high (//=0.33 for cpSSRs and 

//=0.61 for nuclear SSRs). These values are comparable to the diversity estimations made 

in other Salicaceae species such as Salix caprea (see Chapter 6), Populus tremuloides or S. 

purpurea (De Woody et al., 2009, Lin et al., 2009) and are also consistent with the trends
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of genotypic variation revealed through microsatellite data in many outcrossing flowering 

plants (Nybom, 2004).

Overall genetic variability for the accessions studied, estimated by Shannon’s 

indexes, was low for the chloroplast markers with an average of 0.86 but higher for the 

nuclear SSRs at 1.47. The high value of Shannon’s information index represents the 

effectiveness o f microsatellite loci to reveal the variation. If practically all abundance is 

concentrated to one type, and the other types are very rare (even if there are many of 

them). Shannon entropy approaches zero. When there is only one type in the dataset. 

Shannon entropy exactly equals zero (there is no uncertainty in predicting the type of the 

next randomly chosen entity). In the cpSSRs markers, one allele was more present than the 

others especially for CCMP8. More markers than S. caprea were monomorphic (4 against 

2) (See Chapter 6 and Table 7.5.1).

7.5.2. Genetic Structure

In order to gain insight into the pattern of intraspecific variation, the spatial scale of 

genetic diversity was investigated using a number of approaches including Mantel tests, 

Bayesian and PCoA analyses.

The tests for isolation by distance did not give consistent results among the cpSSRs 

and nuclear markers. A very weak isolation by distance was identified for the test on the 

nuclear markers among all individuals {R =0.0048,/?=0.038) but no isolation was detected 

for the same test on the chloroplast markers (7?^=2.10‘̂ , /?=0.468). This is in accordance 

with Trybush et al. (2012) on S. viminalis in the Czech Republic where a very weak 

isolation by distance was detected using the same method with nuclear markers.

For both the Bayesian and the PCoA analyses, individuals were grouped by 

geographical distance, in order to make the graph and map easy to interpret.

The STRUCTURE Bayesian analyses of the possible groups identified two putative 

clusters for both the chloroplast and nuclear analyses, but no obvious geographical pattern 

was detected for these. Our results are consistent with a study on populations of S. caprea 

across Europe where an absence of geographical structure was found from the analysis of 3 

cpSSRs and 4 PCR-RFLPs (Palme et al., 2003). The PCoAs obtained from GenAlEx were 

in accordance with the Bayesian analyses. No groups were detected but the analyses 

isolated duplicates especially in the cpSSR analysis. It was congruent with another study 

on S. viminalis along the Elbe river in Germany, where neither clear spatial population 

structure nor clear pattern with PCoA analyses could be detected (Mosner et al., 2012).

204



Results obtained with different methods, haplotype assignment, gene diversity 

analysis, principal coordinates analysis and Bayesian algorithms were consistent with each 

other. Although a further study is required to determine the extent o f vegetative 

propagation across Ireland, our data suggest that sexual reproduction is likely to be 

common for S. viminalis within the sampling area. This is interesting, as the survival and 

germination o f seedlings is thought to be rare for many Salicaceae species due to strict 

ecological requirements for successful establishment (Jelinski and Cheliak, 1992, 

Karrenberg et al., 2003, Sacchi et al., 1988, Van Splunder et al., 1995). Several precise 

conditions are required for seedling establishment o f  S. viminalis along river banks (Van 

Splunder et al., 1995). The plumed seeds o f S. viminalis are dispersed by both wind and 

water, and are trapped in large numbers to the moist surface o f river banks. After seeds are 

stranded on the riverbank, germination may occur on moist, bare soil but if  soil moisture 

content is too low, it may result in the desiccation o f  the seeds or seedlings (Van Splunder 

et al., 1995). However, the data presented herein shows a substantial number o f multilocus 

genotypes were unique (71 % for the nuclear markers), high gene diversity was evident 

and no spatial and genetic structure was observed. This is consistent with outbreeding and 

indicates that there are no significant barriers for sexual reproduction within Ireland. 

Possible clones have also been detected, sometimes as far as 300 km apart, indicating 

likely human intervention. Vegetative propagation has advantages, it can occur throughout 

the whole year and shed living branches are able to establish under a larger variety o f 

environmental conditions compared to seedlings (M oggridge and Gumell, 2009). It can act 

as a backup strategy for years without the successful establishment o f seedlings; newly 

grown shrubs might also stabilise the soil and provide shelter to the seedlings (M oggridge 

and Gumell, 2009).

In a review, Hewitt (2000) describes the types o f patterns unravelled by previous 

phylogeographic studies and shows three patterns o f recolonisation from refugia in 

southern Europe. The data presented here on S. viminalis are confined to Ireland but it is in 

accordance to what was found for another species o f Salix in Palme et al. (2003) on a 

larger scale. With an absence o f clear geographical structure, S. viminalis might not 

conform well to the prediction o f  recolonisation from refugia in southern Europe (Iberia, 

Italy, the Balkans and Caucasus) after the last glacial maximum (Petit et al., 2003, Palme et 

al., 2003). As a cold-tolerant pioneer species, it may not have been confined to southern 

Europe during the last glacial maximum but be present at more intermediate latitude 

refugia, with large population sizes (Palme et al., 2003). However, further analysis at a 

larger scale on S. viminalis across Europe is needed to answer this hypothesis.
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7.6. Conclusion

This chapter aimed to use chloroplast and nuclear microsatellites to examine the 

genetic diversity, the geographical genetic structure and the extent o f gene flow in 

naturalised individuals o f S. viminalis across Ireland.

New markers were tested and shown to be suitable for genetic characterization o f S. 

viminalis. High levels o f allelic and genetic diversity were found with these markers, 

including a high number o f unique haplotypes. Population structure and differentiation 

analyses, as well as IBD tests and PCoA graphs confirmed an absence o f strong 

geographical structuring o f genetic variation. Gene flow through seeds and pollen was 

demonstrated to be high although roughly one quarter o f  the individuals were shown to be 

clonal, probably partly due to human intervention.

These results could be usefiil for breeders wishing to exploit natural individuals and 

foresters having to source material for planting. Further analysis should analyse the 

variation o f Irish populations in relation to those found in Europe.
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Chapter 8. General discussion and conclusions

8.1. Introduction

The overall aim of this thesis was to characterise the molecular diversity of two 

species o f Salix using genetic markers. The samples collected consisted of a selection of 

individuals from a wide range of natural localities in Ireland. The characterisation was 

performed using a combination o f chloroplast and nuclear microsatellites (non-genic) as 

well as SNPs in genes putatively involved in wood formation and rust resistance. Diversity 

levels, structuring of populations and partitioning of variation were on the whole similar 

for each marker type (large levels of variation and low levels of geographic structuring) 

even if at a more detailed scale, they were different (nucleotide diversity, gene diversity, 

Fst or Gst levels). This is likely to be a result o f the different genetic basis of each of the 

marker systems and is in agreement with studies comparing different molecular markers 

(Emanuelli et al., 2013, Petit et al., 2005, Powell et al., 1996). A limited number of 

genotypes from across Europe were also characterised using genetic sequences.

These results in combination have allowed us to draw a number of conclusions, as 

outlined below.

8.2. Sum m ary o f the findings

8.2.1. Characterisation of the genetic diversity in Salix caprea

A total of 183 S. caprea individuals grouped in 21 populations were analysed. 

From these analyses, 241 SNPs were identified within the individuals and 5,958 bp were 

analysed per individual for candidate wood formation and disease resistance genes (see 

Tables 4.4.1 and 5.4.1). An average of 40 SNPs/kbp was discovered overall with an 

average of 32 SNPs/kbp in the exons. This value is slightly above that found for Populus 

trichocarpa for the whole genome (26 SNPs/kbp, Tuskan et al. (2006)) or for S. schwerinii 

(23 SNPs/kbp) and S. viminaUs (8 SNPs/kbp) by Berlin et al. (2011) using a sample of 

genes. The higher values obtained from the current study could be in part due to the larger 

sample size. However, an analysis was undertaken to test for optimal sampling to capture 

SNPs in populations and 8 individuals per population captured 89% of the variation.

Six chloroplast and six nuclear SSRs were discovered to be polymorphic and 

between 2 and 16 alleles were found per marker (Figure 6.4.1 and Figures 6.4.6). Only 2
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cpSSRs were monomorphic. A considerable number of haplotypes were found for both 

types of markers in S. caprea. An average of 55 haplotypes per gene fragment analysed 

was discovered along with 79 chloroplast SSR haplotypes and 286 nuclear SSR 

haplotypes. This could be partly explained by the fact that S. caprea is an outcrossing 

species producing very small, numerous seeds bearing a tuft of long hairs encouraging 

wind dispersal (Newsholme, 1992). Seeds could also have been moved deliberately or 

accidentally by grazers, birds or human involvement. It is more or less consistent with 

other studies on Salix (Berlin et al., 2011, Trybush et al., 2012) but contrasts with other 

species in Ireland like oak (Kelleher et al., 2004) or juniper (Provan et al., 2008) where less 

variation has been detected. It is of interest to note that, even though the haplotype 

diversity is large, on a genome scale synteny is maintained as reported by Berlin et al. 

(2010).

A few S. caprea individuals were found to have both the same chloroplast and 

nuclear SSR haplotypes (Corr2 and Corr6, Corr4 and CorrV, West? and WestS). However, 

when the DNA sequences of the 11 genes from Chapters 4 and 5 were checked, differences 

were detected between Corr2 and Corr6 and also between Corr4 and Corr7. These 

individuals are not clonal. West? and WestS on the other hand, are most likely clonal as no 

differences were discovered when checking the DNA sequences. As S. caprea seems to be 

recalcitrant to natural vegetative regeneration (Liesebach and Naujoks, 2004), it is most 

likely that they are not pure S. caprea but rather introgressed hybrids o f S. caprea (possibly 

with S. cinerea ssp. oleifoUa, S. viminalis or S. aurita). No herbarium samples were 

collected from this population but the question will be investigated further. A 

STRUCTURE analysis was performed as explained in section 4.3.7 (with K=\ to K=\6) 

where the sequences from the Chapter 3 (Perdereau et al., 2013) were combined with the 

sequences of S. caprea individuals from Chapter 4. The most probable numbers o f clusters 

were K=2 and A^=12. The individuals were plotted for several inferred K  clusters (data not 

shown). The West7 and WestS individuals were always clustered more with some other 

natural S. caprea individuals (some individuals from the Keel, Lark or Rey populations) 

than with any species from Chapter 3 (and in particular S. cinerea).

Average nucleotide diversity for S. caprea was 0.0125 (across the 11 wood 

formation and disease resistance gene fragments included in this study), which is high but 

not dissimilar to P. trichocarpa (whole genome) or Pinus densata (Figure S.2.1).

For the microsatellite analysis, all populations showed relatively high values of 

gene diversity (//=0.39 for the cpSSRs and //=0.53 for the nuclear SSRs) which are 

comparable to the diversity levels recorded in other Salicaceae (De Woody et al., 2009, Lin
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et al., 2009, Trybush et al., 2012). The G st  was pronounced for the cpSSRs (0.38 on 

average) but quite low for the nuclear microsatellites (0.07 on average). These values are 

low compared to the comprehensive review o f G $t values based on a data set o f 183 

species belonging to 103 genera and 52 families conducted by Petit et al. (2005). A median 

value o f 0.67 was found for maternally inherited genomes and 0.10 for paternally or 

biparentally inherited genomes.

Eight out o f  11 candidate gene markers (from Chapters 4 and 5) showed significant 

genetic differentiation among populations, although estimates o f Fst were low to moderate 

(0.048-0.114). It is similar to that found for P. tremula (lugvarsson, 2005) or lower than in 

P. balsamifera (Breen et al., 2009). The F st was equal to 0.16 on average for the nuclear 

SSRs analysis, which is also moderate. It is higher than in natural populations o f S. 

viminalis measured by Trybush et al. (2012) or populations o f  Fraxinus excelsior (Heuertz 

et al., 2001). A low/moderate differentiation o f the populations has been demonstrated and 

this was further tested by performing analyses on the genetic structure o f the populations.

Figure 8.2.1 Nucleotide diversity in several species. The number of genes studied is shown in 
brackets. Adapted from Gamier-Gere et al. (2008). The 2 S alix  species from the current study are

shown in black.
n

0.025 T

0.02

AMOVA analyses gave the same kind of results for each marker system (SSRs and 

candidate genes); most o f the variation was partitioned within populations. The Mantel 

tests performed for both types o f markers showed no isolation by distance in the studies at 

the individual and population levels. The Bayesian analyses computed in STRUCTURE 

identified 2 or 3 clusters, but in every case no obvious geographical pattern could be 

detected. The PCoA analyses (Chapter 4 and 5) and the dendrogram (Chapter 6) confirmed
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a lack of clear geographical structure of the different populations of S. caprea despite 

significant differentiation of populations as estimated by Fsr- These results are in 

accordance with other outcrossing woody species (Hamrick and Godt, 1996) and with 

other Salicaceae like Populus nigra or S. viminalis (Imbert and Lefevre, 2003, Trybush et 

al., 2012). An absence of geographically explained genetic structure was shown for S. 

caprea in Ireland which is what was found for this species on populations across Europe 

from the analysis of 3 cpSSRs and 4 PCR-RFLPs (Palme et al., 2003).

Linkage disequilibrium was studied for both sets of sequences (SNPs) as explained
2 2 m part 4.3.7. Mean r was 0.339 and LD decayed to negligible levels (r< 0 .1 ) at

approximately 800 bp (Figure 8.2.2). These findings are in accordance with that found for

forest trees in general (Savolainen and Pyhajarvi, 2007) and for P. tremula (kigvarsson,

2008). No trace of population genetic bottlenecks or possibly domestication could be

inferred from our data for Irish S. caprea. It is also expected that Irish S. caprea has a large

population size, as a population that has had a stable and large population size for a long

time or has experienced a rapid size expansion will have lower levels o f LD (Mueller,

2004, Pritchard and Przeworski, 2001). Salix caprea is known to be frequently found in

Ireland and is locally abundant in several areas (Meikle, 1984, Preston et al., 2002, Parnell

and Curtis, 2012).

Sexual reproduction is inferred to be high for S. caprea within the sampling area 

and this is expected as S. caprea does not easily propagate vegetatively except for a few 

genotypes (Liesebach and Naujoks, 2004). The data in this thesis are consistent with 

outbreeding and indicate that there are no significant barriers for sexual reproduction 

within Ireland over large geographic distances. It is also in accordance with that found for 

other Salix species (Berlin et al., 2011, Trybush et al., 2012). The data show a wide genetic 

base available for potential breeding programmes.
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Figure 8.2.2 Linkage disequilibrium within S. caprea within genes as a function of the distance
between sites found in Chapter 4 and 5
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8.2.2. Characterisation of the genetic diversity in Salix viminalis

Between 101 and 116 viminalis individuals collected throughout Ireland were 

analysed depending on the marker system (SNP and SSR markers). A total o f 141 SNPs 

were found within the individuals and 5,890 bp were analysed per individual (see Tables 

4.4.6 and 5.4.5). Overall 24 SNPs/kbp were discovered in total and an average o f 21 

SNPs/kbp was found in the exons. These values are above those found for the same species 

(8 SNPs/kbp) by Berlin et al. (2011). Four chloroplast and six nuclear SSRs were 

polymorphic and between 2 and 14 alleles were found per marker (Figure 7,4.1 and 

Figures 7.4.5). H alf o f the cpSSRs were monomorphic.

A high number o f haplotypes were found for both types o f markers (SNP and SSR 

markers), an average o f 29 haplotypes per candidate gene fragment analysed was 

discovered along with 18 chloroplast SSR haplotypes and 125 nuclear SSR haplotypes. 

This could be explained by the fact that S. viminalis is an obligate outcrossing (dioecious) 

species (Newsholme, 1992). Haplotype diversity values are more or less consistent with 

other studies on Salix (Berlin et al., 2011, Trybush et al., 2012) but contrast with other 

species in Ireland like oak (Kelleher et al., 2004) or juniper (Provan et al., 2008). However, 

37 individuals were found to share the same chloroplast and nuclear SSR haplotypes with
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at least one other individual and a maximum o f 9 individuals. Differences were detected in 

the DNA sequences for most o f these individuals except for individuals 043 (New Kildimo 

Co. Limerick) and 045 (Millbay Co. Antrim) and individuals 038 (Dunmore Co. 

Roscommon) and 039 (Blackwater Co. Waterford). They are most probably clonal which 

is surprising as they are far from each other (as far as 315 km). Salix viminalis can easily 

reproduce vegetatively (Ronnberg-W astljung, 2001) but the most plausible explanation 

here would involve human propagation where cuttings were transported and planted as the 

spread o f vegetative regeneration cannot be further than a few kilometres (Mosner et al., 

2012). It is also possible that these samples are incorrectly labelled in the clone collection 

from which they were sampled.

Average nucleotide diversity for S. viminalis was 0.0069, which is lower than most 

o f the Pinus species shown on Figure 8.2.1 but higher than other Salicaceae (Figure 8.2.1) 

except S. caprea (measured here).

For the microsatellite analysis, all populations showed relatively high values o f 

gene diversity (//=0.33 for the cpSSRs and //=0.61 for the nuclear SSRs) which are 

comparable to the diversity estimates in other Salicaceae (De W oody et al., 2009, Lin et 

al., 2009, Trybush et al., 2012).

The Mantel tests performed for both candidate gene and SSR markers showed no 

isolation by distance in the studies at the individual level. The Bayesian analyses computed 

in STRUCTURE identified 2 clusters for all analyses, but in every case no obvious 

geographical pattern could be detected. The PCoA analyses (Chapter 4, 5 and 7) confirmed 

a lack o f obvious structure o f the different groups o f S. viminalis. These results are in 

accordance with another study on this species (Trybush et al., 2012).

Linkage disequilibrium was studied for both sets o f sequences as explained in 

section 4.3.7. Mean was 0.117 and LD decayed to negligible levels (r^<0.1) at 

approximately 150 bp (Figure 8.2.3). The results are in accordance with that found for 

forest trees in general (Savolainen and Pyhajarvi, 2007) and for P. tremula in particular 

(Ingvarsson, 2008). No trace o f population genetic bottlenecks and possibly domestication 

could be inferred from my data for Irish S. viminalis. It is also expected that Irish S. 

viminalis has a large population size, as a population that has had a stable and large 

population size for a long period o f time or has experienced a rapid size expansion will 

have lower levels o f LD (Mueller, 2004, Pritchard and Przeworski, 2001). In another study 

on this species, much more LD was observed extending to r"<0.2 at approximately 4,000 

bp (Berlin et al., 2011). Salix viminalis is very common in Ireland although often obviously 

planted or a relic o f former cultivation (Meikle, 1984).
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Although a further study is required to determine the extent o f vegetative 

propagation across Ireland, our data suggest that sexual reproduction is likely to be fairly 

common for S. viminalis within the sampling area. This is interesting, as the survival and 

germination o f seedlings is thought to be rare for many Salicaceae species due to strict 

ecological requirements for successful establishment (Jelinski and Cheliak, 1992, 

Karrenberg et al., 2003, Sacchi et al., 1988, Van Splunder et al., 1995).

However, our data are consistent with outbreeding and indicate that there are no 

significant barriers for sexual reproduction within Ireland over large geographic distance. It 

is in accordance to what was found for this species in other studies (Berlin et al., 2011, 

Trybush et al., 2012). A few clones have also been detected, sometimes as far as 300 km 

apart, indicating likely human intervention.

Figure 8.2.3 Linkage disequilibrium v.'ithin S. vim inalis within genes as a function o f  the distance
between sites found in Chapter 4 and 5.
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8.2.3. Comparison and divergence of the two species

Salix viminalis was found to be less genetically diverse than S. caprea\ its 

nucleotide diversity on average was nearly two-fold lower than S. caprea (Figure 8.2.1). 

Fewer SNPs and fewer SSR alleles on average were discovered. For both species, no 

isolation by distance and no obvious biogeographical structure could be inferred from the 

data on Irish specimens despite some moderate Fst values. The extent o f LD in the two
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species was slightly different; it extended a little further for S. caprea but still decayed 

quickly for both species (Figure 8.2.2 and Figure 8.2.3).

Out o f 336 SNPs discovered, only 47 were shared between the two species. Only a 

few shared haplotypes were detected; two in CesA2, one in CesA l, one in Knat7. Also, 

only one haplotype was shared in the cpSSRs analysis and none in the nuclear SSRs 

analysis. From these results, it can be concluded that the two species are clearly separated 

and that gene flow between them is at best minor.

To further confirm the separation, a STRUCTURE analysis was performed as 

explained in section 4.3.7 (with K=\ to K = l) with both species and all SNPs. The most 

likely number o f clusters was K=2 (Figure 8.2.4) and the two species clearly corresponded 

to each o f the clusters found (Figure 8.2.5). The same type o f analysis was performed for S. 

viminalis and S. schwerinii by Berlin et al. (2011) and they also found a clear separation o f 

both species. Salix caprea and S. viminalis are widely distributed throughout Ireland 

(Preston et al., 2002) and the hybrid S. ^sericans is spontaneous and fairly common in 

Ireland (Meikle, 1984), however no S. xsericans hybrids were detected when sampling S. 

caprea. From the STRUCTURE analysis, it could be inferred that no S. ^sericans hybrids 

were collected. However, a few S. caprea individuals (West6, 7 and 8) were positioned a 

little in cluster 2 (at 7-8%), possibly indicating that they are introgressed hybrids o f S. 

caprea with another Salix species. These require further analysis and will be followed up 

in the future.

Figure 8.2.4 IsK results for all the SNPs found for S. caprea and 5. viminalis 
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Figure 8.2.5 Structure analysis o f  S. caprea  and S. viminalis when K=2  clusters are assumed

S. caprea S. viminalis

■ Clusterl ■Cluster2

8.2.4. Overview of the genus diversity using lignocellulose genes

Twelve wood formation genes from poplar were tested on 40 willow genotypes 

(see Chapter 3). The level of transferability of markers (primers) between Populus and 

Salix was found to be around 44%. This was the first study to investigate, in detail, 

lignocellulose genes in such a variety of Salix genotypes and taxa. SNP discovery and 

transferability of Populus primers to Salix have been studied (Berlin et al., 2011, Berlin et 

al., 2010, Hanley et al., 2006, Hanley et al., 2011) but these studies were limited to a small 

number of species. Previous studies on multiple Salix species have been restricted to AFLP 

markers or a limited number of sequences from the chloroplast and nuclear ribosomal 

DNA regions (Azuma et al., 2000, Brunsfeld et al., 1992, Hardig et al., 2010, Trybush et 

al., 2008).

Between 76 and 267 SNPs/kbp in total and an average o f 53 SNPs/kbp in predicted 

exons were discovered in the studied genes. The number of SNPs detected is relatively 

high compared to other studies (Ingvarsson, 2005, Ingvarsson, 2008, Kelleher et al., 2012, 

Berlin et al., 2011), because comparisons were made between genera and genotypes and 

not among individuals of the same species.

From these results, we showed that there is a wealth of genetic variation within 

Salix that is as yet largely untapped. The markers can be transferred from Populus to Salix 

in approximately half of the cases and justifies this approach for marker application and 

development in Salix. These results have been published in the journal Biotechnology for 

Biofuels (Perdereau et al., 2013).
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8.2.5. Diversity in relation to wood formation and rust resistance

High levels of variation in the fourteen genes studied in Chapters 3, 4 and 5 were 

observed. Other studies have investigated genes involved in wood formation on forest tree 

species (Brown et al., 2004, Dvomyk et al., 2002, Kelleher et al., 2012, Marroni et al., 

2011, Pot et al., 2005) and less variation was observed in these than for the S. caprea, S. 

viminalis and Salix spp. in general studied in this thesis. Our results also emphasize that 

wood fonnation genes and more particularly the ones involved in the phenylpropanoid 

metabolism {PALI, C3H], C4H, SAD, CAD, 4CL2) are conserved among two genera in 

Salicaceae, which is consistent with other studies (Hamberger et al., 2007). An upstream 

selective pressure was discovered among these genes with fewer non-synonymous SNPs 

found in genes encoding enzymes upstream of the pathway as opposed to downstream 

genes (Figure 4.5.2). It was in accordance with other studies (Kelleher et al., 2012, Ramsay 

et al., 2009). The function of one gene, SAD, however, is not clear. It has been shown in 

tobacco that SAD might not be involved in the last step in syringyl monolignol biosynthesis 

in wood-producing angiosperms (Barakate et al., 2011). It has also been hypothesized that 

SAD might be a dehydrogenase that directs monolignol precursors toward plant defence 

(Bomati and Noel, 2005).

Two genes putatively involved in rust resistance were also shown to be highly 

polymorphic. Their function in Salix has not been demonstrated but genes from the two 

families have been studied in tomato, grapevine and poplar and antifungal or antiviral 

activity has been shown (do Amaral et al., 2012, Jiang et al., 2013, Rinaldi et al., 2007, 

Sade et al., 2013, Salami et al., 2008).
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8.3. Conclusion

New gene and new SSR markers were developed and tested on some Salix  species 

and they were shown to be suitable for genetic characterization o f  S. viminalis and S. 

caprea. GenBank has a very limited number o f  nucleotide sequences from Salix. As o f Dec 

2013 a GenBank search o f “Salix [organism]” returned 8,718 nucleotide sequences with 

only 707 o f these being ESTs. Thus the potential for using Populus resources to develop 

markers is an obvious step (“Populus [organism]” GenBank search: 563,878 nucleotide 

sequences). Markers can be transferred from Populus to Salix in approximately half o f the 

cases and justifies this approach for marker application and development in Salix.

High levels o f variation in the lignocellulose genes were observed, with an 

upstream selective pressure for the genes involved in the lignin biosynthesis pathway. 

Variation was also found to be substantial in the putative rust resistance genes, but further 

analyses should be undertaken to infer their function in Salix species.

Genetic diversity was show'n to be high in both sets o f markers (candidate gene and 

SSR) and in both species. A high number o f  unique haplotypes were discovered for the 

chloroplast and nuclear SSRs as well as for the studied genes. Low levels o f geographical 

structuring o f genetic variation could be detected despite moderate Fst values. It is 

expected that gene flow (both pollen and seed mediated), is strong within Ireland for S. 

caprea and S. viminalis. Low levels o f population differentiation and geographical 

structuring were not unexpected for S. caprea as this species does not easily propagate 

vegetatively. Similarly low levels o f differentiation were more surprising for S. viminalis, 

because o f its ability to reproduce vegetatively. However, this was consistent with another 

study on this species (Trybush et al., 2012). A few identical clones were discovered for 

both species, demonstrating possible human intervention for S. viminalis and likely 

introgressed hybrids for S. caprea. Species specific markers and haplotypes were 

discovered for S. caprea and S. viminalis, which were clearly separated from each other.

Less variation was detected in S. viminalis than in S. caprea, with the average 

nucleotide diversity found to be approximately two-fold lower in the former species than 

the latter one.

LD decayed quickly in both species, suggesting a large population size for both 

species in Ireland and lack o f population genetic bottlenecks or breeding. The rate o f  decay 

justifies a candidate gene approach in association mapping, although further study on LD is 

required.
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8.4. Recommendations for further study

The data presented in this thesis will be o f  interest and useful for future work on 

pre-breeding programmes or association genetics in Salix as baseline data on gene diversity 

and differentiation have been established together with the generation o f some new marker 

systems.

Further analyses to determine possible associations between markers and quality 

characters should be carried out. No analyses have been done on the morphology and 

phenotypic traits o f the trees studied here and it would be very useful, though very 

challenging, to link genotype with phenotype especially when studying rust resistance. The 

Salix viminalis collection used in the current study is being maintained at the Teagasc 

research station in Kinsealy, Dublin and is o f potential use for future phenotyping studies.

Further studies are required to estimate LD across greater distances to determine 

the variation o f LD across the genome. The rapid decay o f  LD in S. caprea  and S. viminalis 

suggests that the number o f markers needed to ensure adequate genome coverage may be 

simply too high for genome-wide scans to be feasible in these species and a more realistic 

approach might therefore be to search for functional variation in putative candidate loci. 

On the other hand, the rapid decay o f  LD suggests that it may be possible to map 

functional variation to very fine scales in Salix.

In order to infer the role o f  AEP  and H T  genes in Salix, expression analyses should 

be carried out. RNA analyses can be performed using cDNA reverse transcription, cloning 

o f cDNA and Real-Time RT-PCR. Microarray analyses can also be useful in determining 

the expression o f a gene, several methods are currently used; knock-out genotypes in 

which the gene is mutated to be non-functional, tagged genotypes in which a fluorescent 

tag is activated when the gene is activated, in-situ hybridization in which the gene product 

is labelled in thin sections which can be viewed under a microscope or genetically 

modified strains. Finally, a recently developed approach to transcriptome profiling includes 

RNA-Seq (RNA sequencing) (W ang et al., 2009). It is a technology that uses the 

capabilifies o f next-generation sequencing to reveal a snapshot o f RNA presence and 

quantity from a genome at a given moment in time (Chu and Corey, 2012).

Further studies are also required to examine the extent o f introgressive 

hybridisation, particularly in S. caprea.
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Chapter 9. Appendix

9.1. Details of the specimens of Salix caprea collected.

W AAS Coordinate (Irish grid) X and Y. Voucher ID: Voucher number as held in the

National Botanic Gardens, Glasnevin, Ireland

Trees X Y Girth at chest 
height (cm)

Voucher ID Notes

Ardl 688674 763605 33 6774 Collected on the edge o f the woodland
Ard2 688702 763634 40 Epicormic cutting, lower foliage too

high to reach
Ard3 688718 763669 44,45 2 stems
Ard4 688733 763683 68
Ard5 688741 763737 51 6775
Ard6 688745 763754 62 (widest Multi stems

stem)
Ard7 688720 763750 42
Ard8 688747 763462 95 6776 Collected on the edge o f the woodland
Ard9 688758 763445 95 6777 Collected on the edge o f the woodland
ArdlO 688755 763453 42 6778 Collected on the edge o f the woodland
Ardl 1 688767 763421 32 6779 Collected on the edge o f the woodland
A rdl2 688789 763395 44 6780 Collected on the edge o f the woodland
Ardl 3 688788 763392 64 6781 Collected on the edge o f the woodland
Ardl4 688831 763337 27 6773 Along a ditch
Ardl 5 688988 763300 115 6782 Along a ditch
Onal 720510 714765 29 6783 rust - collected along river
Ona2 720682 714852 25 6784 small tree collected along river
Ona3 720727 714840 55 big tree collected along river
Ona4 720727 714840 43 big tree collected along river
Ona5 720809 714849 81 roots into the water
Ona6 720809 714849 84 grows on top o f Ona5
Ona7 720809 714849 55
OnaS 720855 715091 100 6785
Ona9 720845 715101 46
OnalO 720856 715094 39
O nall 720506 714850 43 6786 Collected on the edge o f the woodland
Onal 2 720429 714819 45 2 stems
Onal 3 720429 714819 73 3 stems
Onal 4 720459 714827 128 big large tree
Onal 5 720433 714773 81 big large tree - 4 stems
Onal 6 720332 714830 rusty
Reyl 655006 757810 40,19,27,22 tall thin tree, 4 stems
Rey2 654992 757785 230 6787 tall wide tree
Rey3 654980 757786 99 6788 tall wide tree
Rey4 654975 757786 155 6789 tall wide tree
Rey5 654979 757782 79 tall tree
Rey6 654979 757782 98
Rey7 654974 757784
Rey8 654952 757786 64, 72 6790 2 stems
Rey9 654940 757783 109, 132, 133, 6791 multi stems

ReylO 654953 757756
0
129

R eyll 654959 757750 56
Reyl 2 654968 757760 76, 73 multi stems
Reyl 3 654976 757758 79
Reyl 4 654980 757752 79
Reyl 5 654978 757759 92
Reyl 6 654994 757772 188
Reyl 7 655017 757761 135 6792
Reyl 8 655021 757748 124,138
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Trees X Y Girth at chest 
height (cm)

Voucher ID Notes

R ey l9 65502? 757748 88 ,45
Rey20 655046 757761 98, 71
Rey21 655068 757731 126, 77 ,55
Rey22 655082 757702 70
Rey23 655082 757702 44, 52
Ardm o 1 6359?2 737593 13 6793 small tree
Ardmo2 63600? 737577 105 6794 small tree
Ardmo3 63601? 737573 106 6795
Ardmo4 636061 737548 75 6796
Ardm o 5 6360?4 737540 107, 197 6797 2 stems
Ardmo6 636120 737530 145, 134, 116 6798 3 stems
Ardm o? 636166 737489 80 6799 rose gall
Ardm o 8 636247 737454 10 multi stems, all approxim ately 10 cm
Ardmo9 636245 737445 116 6800
Ardmo 10 636245 737445 105
Ardmo 11 636331 737385 199 6801
Ardmo 12 636581 737174 147 6802
Ardmo 13 6366?4 737094 77 6803
Ardmo 14 636695 737052 99
Ardmo 15 636?01 737019 52, 40, 50, 49 7 stems
Larkl 629346 788849 21 2 stems
Lark2 629346 788832 42, 19, 29 6810
Lark3 629349 788853 6811 multi stems, very confusing tree
Lark4 629423 788839 87 tall tree, rust present
Lark5 62946? 788829 84, 94, 79 multi stems
Lark6 629463 788804 <10 6812 cut back and resprouted
Lark? 629463 788804 31 thin tall tree
LarkS 629084 788897 55 cut back and resprouted
Lark9 628??6 789004 10
Lark 10 6286?1 788965 9
Larkl 1 628369 789505 <10 multi stems
Lark 12 628699 789154 <10 2 stems
Lark 13 628?38 789065 <10 6813
Lark 14 628?38 789065 <10
C orrl 6290?5 795081 6804 isolated tree
Corr2 629012 795114 119 1 big trunk, multi stems, into a clearing
Corr3 629026 795101 <10 small tree
Corr4 628958 795157 6805 into another clearing
Corr5 628963 795158 54
Corr6 628963 795158 6806 tall tree
Corr? 628963 795158 2 3 ,2 8 ,4 3 6807 tall tree
CorrS 628963 795158 145, 106, 112, 

170
6808 tall wide tree, 4 stems

Corr9 628963 795158 145, 104,93, 
54

6809 very tall wide tree, 4 stems

K eell 619291 810157 35 ,3 7 6814 2 stems
Keel2 619248 810144 107,96, 44 3 stems, large tall tree
Keel3 619037 810096 <10 small tree
Keel4 619059 810109 <10 small tree
Keel5 619082 810104 6815 tall coppiced tree
Keel6 619103 810110
Keel? 619103 810110 epicormic cutting
K eels 619103 810110 coppiced tree
Keel9 619121 810068 10, 7, 12 small tree
Keel 10 619121 810068 multi stems
Keel 11 619137 810102 multi stems
Keel 12 61913? 810102 1 stem
Keel 13 61913? 810102 1 stem
Keel 14 619137 810102 tall tree
Keel 15 619186 810087 a lot o f  shoots from a big stum p
Keel 16 619233 810095 multi stems
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Trees X Y G irth at chest 
height (cm)

Voucher ID Notes

Keel 17 
Keel 18 
Keel 19 
Browl

619233
619262
619262
S9697S

810095
810122
810122
683226 60

6816
6817
6818

tall tree 

multi stems
Brow2 S97006 683218 165, 160, 104 6819 tall tree, multi stems
Brow3 S9704S 683204 54, 42 multi stems
Brow4 S97069 683191 15, 16, <10 multi stems
Brow5 597090 683184 15 small tree
Brow6 597109 683180 <10 multi stems
Brow? 597116 683164 69 tall tree
Brow8 59?234 683122 <10 small tree
Brow9 597273 68312? 27, 28 6820 tall tree, multi stems
Brow 10 597288 683130 12, 13, 13, multi stems

Brow 11 597288 683130
<10
11, 12, 13, 14, 
17
63, 72, 35

6821 multi stems

Brow l 2 597305 683132 multi stems
Brow l 3 
Brow 14

597356
597363

68313?
683136 16 6822

multi stems

Brow l 5 597400 683139 3 1 ,3 8 ,3 7 ,2 9 , multi stems

Brow 16 597433 683145
30,31
25 small tree

B row l? 597470 683149 <10 multi stems
Brow 18 597476 683149 46 6823
Brow 19 597498 683153 7 6 ,5 6 , 53 ,49 4 stems
Brow20 597498 683153 22, 21, 17 multi stems
K ilcl 627722 683289 16 6825 1 stem, near a ditch
Kilc2 627722 683289 <10 6826 small tree
Kilc3 627722 683289 <10 small tree
Kilc4 627732 683277 <10 small tree
Kilc5 627730 683272 54, 77,91 old and tall tree
Kilc6
Kilc7
Kilc8
Kilc9
Chari

62762?
62762?
62762?
627695
631010

683212
683212
683212
683209
722631

6 3 ,6 4  

127, 157 7861

cut and resprouted 
cut and resprouted 
epicormic sample 
tall tree, female catkins

Char2 631010 722631 200 7860 tall tree, female catkins
Char3 631010 722631 46 7859 tall tree, female catkins
Char4 632032 722773 19 7858
CharS 632032 722773 25 7857
Char6 632720 723898 197, 128 7856 wide tree
Char? 63222? 721742 7855 small tree
Char8 632219 721748 80, 74 tall thin tree, 3 stems
Char9 63222? 721742 7854 small tree
A nnal 527805 738577 <20 95806 & young tree

Anna2 527805 7385?? <20
95807
95810 young tree

Anna3 527805 738577 <20 95808 young tree
Anna4 527805 738577 95809 small tree, rose gall
AnnaS 527735 738576 135, 170 tall old tree
Anna6 527680 738571 140 95811 female catkins
Anna? 527636 738587 <10 95812 small young tree
AnnaS 527636 738587 <10 95814 small young tree
Anna9 527636 738587 <10 95813 small young tree
A nna10 527672 738681 <10 95816 small tree
A nna11 527581 738666 <10 small tree, rounded shape, near lake.

A nna12 527581 738666 95820
periodically flooded
near lake, periodically flooded

A nna13 527711 738675 37 95819 cut, multi stems
A nna14 527711 738675 <20 95817 female catkins
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Trees X Y Girth at chest 
height (cm)

Voucher ID Notes

Anna 15 527714 738692 32,29 95818 female catkins, 2 stems
Anna16 527714 738692 70
Sliel S32906 704245 >300 7882 very wide tall tree
Slie2 532906 704245 142, 103,95 7881 multi stems, female catkins
Slie3 532906 704245 162, 135 7879 female catkins
Slie4 532872 704273 155 95800
SlieS 532864 704299 47 7880
Slie6 532864 704299 152, 114 7878
Slie? 532864 704299 133
SlieS 532871 704304 104 95801
Slie9 532871 704304 111 95803
SlielO 532874 704324 97
S lie ll 532874 704324 139, 177 95802
Sliel2 532876 704338 105
Gortl 530517 694474 74,37
Gort2 530517 694474 77, 60, 61
GortS S30S17 694474 20 small tree
Gort4 530S4S 694455 <10 multi stems
GortS 53055? 694465 34,22 multi stems
Gort6 530601 694490 <20
Gort7 530602 694502 <10
GortS S30584 694517
Johnl 599573 756316 77, 69, 74 multi stems
John2 599S4S 756356 160
John3 599873 756330 90
John4 599948 756229 64
JohnS 599948 756229 47
John6 599905 756182 95
John? 599882 756156 116
JohnS 599882 756156 51
John9 599763 756032 200
John 10 599706 755991 95
Jo h n l1 599716 755944 99
Johnl2 599716 755944 112
John 13 599725 755908 100
Johnl4 599722 755829 <20
John IS 599717 755820 149
John 16 599727 755818 117
Oakl 517517 740348 217
Oak2 S17S17 740348 24, 26,21 female catkins
Oak3 517517 740348 175
Oak4 517510 740312 166
Oaks 517537 740255 24, 90, 52 multi stems
Oak6 517537 740255 135
Oak? 517537 740255 122
Oaks 517501 740220 104 female catkins
Oak9 517509 740203 100
Oak 10 517585 740250 85
O akll 517585 740250 120
Oak 12 517619 740303 144
Oak 13 517613 740319 77,37 7853 multi stems
Oak 14 517613 740345 172 7852
Oak IS 517596 740385 160, 90
Westl 500520 784644 78,46 multi stems
West2 500495 784655 56, 58
West3 500539 784627 40
West4 500525 784662 <20 multi stems
Wests 500654 784807 55,40 multi stems
West6 500663 784824 69, 70 3 stems
West? 500697 7S4S19 68
Wests 500709 784832 89 3 stems
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Trees X Y Girth at chest 
height (cm)

Voucher ID Notes

W est9 500?59 784833 74, 78, 55 multi stems
W est 10 500786 784835 75
D errl 518084 772151 2 5 ,2 6 , 16 multi stems
Derr2 518121 772062 65
Derr3 518140 772031 85 ,80
Derr4 5181?4 775205 50
Derr5 518094 775702 100
Derr6 518094 775702 <20 multi stems
Derr? 518309 776561 <20 multi stems
DerrS 51?715 777466 53 ,4 0 7850 multi stems
Derr9 51??15 777466 7848 female catkins
D err 10 517675 777635 52, 48
D errl 1 517675 777635 40, 45 7849
G olel 633133 824916 all±40 multi stems
Gole2 633156 825030 3 stems
Gole3 633207 825038 275 tall tree
Gole4 633257 824948 50 tall thin tree
GoleS 633220 824932 tall tree
Gole6 633484 824636 tall wide tree
Gole7 633627 824321
R eill 633572 825580 small tree
Reil2 633588 825594 small tree
Reil3 633633 825612
Reil4 633672 825633 240 tall tree
Reil5 633709 825655 tall massive tree
Reil6 633733 825663 3 big stems
ReilV 633762 825705 tall tree
Reil8 633760 825723 140
Reil9 633786 825615
ReillO 633731 825575 117
R eill 1 633634 825572 8 6 ,30 , 139, 

128
tall wide tree, 4 stems

Lism l 604144 599296 95 tall tree
Lism2 604158 599306 125 tall tree
Lism3 604462 599293 <20 7845 small tree
Lism4 604460 599304 <20 7844 small tree
Lism5 604457 599311 <20 7846 small tree
Lism6 604451 599322 <20 7843 small tree
Lism7 604447 599335 <20 7841 small tree
LismS 604447 599341 42
Lism9 604404 599160 <20 7842
LismlO 604415 599155 <20 7840
H im 610722 650890 162 7836 tall tree, epicormic cutting
Hill2 610739 650892 89 7837
H ilB 610734 650915 110 tall tree
Hill4 610762 650954 4 9 ,5 5 7839
Hills 610783 650974 <10 small tree
Hill6 610830 650974 <10 small tree
H ill? 610844 650984 <10 small tree
Hills 610809 651044 168 7838
Hill9 610476 651198 tall tree
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9.2. Details of the Salix viminalis specimens collected in Drogheda

Trees
collected
(Dro=
Drogheda)

WAAS 
Coordinate 
(Irish grid) 
(X)

WAAS 
Coordinate 
(Irish grid) 
(Y)

Girth at chest 
height (cm) Notes

Drol 705243 775612 34, 4 3 ,4 9 multi stems
Dro2 705209 775627 14, 19, 18 coppiced
Dro3 704500 776147 65 multi stems
Dro4 704479 776156 multi stems
Dro5 704471 776181 multi stems
Dro6 705159 775863 26 1 main stem
Dro7 705225 775885 71 coppiced
Dro8 705225 775885 48 coppiced
Dro9 705261 775867 52 multi stems
DrolO 705297 775838 38, 2 3 ,28 multi stems
D ro ll 705269 775764 multi stems
D rol 2 705282 775747 70 multi stems
D rol 3 705288 775726 43 coppiced
D rol 4 705296 775727 35 multi stems
Drol 5 705301 775716 multi stems
D rol 6 705316 775692 78 1 main stem
D rol 7 705315 775687 13 multi stems
D rol 8 705333 775662 35 multi stems
D rol 9 705345 775649 multi stems
Dro20 705357 775643 32 multi stems
Dro21 705349 775664 multi stems
Dro22 705348 775671 68 multi stems
Dro23 705332 775840 20 multi stems



9.3. List and source of the trees collected by Dave Riley

Location County WAAS 
Coordinate 
(Irish grid) (X)

WAAS 
Coordinate 
(Irish grid) (Y)

Dunseverick 01 Antrim 698930 943981
Dunseverick 02 Antrim 698930 943981
Killyglen Antrim 737922 903990
Mill Bay Antrim 743921 898991
Moss Road Antrim 708928 864998
Old Mill Antrim 736922 905989
Sallybush Road Antrim 728924 885994
Sandy Bay 01 Antrim 710928 870997
Sandy Bay 02 Antrim 710928 870997
Sandy Bay 03 Antrim 710928 870997
Toome 04 Antrim 695931 888993
Tassagh Armagh 684933 838004
Bellantra Bridge Cavan 596094 812363
Gannon's Cross Cavan 640942 816009
Lisreagh Cavan 642942 800012
Doonmore 01 Clare 494973 665042
Doonmore 02 Clare 494973 665042
Lough Achryane Clare 517968 664042
Teereen Lough Clare 545962 671041
Caherkeen Cork 458980 548067
Meen Bridge Cork 502971 535070
Newcourt Cork 508969 533071
Cloghaneely Donegal 590954 925986
Glentogher 01 Donegal 646942 939982
Glentogher 02 Donegal 646942 939982
Killough Down 752919 837004
Kilmore Down 743921 850001
Six Road Ends Down 751919 877995
Cashel Cross Roads Fermanagh 596952 847003
Coolarkan Fermanagh 609949 842004
Drumcahy Fermanagh 622947 864999
Kilcoo Fermanagh 596952 848002
Killycat Fermanagh 616948 844003
Mullylusty Fermanagh 608949 841004
Bamaderg Galway 551961 746025
Dunmore Galway 550961 763021
Letterfrack 01 Galway 470979 758023
Letterfrack 02 Galway 469979 757023
Ardfert Kerry 477977 620052
Banna Kerry 475977 623051
Farmer's Bridge Kerry 487975 611054
Tralee Kerry 479976 615053
Bert Bridge Kildare 664936 696035
Carrick-on-Shannon 01 Leitrim 593952 800013
Carrick-on-Shannon 02 Leitrim 593952 800013
New Kildimo Limerick 546962 653045
Aghanloo Londonderry 669937 925985
Clooney Londonderry 667938 931984
Toome 01 Londonderry 695931 888993
Toome 02 Londonderry 695931 888993
Baltray Louth 713926 777017
Stabannan Louth 702929 791014
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Location County WAAS 
Coordinate 
(Irish grid) (X)

WAAS 
Coordinate 
(Irish grid) (Y)

Bunnahowen Mayo 474978 828007
Duleek 01 Meath 703928 767019
Duleek 02 Meath 703928 767019
Oldbridge Meath 704928 775017
Aghareagh Monaghan 654939 816009
Esker Hill Offaly 606949 729028
Ballinamore Roscommon 613948 813010
Cleaheen 01 Roscommon 591953 802012
Cleaheen 02 Roscommon 591953 801013
Cloontuskert Roscommon 598951 771019
Dacklin Roscommon 589953 794014
Elphin Roscommon 586954 788015
Aclare Sligo 540964 810011
Attiduff 01 Sligo 560960 847003
Attiduff 02 Sligo 560960 847003
Carrowneden Shgo 553961 821009
Collooney 01 Sligo 566958 826007
Collooney 02 Sligo 566958 826007
Comaleck Sligo 550962 819009
Borrisokane Tipperary 590953 693036
Caher 01 Tipperary 604949 625050
Caher 02 Tipperary 604949 625050
Carrick-on-Suir Tipperary 640942 621051
Clogheen Tipperary 599950 630049
Spring Park Tipperary 589953 698035
Anaghavill Tyrone 678935 870997
Garland Tyrone 678935 865998
Dooish Tyrone 631945 870997
Drumquin Tyrone 632945 873997
Stewartstown Tyrone 684933 870997
River Blackwater Waterford 608949 594057
River Bride 01 Waterford 598951 533071
River Bride 03 Waterford 607949 592058
River Bride 04 Waterford 607949 592058
Fiddown Waterford 645940 619052
Kilbarry Waterford 659937 610054
Portnaboe Waterford 642941 620051
Ballynamona Wexford 707927 634048
Kilmore Quay 01 Wexford 695930 603055
Kilmore Quay 02 Wexford 695930 604055
Murrintown Wexford 698929 614053
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9.4. Details of the ampliflcation results obtained from the loci and species 

studied from electrophoresis gels for the 27 gene fragments (0: nothing

has been amplifled; 1, 2, 3, X: 1, 2, 3, multiple band(s))
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Populus 
tremula L. 1 1 1 1 1 1 1 2 2 3 2 2 1 1 3 2 1 1 2 1 1 2 X 1 1 1 X

S. caprea  L. 1 1 0 1 0 1 0 2 1 0 1 1 1 0 0 0 0 0 0 0 0 0 1 0 0 0 X
S. viminalis 
L. 1 1 1 1 0 1 2 2 X 1 2 2 1 0 0 0 0 0 0 0 0 0 X 2 1 0 X
S. cinerea  
T ricolor' 1 1 0 1 0 1 0 2 1 1 2 2 2 0 0 0 0 0 0 0 0 0 2 0 0 0 X

babyhnica
var.
pekinensis
'Tortuosa' 1 1 1 1 1 1 1 2 1 1 2 2 2 0 0 0 1 0 0 0 0 0 2 1 1 0 X

S. aurita  L. 1 1 1 1 0 1 2 2 1 1 2 2 1 0 0 0 0 1 0 0 0 0 3 1 2 0 X
S. herhacea 
L. 1 1 1 1 0 1 2 2 1 1 0 2 2 0 0 0 0 0 0 0 0 0 2 0 0 0 X
S. alba  L. 
var. vitellina  
L. Stokes 1 1 1 1 0 1 1 2 1 1 2 2 2 1 0 0 1 0 0 0 0 0 2 1 0 1 X

gracilistyla  
Miq. var. 
melanostach  
ys 1 1 1 1 1 1 2 2 2 1 2 1 2 0 0 0 0 0 0 0 0 0 1 0 1 0 X
S. glabra  
Scop. 1 1 1 1 1 1 2 2 X 1 2 2 2 0 0 0 0 1 0 0 0 0 2 X 2 2 X

phylicifolia
L. 1 1 1 1 1 1 2 2 X 1 2 2 2 0 0 0 0 0 0 0 0 0 2 1 2 2 X
S. liicida 
Muhlenb. 1 1 0 1 1 1 2 1 2 1 2 2 2 0 0 0 0 0 0 0 0 0 2 2 2 0 X

rehderiana
Schneid. 1 1 0 1 0 1 1 2 1 1 2 2 2 0 0 0 0 0 0 0 0 0 2 1 0 1 X

S. exigua  L. 1 1 1 1 1 1 2 2 2 1 2 2 2 0 0 0 0 1 0 0 0 0 2 1 0 1 X
S. pentandra  
L. 1 1 1 1 1 1 2 2 1 1 2 2 2 0 0 0 1 0 0 0 0 0 2 2 1 2 X
S. elaeagnos 
Scop. 1 1 1 1 1 1 2 2 1 1 1 2 1 0 0 0 0 1 0 0 0 0 1 X 2 0 X

5. fragilis L. 1 1 1 1 0 1 1 0 1 1 2 2 2 0 0 0 0 0 0 0 0 0 2 0 1 0 X
5'.
phylicifolia
L.' 1 1 0 1 0 1 0 2 3 1 1 0 1 0 0 0 0 0 0 0 0 0 1 0 0 0 0
S.
scouleriana
Barr. 1 1 0 1 0 1 2 1 2 1 1 2 1 0 0 0 0 0 0 0 0 0 1 0 0 0 0
S', purpurea  
L. 1 1 1 1 1 1 2 2 1 1 1 2 2 0 0 0 0 1 0 0 0 0 X X 2 X X
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S. viminalis 
L. 1 1 1 0 1 1 2 2 X 1 2 2 1 0 0 0 0 0 0 0 0 0 X X 1 X X
S. viminalis 
L. 1 1 1 1 0 1 2 1 1 1 2 2 2 0 0 0 0 1 0 0 0 0 X X 1 X X
S. purpurea 
L. 1 1 1 1 0 1 2 1 1 1 2 2 1 0 0 0 0 0 0 0 0 0 X X 2 X X

Sven 1 1 1 1 0 1 2 2 X 1 2 2 2 0 0 0 0 0 0 0 0 0 X 2 0 0 X

Inger 1 1 1 1 0 1 2 2 X 1 2 0 2 0 0 0 0 1 0 0 0 0 X 2 0 0 X

Tordis 1 1 1 1 0 1 2 2 1 2 2 2 2 0 0 0 0 1 0 0 0 0 1 2 0 0 X

Endurance 1 1 1 1 0 1 1 2 X 1 2 2 2 0 0 0 0 0 0 0 0 0 X 0 0 0 X

Tora 1 1 1 1 1 2 2 X 2 2 2 2 0 0 0 0 0 0 0 0 0 X 2 0 0 X

Resolution 1 1 1 1 1 1 2 2 X 2 2 2 2 0 0 0 0 1 0 0 0 0 X 2 1 0 1

Doris 1 1 1 1 1 1 2 2 X 2 2 2 2 0 0 0 0 1 0 0 0 0 X 2 1 1 X

Terra Nova 1 1 1 1 1 1 2 2 X 2 2 2 2 0 0 0 0 0 0 0 0 0 1 1 2 0 X

Torhild 1 1 1 1 1 1 2 2 2 2 2 2 1 0 0 0 0 0 0 0 0 0 X 2 1 0 1
S. X
smilhiana
Willd 1 1 1 1 1 1 2 2 X 1 2 2 1 0 0 0 0 0 0 0 0 0 X X 1 0 X
5. X rubens 
'Basfordiana' 1 1 1 0 0 1 0 2 1 3 2 2 2 1 0 0 1 0 0 0 0 0 2 I 0 0 X
5. X laurina 
Sm. 1 1 1 1 0 1 1 2 1 1 2 2 2 0 0 0 0 0 0 0 0 0 2 1 2 0 X
5'. X
erdingeri
Kem 1 1 1 1 1 1 2 2 X 1 2 2 2 0 0 0 0 1 0 0 0 0 2 0 2 1 X
S. X rubens 
Schrank 1 1 1 1 0 1 1 2 1 1 2 2 2 1 0 0 1 0 0 0 0 0 2 0 1 2 X
S. X rubra 
Huds. 1 1 1 1 1 1 2 2 2 1 2 2 2 0 0 0 0 1 0 0 0 0 2 1 2 0 X
5. X
chrysocoma
Dode 1 1 1 1 1 1 2 2 2 1 2 2 2 0 0 0 1 0 0 0 0 0 2 2 1 2 X
5. X
erythroflexu 
osa Rag. 1 1 1 1 1 1 2 2 1 1 2 2 2 0 0 0 1 0 0 0 0 0 2 1 0 1 X
5. X rubens 
Schrank var. 
sanguinea 
'Basfordiana' 1 1 1 1 0 1 2 1 1 1 2 2 2 1 0 0 1 0 0 0 0 0 X 1 0 2 X
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9.5. Details of SNPs numbers per studied species per gene region compared

to the Phytozome gene model used as reference

Commercial clones C3HI C4H CesAl CesA2 Korl Pall SAD Knat7
‘Sven’ 24 35 22 15 20 - 11
‘Inger’ 25 35 24 15 24 - -

‘Tordis’ 26 32 42 22 16 20 - 12
‘Endurance’ - - - 25 - - - -

‘Tora’ 26 41 24 16 20 - 13
‘Resolution’ 26 34 27 23 15 21 - 11

‘Doris’ 24 33 26 24 15 20 - 12
‘Terra Nova’ 26 35 - 15 20 - 13

‘Torhild’ 26 - 41 24 15 20 - 11

Hybrids C3H1 C4H CesAl CesA2 Korl Pall SAD Knat?
S. smithiana'WiWd. 25 34 26 24 15 21 - -

S. X rvbens 'Basfordiana' 19 - 16 17 39 -
S. X laurina Sm. 24 23 25 14 17 34 12

S. X erdingeri Kem 23 33 26 24 15 - 14
S. X nibens Schrank 20 24 25 16 16 37 -

S. X rubra Huds - - 25 - - - - -
S. X chrysocoma Dode - - 24 - - - 39 -

S. X erythroflexuosa Rag. - - - - - - 37 -

Species C3H1 C4H CesAl CesAl K orl Pall SAD Knat7
5'. caprea L, 24 - 23 15 18 36 18

5. viminalis L. 25 34 26 24 15 21 - 11
S. cinerea 'Tricolor' 24 - 25 14 19 36 12

S. babylonica var. pekinensis 'Tortuosa' 20 25 24 16 36 -
S. aurita L. 23 23 25 17 21 33 12
S. herbacea 26 31 26 21 18 19 39 14

S. alba L. var. vitellina L. Stokes 20 31 24 22 17 40 -
5. gracilistyla Miq. var. melanostachys 23 35 35 23 17 20 35 11

5'. glabra Scop. 22 32 24 24 14 18 - 11
S. phylicifolia L. 23 26 23 14 19 - 12

S. lucida Muhlenb. - - 26 - - - - -
S. rehderiana Schneid. - - - - - - 35 -

S. pentandra L. - - - - - - 36 -
5. fragilis L. - - - - - - 35 -
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9.6. Code for an Excel macro to test for the optimal population size in the 

Reynella natural population of S. caprea

Private Sub btGo_Click()

Dim i As Integer 

Dim nLines, nRuns As Integer

Dim TopLeft, BottomRight As String ' table that contains data 

Dim cRow, cCol As Integer ' cell to write to

Dim nRows, nColumns As Integer ' size o f table 

Dim dispLines As String 

Dim nM utations As Integer 

Dim arrayRows() As Integer 

Dim rc

' get information from dialog 

nLines = Int(tbLines. Value) 

nRuns = Int(tbRuns.Value)

TopLeft = tbTopLeft.Value 

BottomRight = tbBottomRight. Value 

' get current column info 

cRow = ActiveCell.row 

cCol = ActiveCell.Column 

' Confirm table

Range(TopLeft, BottomRight).Select

rc = MsgBoxC'Is the table containing the data correctly selected?", vbQuestion + vbYesNo, 

"Random picker")

If rc = vbNo Then 

Exit Sub 

End If

' write column headers 

With Cells(cRow, cCol)

•Value = "Rows picked (" + Str(nLines) + ")"

•Font.Bold = True 

• Horizontal Alignment = xlLeft 

End With

With Cells(cRow, cCol + 1)

.Value = "Values"

.Font.Bold = True 

.HorizontalAlignment = xlLeft

' rows selected, to be displayed 

' number o f  mutations 

' picked rows
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End With

cRow = cRow + 1  ' go to next line

' determine table size

nRows = Range(TopLeft, BottomRight).Rows.Count 

nColumns = Range(TopLeft, BottomRight).Columns.Count 

If nRows < nLines Then

rc = M sgBox("Number o f lines can't be greater than number o f rows in the table!", 

vbExclamation + vbOKOnly, "Random picker")

Exit Sub 

End If

' pick random rows

ReDim arrayRows(l To nLines)

For r = 1 To nRuns 

dispLines = "" 

nMutations = 0 

' draw row numbers 

For n = 1 To nLines 

Dim unique As Boolean 

unique = False 

Do While unique = False

arrayRows(n) = Int(nRows * Rnd) + 1 ' draw numbers

' make sure picking is unique 

unique = True 

For j = 1 To n - 1

If arrayRows(j) = arrayRows(n) Then 

unique = False 

End If 

Next j 

Loop

' build string to display numbers 

I f d is p L in e s o " "  Then 

dispLines = dispLines + ", "

End If

dispLines = dispLines + Str(arrayRows(n))

Next n

' count mutations

Dim isMutationlnColumn As Boolean
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Dim row, col As Integer 

For c = 0 To nColumns - 1 

isM utationlnColumn = False 

col = c + Range(TopLeft, TopLeft).Column 

For n = 1 To nLines

row = arrayRows(n) + Range(TopLeft, TopLeft).row - 1 

If  Int(Cells(row, col).Value) > 0 Then 

isM utationlnColumn = True 

End If 

Next n

If  isM utationlnColumn = True Then 

nMutations = nMutations + 1 

End If 

Next c

With Cells(cRow, cCol)

■Value = dispLines ' write selected rows 

.Font.Bold = False 

.Horizontal Alignment = xlLeft 

End With

W ith Cells(cRow, cCol + 1)

.Value = nMutations ' write number o f mutations 

.Font.Bold = False 

.Horizontal Alignment = xlLeft 

End With 

cRow = cRow + 1  ' go to next line

Next r 

End Sub
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