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Abstract

Perennial ryegrast.¢lium perennd..) is a member of the Poaceae family, is native
to Europe, the Near East and North Africa and eawgr in all the temperate climate
areas of the world as a forage and turf grass. tbuts persistence, palatability and
nutritive value for ruminants, it is a principalmponent of pastures, and the most
important forage species in Ireland. The primary af this thesis was to characterise
the level of diversity in a large genetic resoucofiection ofL. perennegermplasm
held at Teagasc, Oak Park. Molecular markers, bbtbroplast and nuclear SSRs,
biochemical characters (water soluble carbohydm@aiaje protein, and dry matter),
and morphological characters (vegetative and flowgg¢rwere used to characterise
this diversity, as well as population differentiatj and geographic patterns. Levels of

diversity in all systems were found to be highhistcollection.

Primers to amplify microsatellite markers from tbleloroplast genome dfolium
perenne were designed and optimized usidg novo sequencing andn silico
sequences. With one exception, each locus was popjnit with a range from two to
nine alleles inL. perenne The newly developed primer pairs cross-amplified
different species ofolium and in 50 other grass species representing niassgr
subfamilies. These markers were then used to desise chloroplast genetic
diversity at allelic and haplotypic level in 104cassions oLolium perennepther
Lolium species,Festucaspecies andkFestulolium cultivars. Furthermore, genetic
relationships between the accessions and biogdugrajistribution of haplotypes
were investigated using a range of population gerdiversity measures and an
Analysis of Molecular Variance (AMOVA). An extrenyelhigh number of 511
haplotypes was detected in 1,575 individuals pbgsalttributable to natural and
anthropogenic migration. Much of the perenneEuropean ecotype diversity (61%)
could be attributed to within population varianédastid gene pools and maternal
lineages forL. perennecould be clearly identified. Evidence was founawimg a
most likely migration route ot. perenneinto Ireland from southern regions of

Europe northwards.



Morphological variation of 13 vegetative and reprciive traits was characterised for
2,481 individuals from 5Q.. perenneaccessions, a mixture of Irish and European
ecotypes and cultivars. Considerable levels of arard within population variation
was found across traits. Principal component amafrsd UPGMA dendrograms were
able to separate ecotypes from cultivars. Cultiggserally had later dates of ear
emergence, better spring and summer growth, loragérs length and more spikelets
per spike than ecotypes. Correlation and regresamalysis were used to assess
relationships between traits and strong positivatiomships were seen between
reproductive characters, i.e. rachis length witlkedpts per spike, florets per spikelet
and glume length. The strong relationship betwesechis length and the other
reproductive characters suggested that rachisHermild be used as a predictor for
reproductive performance. Later flowering was datssl with improved spring and

summer growth.

Water soluble carbohydrate (WSC; glucose and fegcttetermined by HPLC), crude
protein (determined via LECO analysis), and drytaratontents were recorded for
1,320 individuals, pooled into 132 samples fromL3Perennescotypes and cultivars
at five different harvest time points across thé®2@rowing season. While, in
general, the cultivars had higher WSC contents tharecotypes, individual ecotypes
did show potential to be used in breeding prograsyras they showed higher values
than all other accessions at particular cuttingiisoiln correlation analyses, positive
relationships were shown between dry matter andogkl both early and late in the
growing season, and this was in agreement withatheunt of leaves compared to
stem at these times in the growing season. PCAssinallowed the separation either
between cultivars and ecotypes, or between teidhgoltivars and the rest of the
accessions at four out of five cutting points. e tANOVA analysis, cutting point

was the most significant factor influencing theiaaon in the traits.

Eight nuclear SSR markers were used to characteyerestic diversity in 928
individuals from 40 diploid ecotypes and cultivass L. perenne.High levels of
genetic diversity (0.82, Nei’'s gene diversity, oaraccessions) and high numbers of
alleles (22.25 average number of alleles per locwss found. An average
polymorphic information content (PIC) value of 0.&dross all loci was found. When

deviations from Hardy-Weinberg equilibrium weretéel the majority of populations



had an excess of homozygotes. Very low levelsnialge disequilibrium were found
between pairs of loci tested. AMOVA analysis dndstatistics were used to test
partitioning of variation, and most variation wasihd within populations (e.g. 31%
for glume length in ecotypes). UPGMA, PCA and STRWRE analysis all gave

similar patterns of relationships between poputetjovhere relationships with high

bootstrap support on the UPGMA dendrogram weresdsn in the other analyses.

The overall results of the thesis are discussedhé context of plant breeding
programmes and natural population genetic variat8irategies for incorporation of
the results of the thesis (and the novel markeveldped within) into plant breeding

programmes are suggested.
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Chapter 1

General introduction to the characterisation of geetic diversity of a collection of
perennial ryegrass [Lolium perennelL.)

1.1 Introduction

1.1.1Lolium perennend close relatives

Lolium perennd.. (perennial ryegrass; family Poaceae) is nativ&urope, the Near
East and Africa, and is cultivated in all the tenape areas of the world as a forage
and turf species. It is believed to have originatethe Mediterranean area (Cresswell
et al. 2001), from where it spread to Europe, North Adrignd East Asia.olium
perennehas been cultivated as a forage grass in thesBiigies for the last 300 years,
but has only been commercially bred in the lasy&frs, with natural populations still
being grown on farms until the 1980’s. In Irela®@% of farmed land is grassland
(Connolly, 2001) and.. perenneis the most important forage grass for agriculture
because of its high palatability and digestibi(iBelagardeet al. 2000) as well as its
persistence and vigour. In the UK, 75% of all agitieral land use (50% of all land
use) is accounted for Hy. perenngand its economic value in terms of end products
(milk, meat) was estimated to be £6 billion steylim 2002 (DEFRA, 2002).
Genetically,L. perenneas usually diploid (2n = 14), is an obligate outdmler and is
perennial. Taxonomically it belongs to the gragsetPoeae and subfamily Pooideae.
This subfamily also includes several cereal gesach as wheaifl¢iticum L.), barley
(HordeumL.), rye Secalel.) and oatsAvenal.) and the main genera of high value

for forage such aBestucal., andPoal.

The international plant names index (IPMiww.ipni.org) lists over 80 different
species names withibolium but most of these are synonyms because less é¢nan t
species are currently recognized (excluding in@regic hybrids). According to
Claytonet al. (2006), the genukolium contains seven specids, canarienseSteud.,

L. multiflorumLam., L perenneL. persicumBoiss.,L. remotumSchrankL. rigidum
Gaud., and.. temulentuni. Several interspecific and intergeneric hybidse also

been recorded, for example, xhybridumHausskn (a hybrid betwedn multiflorum
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andL. perenng F. gigantean x L. perenné-. arundinacea x L. perenndhere are
also various Kestuloliuns described, for example, Festulolium braunii (L.
multiflorum x F. pratensiy and Festulolium L. multiflorum x F. arundinacedhe
morphology of the genuisolium has been described since thd t@ntury (Loos &
Jarvis, 1992). In the 30century, taxonomic relationships within the genusre
investigated using morphological characteristics deyeral authors (Essad, 1954;
Naylor, 1960; Terrell, 1968; Bulinska-Radomska &stex, 1985; Bulinska-Radomska
& Lester, 1988; Loos, 1993). Separation of autoganfsom allogamous species
within the genus was found in several of the swdiEssad, 1954; Bulinska-
Radomska & Lester, 1985; Loos, 1993). Within bothhese groups, morphological
intergradation was found and the species were diiffioult to distinguish from each
other using these characters (Naylor, 1960; Terd€b8; Bulinska-Radomska &
Lester, 1985; Loos, 1993). Naylor's analysis of cépe differentiation betweeh.
perenneand L. multiflorum (= L. italicum A. Braun) indicated that interbreeding
occurs easily but results in loss of fitness in phegeny. This indicates that the two
species are closely allied and probably separdtgtbgenetically relatively recently.
Morphological intergradation was also recorded lkeetwl. perenne and L.
multiflorum by Bulinska-Radomska & Lester, (1985) and also betvwibese species
andL. rigidum.In contrast, in an analysis by Loos, (1993), thegamous specied.(
perenne, L. multiflorumandL. rigidum) were clearly distinct from each other but the
autogamous species..(loliaceum Hand.-Mazz. L. persicum, L. remoturand L.

temulentupwere difficult to distinguish from each other.

In the largest morphological analysis of the getoudate, where approximately 5,000
samples were examined (Terrell, 1968), taxonomizigings within the genus were
not found to be distinct from each other. Howegewneral groupings were suggested.
The first grouping includedl. persicum, L. remotumndL. temulentumwhich were
proposed to have been derived from the same stodouthwest Asia or Central
Europe (Terrell, 1968). They are only known as vgeefl cultivated grasses and
probably evolved alongside primitive agriculturehel second group included.
perenneand L. multifiorum Lolium rigidum,divided into several elements, made up
the third grouping, along witholium subulatum One of the elementsst(ictum-
rottbolloideg was a weedy group and evolved after introgressmm L. perenneand

L. multiflorum Lolium subulatumwvas considered an off-shoot of this element. The
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fourth group was comprised bblium canarienseand was most similar to the second
group.Lolium canariensavas believed to have originated as a result oatgmi after
dispersal of group two or three to the North Atamlands. While local populations
of taxa withinLolium had distinctive characteristics, when many popoifetiwere
analysed together, the taxa were bridged by almosttinuous variation
Morphological characters have also been used ttyshe closely related species of
the Lolium/Festucasect. Bovinae complex (Terrell, 1968; Bulinska-Radomska &
Lester, 1988). In DNA-based studids, perenneand otherLolium species tend to
group together with the broad-leavedstucaspecies, and separate from the fine-

leavedFestucaspecies (e.g. Gaet al.2000)

1.1.2 Breeding varieties @blium perenne

Commercial breeding df. perennebegan in the 1930’s (Humphregs al. 2006),
with the “S” series of varieties being releasedrfrihe Welsh Plant Breeding Station
to support grass re-seeding. Characteristics wiviete important in initial breeding
programmes were yield and persistency. In the 19&0’s, tetraploid varieties df.
perennewere developed in Holland using colchicine treatin@enerally, they give
better establishment than diploid varieties, hidiiear density, higher water soluble
carbohydrate (WSC) content, preferential grazinghér yield but lower persistency
(Connolly,2001). In the 1970’s, while yield, persistency aligskease resistance were
still important, breeding focus began to switchnbgproved nutritional value, nitrogen
use efficiency and extended seasonal growth. Amsproved yield and performance

in ruminants was also a focus.

Techniques for measurement of characters of irteresch as near-infrared
spectroscopy (NIRS) have been incorporated in lmgedork since the 1980’'s and
have facilitated the breeding of traits such as Inigvitro dry matter and WSC into
the newlL. perennevarieties. Modern techniques such as detectiqquahtitative trait
loci (QTL) and linkage mapping are being applied detect gene regions for
characters of interest and allow development okerarfor marker assisted selection.
Also, advances in techniques such as high-througignotyping and marker assisted
selection (MAS) make breeding more efficient (Humgys et al. 2006), particularly
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for characters which are expensive to evaluateytoch occur late in the growing

season.

Generally two methods of selection are used in Teagasc grass breeding
programme in Oak Park when breeding varietids. iperenne- the full-sib and half-
sib progeny tests (Connolly, 2001). Half-sib setectinvolves preliminary spaced
plant selection for parents with similar headindgeddParental genotypes are then
clonally propagated to provide adequate seedsdlt testing. Parental genotypes are
then polycrossed to generate half-sib seed, whiete wested in field plots. The best
are selected from the parents to develop new vesiemeanwhile the parents are
maintained in clonal swards. This method is labotensive and time consuming and
the preferred method now is to use full-sib testitg full-sib testing, source
populations are pair crossed, which generatessiollfamilies, which are then
multiplied to give enough seed for field trials.p@udor pair cross families are retained
and original seed is used to develop syntheticetias. These are then sent for
evaluation at international test centres and atg owltiplied and marketed when
they are added to national recommended varietys. liSIAS and genotyping
techniques could make these methods of breedingties much quicker and more
efficient in the future because it can improve sigba efficiency at each stage of the
breeding cycle. The main objectives of the Teagaass breeding programme are:
increased total annual yield, improved seasondd yrespring and autumn, increased
persistency, improved sward density, reduced stenafiermath re-growth, and
improved disease resistance (Connolly, 2001). @tlgre seven cultivars oflL.
perenneare on the recommended list of grass varietiegéand (DAF, 2007). Since
1992, the Teagasc grass breeding programme hadrbaetommercial alliance with
DLF-Trifolium, Denmark, which gives Teagasc a littka wide evaluation network

and research of other breeding centres.

1.1.3 Genetic resources

Germplasm collections are considered important umrathey conserve genetic
variation within and between species and providewace of material for exploitation.
They also allow for the characterisation of plamttenial via, for example, taxonomy,

phylogenetics, population genetics and parentagesament. Seed collections were
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initially started in the 1930’s (Tanksley & McCoych997) as their potential was
realised by scientists. The Russian Nikolai Vavi({@887-1943) was a botanist who
collected seeds from all over the world. He setonp of the first seed banks, in
Leningrad (now St Petersburg). It is now known las Yavilov Institute of Plant
Industry. Currently there are at least 700 docustrseed collections in the world
and they are overseen by Biodiversity Internatiqf@merly the International Plant
Genetic Resources institute; www.biodiversityinggional.org). Current trends in
agriculture mean that the contents of these catlestare becoming more important.
In modern agriculture, the high increases in yi@hdshany important crops have been
achieved through high inputs of fertiliser, cherfscand water. However, as water
becomes scarcer and environmental concerns in¢greas@é high inputs are not
feasible for a sustainable agriculture (Humphretyal. 2006). Exploitation of genetic
resources is an alternative method to conventibregding for the improvement of
crops (Tanksley & McCouch, 1997). DomesticationptEnts and modern breeding
has narrowed the genetic base of many crop spetiletes are lost from varieties
during this process. Such narrowing of the genletise makes plants vulnerable to
disease, pests and abiotic stresses (Harlan, 198d3$e alleles can only be recovered
by the reintroduction of these alleles from wildateves of the varieties. For the use
of collections in such breeding programmes to leulisthey must be characterised in
an efficient manner. Traditionally, such collecBonave been screened for a clearly
defined desirable physical character recognisable phenotype (Humphreyt al.
2006). When an accession is found with the charaetguestion, it is crossed with
elite breeding material to create a new varietychSan approach is useful when the
trait of interest is controlled by a single or shraimber of genes (eg. for resistance
traits). However, most traits of interest to bresdeg. yield) are controlled by many
genes and so such crosses do not capture all tietig®ariation connected with the
phenotypic character. A more modern method of s@ngegenetic resources is by
using genetic markers to find QTL for traits ofardgst, and then use these QTL to
develop marker assisted selection strategies (Hueypht al. 2006). Genetic markers
can also be utilised to select the widest genatige of populations for addition to

these collections.

The Teagasc Oak Park collection of germplasm hldslirishL. perenneaccessions

collected from old Irish pasture ecosystems (Cdgn@000). This collection was
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made between the years 1980 and 1982 as part abtiven Core Collection Project
which was coordinated by the European Co-operaBvegramme for Genetic
Resources (ECPGR). The populations originated frooflection sites where

according to the farmer, no reseeding had been o years or more.

1.1.4 Diversity

Traditionally, characterisation of crop genetic afsity has been based on
morphological traits. Morphological traits have adiages, such as being easy to
detect and measure, and their relevance to germplasers and breeders.
Disadvantages, however, include complex genetidrebiof many morphological
traits, making the morphological traits less useftdr genetic diversity
characterisation. Furthermore, they can be infladnstrongly by environmental
conditions (Lombarcet al. 2001). However, these traits are useful especialign
used in conjunction with other markers from othaurses, especially DNA (Gilliland
et al. 2000; Lisaet al. 2004). Biochemical characters are also used termi@te
genetic diversity in crops (Oughashal. 1996; Gillilandet al.2000) because many of
these characters, such as WSC and protein, ardesést to breeders and holders of
germplasm. However, biochemical characters can hésanfluenced strongly by
environmental conditions. In contrast to morphaotayyi and biochemical traits,
molecular markers based on DNA polymorphism areegaly not affected by the
environment. DNA characters are almost limitlessthe characterization of genetic
resources (a small genome likeabidopsiscontains c. 140 million base pairs (mbp)
of DNA and rice contains 389 mbp). The genomeLofium has not yet been
sequenced but is estimated to contain 389mbp (latienal Rice Genome
Sequencing Project, 2005). DNA markers also anabiel to study and efficient to
obtain. The different types of DNA (nuclear, chlplast, mitochondrial, ribosomal
etc.) as well as the different type of marker systan be utilised for genetic diversity
studies which have different objectives. Theseesystare described in detail in latter

chapters of this thesis (especially Chapters 23and
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1.1.5 General aims of the thesis

The primary aim of this work was to characterise dliversity of perennial ryegrass
populations from Ireland and Europe as well asivatkd varieties held in the
germplasm collection of Teagasc (Oak Park). Ligl&nown about the Irish ecotype
material housed at Oak Park. Chloroplast and nuatgarosatellite markers, and
morphological and biochemical characters were appdind were used to determine
genetic diversity, to assess the relationships é&@etwpopulations, to determine
phylogeographic pattern, and to develop markersalsiai for future plant breeding
initiatives such as QTL mapping and MAS. More speaily, the objectives of this
thesis were to:

(1) design and optimize a novel set of chloroplast &ngequence repeat (SSR)
markers foiL. perenngChapter 2) for this genetic diversity study.

(2) describe cpDNA allelic and haplotypic diversity matural and breeding
populations otoliumincluding Irish and other Europe&n perennescotypes
and bred.. perenneandxFestuloliumcultivars (Chapter 2).

(3) assess the potential of the set of cpSSR markersplastid genome
identification and to determine their value for nglebreeding and for the
definition of cytoplasmic pools (Chapter 2).

(4) determine the level of biogeographic populationggenstructure in Irish and
EuropearL. perenngoopulations using cpDNA and to gain insights irteit
phylogeography (Chapter 2).

(5) assess morphological variation ib. perenne using measurements of
morphological characters from a large collectionptdnts using summary
statistics, t-tests, ANOVA (analysis of variance)anultivariate ordination
(Chapter 3).

(6) compare the morphological diversity results to gaphy (their provenance)
and patterns of diversity determined using pladitlA microsatellites
(Chapter 3).

(7) investigate diversity of Irisl. perenneaccessions in comparison to cultivars

with respect to a number of biochemical traits, rotlee growing season,
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including fructose, glucose, total WSC, crude protand dry matter
production (Chapter 4).

(8) test nuclear SSR markers for the characterizatioraation in the collection
(Chapter 5) and to obtain new markers suitable¥dt/association mapping
of morphological and biochemical variation and ¥bAS initiatives.

(9) investigate nuclear DNA variation in a collectiohlo perenneaccessions to
record the diversity of accessions, to determiree dbale of differentiation
among these accessions and to seek explanatiotisefratterns of diversity

that were recorded (Chapter 5).
Two peer-reviewed publications have already bedslighed in international journals

from Chapter 2 of this thesis (McGrath et al. 2008Grath et al. 2007; see appendix

8.10) and others are in preparation from eachabther chapters.
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Chapter 2

Characterisation of accessions dfolium perenneL. and related species
accessions using chloroplast SSR markers

2.1 Introduction

2.1.1 Chloroplast DNA

Plastids, which are found in all plants, contain M circular molecules (Dean &
Schmidt, 1995) and contain genes which are maisgduin the photosynthesis
pathways (Watson & Murphy, 1993). There are mamesyof plastid including
proplastids, etioplasts, amyloplasts, chromoplastschloroplasts (Neuhaus & Emes,
2000). However, the predominant plastid type in kbaf is the chloroplast and
because of this the word chloroplast DNA is usedeli in the literature to mean
plastid, the term chloroplast is therefore gengnasled hereafter.

Chloroplast genomes of plants are generally unigallg inherited, haploid, non-
recombinant and have conserved gene order (Privah2001), making chloroplast
DNA (cpDNA) a useful tool for studying inter-relatiships of plants at many
taxonomic levels€.g. Catalanet al. 1997; Hodkinsoret al. 2002; Hashimoteet al.
2004).

2.1.2 Chloroplast simple seguence repeat (SSR)ermrk

Although cpDNA generally has lower variability thamiclear DNA (Wolfeet al.
1987), chloroplast simple sequence repeat (cpS8&)Have been shown to be
polymorphic particularly at mononucleotide repeati (Powellet al. 1995) and can
be used to investigate plant population structuiersity and differentiation
(reviewed by Provaet al. 2001). Chloroplastic markers have been usdd perenne
to study phylogenetic relationships using reswittsite (Darbyshire & Warwick,
1992; Charmetet al. 1997; Balfourieret al. 2000) and DNA sequence variation
(Catalanet al. 2004; Torrecillaet al. 2004). Chloroplast microsatellite (cpSSR)

markers have been previously used successfullyss$ess variation and chloroplast
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DNA (cpDNA) diversity in a range of other plant spes (Provanet al. 2001;
Harbourneet al. 2005; Flanneryet al. 2006). However, there is a need for the
development of highly polymorphic cpDNA markers falium and other members

of theFestuca-Loliuntomplex.

2.1.3 Use of chloroplast DNA markers to assesgioalships in theFestuca/Lolium

complex

cpDNA Restriction Fragment Length Polymorphism (RffLmarkers and DNA
sequencing have been used to assess the phylagegiationships of.. perenneto
otherLolium andFestucaspeciegDarbyshire & Warwick, 1992; Catalast al. 1997;
Charmetet al. 1997; Catalaret al. 2004; Torrecilleet al. 2004). These studies showed
the separation of narrow-leaved fescues (E.galping F. oving from the broad-
leaved fescues (e.d=. arundinacea, F. pratengiswith Lolium species grouping
either close to the broad-leaved fescue group (&a¢d al. 1997) or within this group
(Darbyshire & Warwick, 1992). Within_olium, self-pollinating species tend to
separate phylogenetically from the open-pollinatspgcies. In the study undertaken
by Catalanet al. (2004), using chloroplastrnL-F and nuclear ribosomal ITS
sequences, two autogamous spediessanarienseand L. rigidum grouped together
while the allogamous speciés perennegrouped with a second allogamous species,

L. multiflorum.

2.1.4 Use of chloroplast DNA markers to charactedgnetic variation irLolium

perenne

Genetic characterization of natural and breedingufadions ofL. perennehas so far
largely utilized nuclear molecular DNA markers (edyesswellet al. 2001; Kubiket

al. 2001; Bolaric et al. 2005a). Few studies have assessed chloroplast or
mitochondrial organelle diversity partly becaussilgaapplicable organelle markers
have, until recently, not been easily produced ftduet al. 2002; McGrathet al.
2006). cpSSRs have the potential to be valuablis foo plant breeding and genetic
resource characterization activities (Flannetral. 2006). Chloroplast DNA variation
can be used to monitor the transmission of chl@astpjenomes during hybridisation

and introgression (Hodkinsoet al. 2002). cpSSRs can also be used in breeding
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programmes as cultivar identifiers as an additoonuclear DNA markers (Joséi al.
1999). Furthermore, detailed characterization a@fsfidl type is essential in studies
investigating nucleo-cytoplasmic effects (Halldehal. 1993) since plastid signals
controlling nuclear gene expression can have botitige and negative effects on
gene expression (Gray, 2005). Several chloroplaseg may have importance for
genetic engineering such as those involved in ggishof fatty acids, amino acids and
vitamins (Sasket al. 2005) or for the directed manipulation of plamies in breeding
programmes (Danie#t al. 2005). cpSSR markers have not been used befatedy

plastid types for plant breeding purposetafium species.

2.1.5 Use of chloroplast DNA markers to determimmgographic patterns imlium
perenne

Lolium perenneis thought to have originated in the Near Easthvidurope as a
secondary centre of origin (Balfourieet al. 2000). It has subsequently been
introduced to almost all of the rest of the temfnaorld (Charmeet al. 1996).
cpDNA RFLP polymorphisms have been used to asdgdegeographic structure in
wild Lolium populations and to infer methods and pathways ofjgghic migration

of Lolium populations (Balfourieet al. 2000). Balfourieret al. (2000) recognized
three major clusters of haplotypes in their Europsample ofLolium. Their results
suggest a single origin fdrolium as well as a geographical structure following an
east/west cline, matching known historical processach as the emergence of
agriculture and cereal crops from the Fertile Geasd0,000 years ago and the spread
of these crops towards Europe. As yet, cpDNA SS&s mot been used to study
plastid diversity in populations df. perenneor otherLolium species; neither have
they been usedo study the phylogeography of these species-astucaspecies.
Given the agronomic importance bf perennefor European agriculture, migration

routes from its centres of origin require invedigia.
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2.2 Aims

The aims of this chapter are to:

(1) design and optimize a novel set of chloropBSR markers fotolium

perenne,

(2) describe cpDNA allelic and haplotypic diversity natural and breeding
populations otoliumincluding Irish and other Europe&n perenneecotypes

and bred.. perenneandxFestuloliumcultivars,

(3) assess the potential of the set of cpSSR nmrfar plastid genome
identification and to assess their value for planeieding and for the definition

of cytoplasmic pools, and

(4) determine the level of biogeographic populatigmetic structure in Irish
and EuropeanL. perenne populations and to gain insights into their

phylogeography.
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2.3 Methods

2.3.1 Selection of samples and target DNA regionséquencing

Total genomic DNA was extracted from thréelium perenneindividuals (the
cultivar ‘Magician’, and the ecotypes 2419 Roscomnamd 2483 Wexford), two
Festuca arundinacemdividuals (the cultivars ‘Dovey’ and ‘Festorinatwo Lolium
multiflorum individuals (the cultivars ‘Nival’ and ‘Multimo’)two Festuca pratensis
individuals (the cultivars Barprest and Wendelmatd aSaccharunsp. (accession
number 108 TCD) using a modified CTAB extractiontihog (Doyle & Doyle, 1987).
Four target chloroplast DNA regions were chosersémuencingt(nL intron, trnL-F
intergenic spacerpsl6 region, anditpB-rbcL intergenic spacer), and the primers of
Taberletet al (1991;trnL andtrnL-F region), Oxelmaret al. (1997;rpsl6 region)
and Samuelet al (1997; atpB-rbcL region) were used to amplify these plastid

genome regions in the individual plants.

2.3.2 Amplification of chloroplast genes

For amplification of each gene region, a master mas prepared according to the
conditions in Table 2.3.1. A volume ofillDNA (£100ng) was added to each tube,
and an aliquot of master mix was added to the tttésing the volume to 0. The
contents of the tubes were mixed using a vortex apdn down using a
microcentrifuge. The samples were loaded on to @-P00 Peltier Thermal Cycler
(MJ Research, Waltham, USA) under the conditioriBrad in Table 2.3.2.
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Table 2.3.1 Master mix components with volumes and concentnatifor PCR

amplification of chloroplast DNA regions.

Component Volume per sample Concentration/amount

10X PCR buffer (Promega) 18 1X

DNTPs (each at 10mM) dl 0.2 mM

MgCl, (25mM) 4ul 2 mM

Forward primer (100ngul-1) 0,4 50 ng (or 1ng tit)

Reverse primer (100ngul-1) Oub }00 ng{u 50 ng (or 1ng pl
)

TagDNA polymerase 0.25ul 0.25 units

(Promega) 5 unitsill

Sterile ultra-pure KD 37.75ul -

Total 49ul -

Table 2.3.2Thermal cyclingconditions of amplification for the chloroplast gen

regions.

Process Temperature Time Cycles
Denaturation 97°C 1 minute

Annealing 52°C 1 minute 30
Extension 72°C 3 minutes

Final extension 72°C 7 minutes

2.3.3 Verification of amplification success usirgpeose gel electrophoresis

An assessment of the success of amplification dbreplast DNA regions was
performed using electrophoresis on an agarose 9P« GibcoBRL) containing
ethidium bromide stain. Stained DNA fluoresceshe presence of UV light (260

nm).

Protocol for verifying PCR amplification success

A 1.2% wiv agarose gel in 1x TBRvas prepared in a Duran bottle. 80 ml agarose gel
was then aliquotted andutlethidium bromide (10mdi) was added and mixed with
gentle swirling. The agarose mixture was alloweddol slightly and a gel casting
boat was prepared. The cooled gel was poured lietadsting boat and allowed to set
for 20-25 minutes. The combs and tape were remawedthe gel was placed in an

electrophoresis tank and covered in 1x TBE

! TBE — contains 1M Tris pH 8, boric acid and 0.5RTEA
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4yl of amplified DNA from each sample was mixed withil loading dyé. A 100bp
ladder (Gibco-BRL) and each PCR reaction were Idaoi®o the gel. The rig was
connected to the power supply (EC-Apparatus Cotmar&aC 105 power pack) and

run for approximately 20 minutes at 100V.
The gel was then removed from the rig and placed oty light box (Dual Intensity
Transilluminator UVP) and a digital image of thd g@as taken using the Scientific

Imaging System from Digital Science (Kodak ID 2)Qy2l photography software.

2.3.4 Purification of amplified gene reqgions

Amplified products were purified prior to cycle secing using the Jet Quick
purification kit (Genomed). The manufacturer praddthe following information
regarding the provided constituents of the kit: ddg buffer (H1) contained
guanidine hydrochloride and isopropanol. Wash buff¢2) contained NaCl, Tris-
HCIl and EDTA.

Protocol for purification of amplified gene regions

A mixture of 40Qu binding solution and 50 sample was added to the centre of
labelled spin cartridges (in 2ml wash tubes). Tulkees were then centrifuged at
12,000g for 1 minute. The flow-through was discdrdend 50Q1 wash buffer
(containing ethanol) was added to the centre okphe cartridges. The samples were
centrifuged at 12,0009 for 1 minute and the flomstlyh was again discarded. The
samples were centrifuged again at 12,000g for lutaiio remove the remaining
wash buffer from the tubes. The spin cartridgesewsdaced into labelled recovery
tubes and 5@ of warm sterile ultra-pure water (65°C) was adtie@ach to dissolve
the amplified DNA. The tubes were allowed to indgbat room temperature for 1
minute and centrifuged again at 12,0009 for 2 n@sufThe spin cartridges were

discarded and the samples labelled and kept ifreleeer until required.

! Loading dye — 0.25% bromophenol blue,40% sucrose
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2.3.5 Cycle sequencing reactions

Samples were prepared for the cycle sequencindioaadiy aliquotting gl of the
purified PCR products into labelled flat-topped dab A master mix containing
Applied BiosystemsTaq Dye-deoxy/terminator cycle sequencing mix V.1.1NRI
mix’) and sequencing buffer along with sterile wates weepared according to Table
2.3.3. The forward and reverse primers were dildedording to Table 2.3.3 and

added to separate master mixes.

Table 2.3.3 Master mix components, volumes and concentratjwers sample for
amplification of target DNA regions in cycle sequaeg reaction.

Component Volume
PINK mix 1ul
Sterile ultra-pure KD 1.84
Sequencing buffér(10X) 3.4
Primer (Forward/Reverse; 5ng/mL) al7
Total volume 7ul

7ul of the master mix was added to each sample. Senvpére mixed and spun down
and loaded onto the Applied Biosystems 9700 theyelec under the thermal cycling

conditions outlined in Table 2.3.4.

Table 2.3.4 Thermal cyclingconditions for amplification of forward and reverse
sequences of target DNA regions prior to sequencing

Temperature Time Cycles
96°C 10 seconds
50°C 5 seconds 25 cycles
60°C 4 minutes

2.3.6 Purification of products prior to sequencing

Each amplified sample was purified by mixingub6éthanol (EtOH; 100%) with i
sodium acetate (NaOAc; 3M) for each samplaul 52 the mixture was added to each

amplified sample and incubated at room temperdturd minutes. The samples were

! PINK: Big Dy€® Terminator V1.1. Cycle Sequencing RR-100, Applédsystems, Warrington, UK
2200mM Tris-HCI, 5mM MgCl (pH 9.0)
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then placed on ice for 5-10 minutes and then deged at 13,0009 for 25 minutes.
The samples were drained onto clean tissue to reri@valcohol. 300 EtOH (70%)
was added to the pellet at the bottom of each tlibe.samples were centrifuged at
13,0009 for 15 minutes and drained onto cleaneigmper. The process was repeated
once more. The drained tubes were placed betwesstssbf clean tissue paper and

left overnight to ensure the remainder of the ab¢diad evaporated off.

2.3.7 Preparation of samples for sequencing

Purified samples were prepared for sequencing bgingd 25u of Template
Suppression Reagent (TSR; Applied Biosystems) eaich tube. The contents of the
tubes were mixed on a vortex and then incubate85&€ for four minutes. The
samples were cooled on ice and centrifuged dowae. lils of the tubes were then
removed and septa were inserted onto each tubepl&anvere loaded onto an ABI
prism 310 Genetic Analyser (Applied Biosystems)teeBig Dye® Terminator short-
read, Run Module: Seq. Pop6 rapid (1.0mL)E usingeRmlymer for 55 minutes per
sample. The raw sequence data was automaticallgdsand compiled using

Sequence Analysis Version 3.4.1 (Applied Biosysjems

2.3.8 Assembling of DNA sequences

Forward and reverse sequences from each sampleasseenbled to form a contig
and so that any ambiguities in the sequence coeldebtified. This was done by
importing sequences from both directions (forwand aeverse) into AutoAssembler
Version 2.0 (Applied Biosystems). The initial andal few base pairs (10-20bp) of
each sequence were deleted due to their unretialaiid a contig sequence was
produced by combining the sequences from both titirex and checking ambiguities

against each other.

2.3.9 Alignment of DNA sequences

The contig sequence from each sample at each ajethe regions was then aligned
with other samples from the same region to forma@rimn The alignment of samples

from the same gene region was carried out usingnebmation of visual alignment
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using PAUP 4 (Swofford, 2003) and the alignmenttvgafe Seq-Al V2.0al
(Rambout, 1999), which was used to convert seq@ente Nexus format. Sequences
from GenBank (NCBI database) from other chloroplastA regions were included

in the data set. ClustalX V1.8 (Thompseh al. 1997) was used to compile the
sequences and align them to each other automutiddie aligned sequences were
imported into PAUP 4 (Swofford, 2003) and checkedelye and alterations were
made where required. Table 2.3.5 lists the sangidssource of each gene sequence

used for alignment.

Table 2.3.5 Gene regions, species names, and accession nurfdrersligned

sequences.
Gene Region Species NCBI accession Reference
number
trnL intron and  Festuca arundinacea - This study
trnL- F
intergenic Festuca pratensis - “
spacer region Lolium multiflorum - “
Lolium perenne DQ123585 )
rpsl6 Festuca arundinacea - This study
Festuca pratensis - !
Lolium multiflorum - “
Lolium perenne DQ131606 i}
atpB-rbcL Festuca arundinacea - This study
Festuca pratensis - !
Lolium multiflorum - “
Lolium perenne DQ123586 i}
16S Aegilops speltoides AJ555401 Rudnowgt al
(2004)
Aegilops tauschii AJ555402 .
Triticum turgidum AJ555400 “
Triticum aestivum AJ239003 Kovacst al.
(2000)
ndhF Poa pratensis U21980 Clarket al.
(1995)
" AF267706 Redinbaught
al. (2000)
Poa angustifolia U71010 Catalaet al.
(1997)
Sesleria argentea U71011 "
Deschampsia cespitosa uU71012 "
Festuca arundinacea U71013 "
Lolium perenne U71014 "
Festuca rubra U71015 "
Dactylis glomerata U71016 "
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Poa fendleiana AF236868 Larseet al
unpublished
Poa secunda AF236867 ”
rpl2-trnH Zea mays X53066 Kavouset al.
(1990)
» X12851 Bowmaret al
(1988)
” X62070 Hochet al.
(1991)
” AY044158 Adamet al
(2001)
Oryza sativa L40578 Moon & Wu
(1988)
. M22826 .
. X12844 Moonet al
(1988)
Hordeum vulgare X78185 Heset al
(1994)
Triticum aestivum AJ295995 Subramaniaet
al. unpublished
23S-5S Poa pratensis L41587 Goremykiret
al. (1996)
¢ L29442 Bobroveet al
unpublished
trnH-pshA Secale cereale X13327 Kolosowet al
(1989)
Triticum aestivum M12352 Hanleybowdoin
& Chua (1988)
Hordeum vulgare M38374 Efimovet al
(1988a)
“ X07942 Boyer & Mullet
(1988)
“ X07521 Efimovet al
(1988b)
Pharlaris minor AY?294643 Tripathiet al
unpublished
“ AY?211527 “
Oryza sativa NM_197617 Yuet al (2003)
¢ M36191 Weuet al
(1987)
Zea mays AF543684 Netteet al
unpublished
“ M27567 Sederofét al
(1986)
Poa annua AF131886 Mengistet al
(2000)
“ AF131887 :
Lolium perenne AF363674 Larsen,
unpublished
Phragmites australis AY016310 Saltonstall,
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(2001)

psiB Secale cereale X07672 Bukharowet al
(1988)

peB Hordeum vulgare X14107 Reverdattet
al. (1989)

trnV Pennisetum glaucum AY694130 Nallaret al.
unpublished

rpoA-petD Psathyrostachys Z77754 Petersen &

spacer stoloniformis Seberg (1997)

rpoC2 Nardus stricta L25382 Cumminget
al. (1994)

2.3.10 Identification of chloroplast microsatelliggions

Chloroplast DNA regions were searched for micrdBegemotifs using a modified

version of the MISA perl script (www2.unil.ch/sofiwe/). Microsatellite motifs in

gene regions where there was more than one sequemeechecked for variability

(by comparing the aligned sequences). Possiblenmmmiyhic regions suitable for

marker development were noted.

2.3.11 Primer design

Conserved regions flanking actual or possible polyghic microsatellite regions

were identified and searched for suitable primesimgithe web-based PRIMER 3

software (Rozen & Skaletsky, 2003). Suitable prenesere chosen based on the

following guidelines (Lofferet al. 1997; Sambrook & Russell, 2001):

* Primer length:Each primer should be between 18 — 30 base paigs [Bhis

should be long enough to allow the amplification af unique template

sequence. Members of a primer pair should not Imavee than 3 base pairs

difference in length.

e Base compositionG/C composition should be between 40 — 60% with an

even distribution of bases along the length ofpheer.

e 3’ terminal sequenceA run of more than 3 G/C bases should be avoided as

this can cause non-specific annealing. A thymidiase at the 3’ end should

be avoided as this can cause mis-priming. NNGC ®&CE terminal

sequences should be avoided as this promotes timeation of hairpin

structures and primer dimers.
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* Melting temperatures ¢): Tmis calculated using the following equation:

Tn=2(A+T)+ 4(G+C)
Equation 2.3.1 Calculation of the melting temperature of primegqences
(Sambrook & Russell, 2001).

T values of pairs of primers should not differ by°€5 The annealing
temperature of the PCR product is generally 5°Celotlwan the calculatet,
value.

e Complementarity/Self-complementaritinverted repeat sequences or self-
complementary sequences should be avoided as ¢haseause formation of
hairpin structures. 3’ terminal sequences on onenlbee of a primer pair
should not be complementary to any part of the eecgi of the other member

of the primer pair as this can cause primer dimers.

The primers that were designed are outlined in &&b8.6. Forward primers were
taken directly from the DNA sequence, while revepsieners were the reverse and

complement of the 3’ end of the forward strand.

Table 2.3.6Sequences, accession numbers and gene regionsnefgdesigned for

the amplification of chloroplast microsatellites.

SSR ID Accession No. Gene region Primer Sequence
TeaCpSSR1F DQ123586 atpB-rbcL ATTGATTTGGGTTGCGCTAT
TeaCpSSR1R TCATTAAAGAAAATTGAGGGCA
TA
TeaCpSSR2F DQ123585 trnL andtrnL- TCCATTCCAATTGAATATTTTGT
F intergenic
spacer region
TeaCpSSR2R AGTCCCTTTATCCCCAAACC
TeaCpSSR3F DG123585 trnL andtrnL- GCAAACGATTAATCATGGAACC
F intergenic
spacer region
TeaCpSSR3R TTGTGAGGGTTCAAGTCCCT
TeaCpSSR4F L41587 23S-5S ITS ACGAACGAACGATTTGAACC
region
TeaCpSSR4R TGAAGCCCCAATTCTTGACT
TeaCpSSR5F AF363674 pshA GCTATGCATGGTTCCTTGGT
TeaCpSSR5R TTCCTACTACAGGCCAAGCAG
TeaCpSSR6F AY694130 trnV CGGATTCTAACCGTAGACCTTC
TeaCpSSR6R TCAAAGCCAGGAAGCAATCT
TeaCpSSR7F X53066 trnH GGAATTTGCAATAATGCGATG
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TeaCpSSR7R TCGATCGAGGTATGGAGGTC
TeaCpSSR8F Z77754 rpoA-peD TTGACAGTTTTCGTATGGAAGA
intergenic
spacer
TeaCpSSR8R GATTGTGCCAAAGATGCAAA
TeaCpSSR9F DQ123585 trnL andtrnL-  AACCCGGTTTTTCGGTTTAT
F intergenic
spacer region
TeaCpSSR9I9R TCCTGACCTTTTCTTGTGCAT
TeaCpSSR10F DQ131606 rpsl6 TTCGCTCGAAATGAGACAAA
TeaCpSSR10R CCTCATACGGCTCGAGAAAA
TeaCpSSR11F L25382 rpoC2 GCTTATTTTGACGATCCACGA
TeaCpSSR11R TGGGCTGCCATACTCTTCTT
TeaCpSSR12F u71014 ndhF TGGAGCAATGGATAATGGAA
TeaCpSSR12R CCGCGATTATATGACCAACTG
TeaCpSSR13F DQ123586 atpB-rbcL TGGTAAATCAAATCCACGGTTTA
TeaCpSSR13R GGCGTAAATCCAACTTTAGCA
TeaCpSSR14F DQ123585 trnL andtrnL- TACCAAAGGATCCGGACAAA
F intergenic
spacer region
TeaCpSSR14R TCCTGACCTTTTCTTGTGCAT
TeaCpSSR15F DQ123585 trnL andtrnL- TCCATTCCAATTGAATATTTTGT
F intergenic
spacer region
TeaCpSSR15R TCAAGTCCCTTTATCCCCAA
TeaCpSSR16F DQ131606 rpsl6 TGAAGTCCTCTCCACCTCAAA
TeaCpSSR16R GGGACCGAGGTAGATAAATAAC
G
TeaCpSSR17F DQ131606 rpsl6 GCTCTTGGCTCGCAATAGTC
TeaCpSSR17R CCTATCTTCAAAAAGAGGGCTTT
C
TeaCpSSR18F DQ131606 rpsl6 GCTCTTGGCTCGCAATAGTC
TeaCpSSR18R TTGGCCATTTTTATTAGTTTTCA
TeaCpSSR19F DQ131606 rpsl6 TCTATTCCTCCCGAACCAAA
TeaCpSSR19R CCTATCTTCAAAAAGAGGGCTTT
C
TeaCpSSR20F U71014 ndhF CAACAACAAAGAATGGAGTTGC
TeaCpSSR20R TTCCATTATCCATTGCTCCA
TeaCpSSR21F X13327 pshA GGAAAGGCAATTCTTGCATC
TeaCpSSR21R TTCTCCAGCATTTGATTCCTT
TeaCpSSR22F X07672 psiB TCATCATATTGCTGCGGGTA
TeaCpSSR22R TAATTCGATTGGGGTCGTTG
TeaCpSSR23F X14107 peB GTAGTTCGACCGCGGAATTT
TeaCpSSR23R CAGTCTGGTTGCGAGGTCTT
TeaCpSSR24F AY694130 trnV GCAATCGATCGTCGAGTTTA
TeaCpSSR24R TGTTGGGTTTTTGAAACAGG
TeaCpSSR25F AY016310 trnH-psbA TGGACATAGGATGCCACTCTT
intergenic
spacer
TeaCpSSR25R ATTGTATGGCCAACCATTGC
TeaCpSSR26F M22826 trnH-rpl22 CGGCATTTCACGAGTTATGA
intergenic
spacer region
TeaCpSSR26R AAGGTTATTCCCCGCTTACC
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2.3.12 Primer testing — unlabelled primers

Primer testing was carried out on each primer painnaster mix was prepared
according to the conditions in Table 2.3.7. A votuof lul DNA (x100ng) of three
samples (from population 2250 Tipperary) was addeeach tube. For each primer,
1ul of sterile ultrapure water was used instead ofADa¢ a negative control sample.
An aliquot of master mix was added to the tubebring the volume to 10. The
contents of the tubes were mixed using a vortex apdn down using a
microcentrifuge. The samples were loaded on to @-P00 Peltier Thermal Cycler
(MJ Research, Waltham, USA) under the cycling comas outlined in Table 2.3.8.

Table 2.3.7Master mix components with volumes and concentnatior initial PCR

testing of unlabelled primer pairs.

Component Volume per sample Concentration/amount
10X PCR buffer (Promega) Ui | 1X

dNTPs 1.254 5mM

Forward primer 0.24%l 100 ng/ul

Reverse primer 0.24l 100 ng/ul

Taq DNA polymerase 0.2l 0.25 units

(Promega)

Sterile ultra-pure KD 6.05pl -

Total volume ul

Table 2.3.8 PCR amplification conditions for initial testing of uwatbelled

microsatellite primer pairs.

Process Temperature Time Cycles
Initial denaturation 95°C 5 minutes

Denaturation 95°C 1 minute

Annealing 60°C 1 minute 35
Extension 72°C 1 minute

Final extension 72°C 10 minutes

Amplification success was determined by agaroseefgaitrophoresis as outlined in

section 2.3.3.
Primer pairs which were not shown to successfutipl#y DNA in the first test were

then tested under varying MgCkoncentrations. A master mix was prepared
according to the conditions in Table 2.3.9. A votuof 1ul DNA (x100ng) of two
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samples A and B (from population 2250 Tipperary}wwdded to each tube. For each
primer and each Mgglconcentration, (I of sterile ultrapure water was used instead
of DNA as a negative control sample. An aliquotnodster mix was added to the
tubes to bring the volume to 10 The contents of the tubes were mixed using a
vortex and spun down using a microcentrifuge. Tdrages were loaded on to a PTC-
200 Peltier Thermal Cycler (MJ Research, WaltharBAY under the conditions
outlined in Table 2.3.10.

Table 2.3.9Master mix components with volumes and conceninatior PCR testing

of unlabelled primer pairs over a magnesium gradien

Component Volume per sample Concentration
10X PCR buffer (Promega) Ui |

dNTPs 1.254 5mM

MgCl, 0.2ul or 0.4l 2.5mM or 3mM
Forward primer 0.2%l 100ng/ul
Reverse primer 0.2 100ng/ul

Taq DNA polymerase 0.2 ul 0.25 units
(Promega)

Sterile ultra-pure bD 5.85ul -

Total volume Qul

Table 2.3.10Thermal cyclingconditions of amplification for testing of unlakesl

primer pairs over a magnesium gradient.

Process Temperature Time Cycles
Initial denaturation 95°C 5 minutes

Denaturation 95°C 1 minute

Annealing 60°C 1 minute 35
Extension 72°C 1 minute

Final extension 72°C 10 minutes

Amplification success was determined by agaroseefgaitrophoresis as outlined in

section 2.3.3.

Each primer pair, with no successful amplificativested with varied MgGl

concentrations, was tested a second time on a tatape gradient from 45°C to
65°C. A master mix was prepared according to thedidons in Table 2.3.11. A
volume of 1l DNA (x100ng) of one sample A (from population 2Zbipperary) was
added to each tube. For each primer and each tataper Ll of sterile ultrapure

water was used instead of DNA as a negative samplaliquot of master mix was
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added to the tubes to bring the volume tal1The contents of the tubes were mixed
using a vortex and spun down using a microcenteiflgne samples were loaded on to
a PTC-200 Peltier Thermal Cycler (MJ Research, Néatt, USA) under the
conditions outlined in Table 2.3.12.

Table 2.3.11Master mix components with volumes and concentatitor PCR

testing of unlabelled primer pairs over differegperatures.

Component Volume per sample Concentration
10X PCR buffer (Promega) ul

dNTPs 1.254 5mM

Forward primer 0.2%l 100ng/ul
Reverse primer 0.2 100ng/ul

Taq DNA polymerase 0.2 ul 0.25 units
(Promega)

Sterile ultra-pure bD 6.05ul -

Total volume Qul

Table 2.3.12Conditions of amplification for testing of unlakedl primer pairs over

different temperatures.

Process Temperature Time Cycles
Initial denaturation 94°C 3 minutes

Denaturation 94°C 1 minute

Annealing 45°C - 65°C 1 minute 35
Extension 72°C 1 minute

Final extension 72°C 5 minutes

Amplification success was determined by agaroseetgtrophoresis as outlined in

section 2.3.3.

2.3.13 Plastid microsatellite primer testing — lsgkprimers

Based on the tests of the unlabelled primer paimslve primer pairs were ordered as
fluorescently labelled primer pairs. The final nesishix conditions are given in Table
2.3.13. Final MgCl concentrations and annealing temperatures for efttte twelve
fluorescently labelled primer pairs are given iblEa2.3.14.
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Table 2.3.13Final master mix components with volumes and coimagans for PCR

testing of labelled plastid microsatellite primeiirg.

Component Volume per sample Concentration
10X PCR buffer (Promega) Ui |

dNTPs 1.254 5mM

MgCl, Ol /0.2 ul/0.4 pl 2mM/2.5mM/3mM
Forward primer 0.2%l 100ng/ul

Reverse primer 0.2 100ng/ul

Taq DNA polymerase 0.2 ul 0.25 units
(Promega)

Sterile ultra-pure bD 6.05ul/5.85 ul/5.65 ul -

Total volume Qul

Table 2.3.14Final MgCL concentrations, annealing temperatures and floergs
labels, determined to be optimal for amplificatioior twelve labelled plastid

microsatellite primer pairs.

Primer Fluorescent MgCl, Annealing
Label concentration Temperature

TeaCpSSR1 VIC™ 2.5mM 60
TeaCpSSR2 NED™ 2.5mM 45
TeaCpSSR3 FAM™ 3mM 60
TeaCpSSR4 NED™ 2mM 60
TeaCpSSR5 VIC™ 2.5mM 60
TeaCpSSR6 PET™ 2mM 45
TeaCpSSR7 NED™ 2.5mM 60
TeaCpSSR8 PET™ 2.5mM 45
TeaCpSSR9 FAM™ 2.5mM 45
TeaCpSSR10 PET™ 2.5mM 60
TeaCpSSR11 FAM™ 3mM 60
TeaCpSSR12 VIC™ 2.5mM 60

The final thermalcycling conditions are given inblea2.3.15.

Table 2.3.15Final thermal cycling conditions for amplificaticof labelled primer

pairs.

Process Temperature Time Cycles
Initial denaturation 95°C 5 minutes

Denaturation 95°C 1 minute

Annealing 45°C/60°C 1 minute 35
Extension 72°C 1 minute

Final extension 72°C 10 minutes
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2.3.14 Analysis of plastid microsatellite amplifiican products

Amplified PCR products heated at 65°C for 30 misute a Px2 Thermal Cycler
(Thermo Electron Corporation) to avoid non-unifoPolyA tails. PCR products were
diluted in sterile ultrapure water to achieve optimfluorescence intensities for runs
on the ABI3100 (Table 2.3.16). Four primer pairghwiifferent fluorescent labels
could be pooled together for a single microsaeelénhalysis run on the ABI3100.
Final volumes pooling of PCR products were giveitable 2.3.16.

Table 2.3.16Final dilution factors and pooling amounts for twelfluorescently

labelled primer pairs.

Primer Group Dilution Pooling
factor volume
TeaCpSSR1 1 1in20 &
TeaCpSSR2 3 lin40
TeaCpSSR3 3 1in30
TeaCpSSR4 1 1lin20 &
TeaCpSSR5 3 1in20 Ob
TeaCpSSR6 1 1in10 O
TeaCpSSR7 2 lin40 &
TeaCpSSRS8 3 lto1l 12
TeaCpSSR9 1 lini10
TeaCpSSR10 2 1in10 Ob
TeaCpSSR11 2 1in30
TeaCpSSR12 2 1in20 2

0.5 ul of the pooled amplification products were adde® 6t ul of a LIZ 500 internal
sizing standard:Formamide (GRIO) mix (1:36). The samples were denatured on a
heating block for 10 minutes at 95°C, transfer@an ice tray for two minutes and
centrifuged. PCR products were sized using LIZ 8i@ihg standard on an ABI 3100
automated DNA sequencer with Data Collection Safewsersion 1.0 (Applied
Biosystems). PCR products were sized using GENEMZ®P version 3.7 software
(Applied Biosystems).
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2.3.15 Testing of primer pairs for cross-amplificatacross the Poaceae

The twelve labelled primer pairs were used to festcross-amplification in the
Poaceae. 51 species were chosen to represent hithe den subfamilies of the

Poaceae (Appendices 8.1 and 8.2).

A master mix was prepared according to the constion Table 2.3.13 with the
MgClI, concentrations and annealing temperatures for pacter pair given in Table
2.3.14. A volume of il DNA (£100ng) of each sample was added to each.tAn
aliquot of master mix was added to the tubes togothe volume to 10. The
contents of the tubes were mixed using a vortex apdn down using a
microcentrifuge. The samples were loaded on to @-P00 Peltier Thermal Cycler
(MJ Research, Waltham, USA) under the conditionslimmd in Table 2.3.15.
Amplified products were analysed as described iati®e 2.3.14. Size ranges and

allele numbers were determined for amplificatioadarcts of each primer pair.

2.3.16 Selection of samples for analysis

In total, 104 grass accessions were studied inmthi@ analysis (Appendices 8.1 and
8.2). 78L. perenneaccessions were included. These 78 accessionssimzhef 30
Irish L. perenneecotypes, 32 Europedn perenneecotypes and 16 commercial
perennevarieties ¢v.). In addition, eleven othdrolium species, si¥estucaspecies
and ninexFestuloliumvarieties were used. The term ecotype is used lyaadhis
thesis to define locally adapted populations. Tishlecotypes were selected from the
Teagasc Oak Park collection holding 419 Idshperenneaccessions collected from
old Irish pasture ecosystems (Connolly, 2000). Toitection was made between the
years 1980 and 1982 as part of thelium Core Collection Project which was
coordinated by the European Co-operative Prograniane Genetic Resources
(ECPGR). The populations originated from collectgtes where, according to the
farmer, no reseeding had been done for 50 yeansooe. For this study, accessions
were selected from the Teagasc Oak Park collettiaover a wide spread of diverse
geographic regions from the Republic of Irelande Bither European accessions were

selected to provide a wide European geographicrageeto allow genetic diversity
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comparisons to be made with the rest of Europe tandielp address possible

migration routes ok. perenne

2.3.17 Growth of plant material

Seeds were germinated on seed testing paper, rsgediansferred to pots and the
plants were raised in the greenhouse. The ecotypessions and cultivated varieties
were subsequently planted as spaced plants inelldeat Oak Park.

2.3.18 Harvesting and extraction of DNA from plamdterial

Leaf material from each plant was harvested inten88 deep well plates. The

samples were dried using a freeze drier (llshin.l@b. Ltd.). A single 5mm glass

bead was placed in each well and the samples were ground with a bead mill

(Retsch MM300). DNA was extracted from the sampigiag a magnetic bead based
method (Qiagen MagAttract Plant DNA Core Kit) whichd been modified for use

on the HamiltonStar automated liquid handling syste

Protocol for extraction of DNA

600 ul Buffer RLT was added to ground leaf material acle well of a 96-well deep
well plate in order to lyse the cells. The platesvegaled and shaken in an upright
position 20 times back and forth. The plate was tbentrifuged at 2,000xg for five
minutes.

65 ul of Buffer RB was added to each well of a 96-weitroplate. 2Qul resuspended
MagAttract Suspension A was added to each well lef 96-well microplate
containing the Buffer RB. 200l of each supernatant was transferred to the 96-wel
microplate containing MagAttract Suspension A andf& RB. The samples were
mixed thoroughly by pipetting up and down seveliaies. The samples were
incubated at room temperature for two minutes et shaken on the robotic plate
shaker for a further two minutes. The 96-well mptade was then transferred onto a
magnet and allowed to incubate for twenty seconusorder to separate the
MagAttract particles. The supernatant was then x&w0200ul isopropanol and 3.52
ul of RNase A was added to Buffer RPW. 200 ul o$ tves added to each well of the
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96-well microplate and the pelleted MagAttract mées were thoroughly
resuspended by pipetting up and down. The micreplats transferred to the magnet,
the MagAttract particles allowed to separate for s#&onds and the supernatant
removed. 20Qul ethanol (100%) was added to each well of the oplate and the
MagAttract pellets were resuspended thoroughly Ipeting up and down. The
microplate was placed on the magnet, the MagAttpasticles were allowed to
separate for 20 seconds and the supernatant wasedmA second ethanol wash was
performed following the same steps. The plate washbated at 60°C for 10 minutes
to ensure the removal of any remaining alcohol. (lOAE buffer was added to each
well of the microplate, mixed by shaking on theatib shaker plate and incubated at
room temperature for five minutes. The microplatswplaced on the magnet, the
MagAttract particles allowed to separate for 20osels and the supernatant removed

to a clean 96-well microplate.
Samples were amplified according to the methodertesi in Section 2.3.15 and
amplified products were analysed according to thethids described in Section

2.3.14.

2.3.19 Data analysis

Allelic and haplotypic variation

Allele numbers and size ranges were calculated efach accession. Haplotype
numbers (including numbers of unique and sharedohg®s) were calculated for

each accession.

Genetic distance between populations

A genetic distance matrix (Appendix 8.3) was calted based on Nei's standard
genetic distance measure (Nei, 1972), using alliela (characters) without size
information. This measure calculates the genetstadce between populations in
terms of the number of gene substitutions between dccording to the Equation
2.3.2 (Nei, 1972).
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Ds= -log(1 —dxy) + [log(1 —dx) + log(1 —dy)]/2
Equation 2.3.2 Standard genetic distand@gf, where the quantitiedy, dy, anddxy
are the probabilities that two alleles are différatnen randomly drawn from two

different populationsdyy) or from the same populatiody anddy).

dx = D> XX

iZ]

dv =) > vy

i£]

dxy = ZZlej

i#]
Wherex; andy; are the frequencies of thi andjth alleles at a locus in populatioKs
andY respectively. To extend this measure of multiplg,laverages oflx, dy, and

dyy are taken over all loci.

Distances based on a stepwise mutation model suteadelta mu-squared distance
(D pm; Goldsteinet al. 1995; Flanneryet al. 2006) were not used because the size
variation of alleles could be attributed to botHRI8ngth variation and other types of

substitutions (non-SSR indels).

From this matrix, a dendrogram showing the simtikesi between populations was
constructed using the unweighted pair group methigthg arithmetic means
(UPGMA) method (Sneath & Sokal, 1973) as impleménte POPGENE (Yeh &
Boyle, 1997). Bootstrapping analysis was performedhe UPGMA data with 1,000
replicates as implemented in NTSYSpc V2.2 softwRehlf, 2005).

Mantel test

A geographic distance matrix was constructed (Apper8.4), using the 56

accessions where an exact geographical origin was/ik. A Mantel test was used to
correlate the pairwise comparisons in the geogeagistance matrix and the genetic
distance matrix using NTSYSpc V2.2 (Rohlf, 2005)todal of 10,000 permutations

were employed to test for significance.
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Mantel's test is based on a simple cross product:te
n n
z=) > %y
i=1 j=1
and is normalized (Equation 2.3.3) to rescale ttedistic to the range of a

conventional correlation coefficient (<lr < 1).

1 - (Xi- X) (i —Y)
(n 1)21:; S

Equation 2.3.3Mantel’'s statistic wher& andy are variables measured at locations
andj andn is the number of elements in the distance matr{eexm-1)/2 for m

sample locations), argl ands, are standard deviations for variabkesndy.
Genetic diversity measures

Nei's (1973) gene diversity measure was calcul&ectach population according to
Equation 2.3.4.

h=1-% x
Equation 2.3.4Nei's (1973) gene diversity measuhg,where; is the frequency of

thejth allele at each locus. Over multiple loci, anrage value was taken.

Nei's gene diversity is a measure of the probabiliat two copies of the same gene
(in this case microsatelite alleles from a paraculbcus) chosen at random in a

population will have different alleles.

The total diversity 1), the mean within population diversithlf), and the coefficient
of variation Gsy) were calculated following the procedures of N&B§7) for
subdivided populations according to Equations 2t8.&quation 2.3.10 (Nei, 1987)
using the programme POPGENE (Yeh & Boyle, 1997).

Jr= (ZJK+ZJHJ/82

k#l

Equation 2.3.5Gene identity in the total populatiody, whereJy = Zi X% Is the

gene identity between tligh andlith subpopulations.

59



=33 /5= %

Equation 2.3.6Average gene identity within subpopulatiods,

Dgt= ZZ Dkl | s*
k1

Equation 2.3.7Average gene diversity between subpopulatidgs, including the
comparisons of the subpopulations themselves.

HS= 1 -JS
Equation 2.3.8Average gene diversity within subpopulatioHs,

Hr=Hs+ Dst
Equation 2.3.9Gene diversity in the total populatidty,

Gst= DsiHr
Equation 2.3.10Nei’s coefficient of differentiationGst the relative magnitude of

gene differentiation among subpopulations.
AMOVA analyses

An analysis of molecular variance (AMOVA,; Excoffiet al. 1992) was carried out
with ARLEQUIN 2.0 software (Schneidest al. 2000) based on the number of
different haplotypes, which is the equivalent ofveightedFst over all loci when
estimating genetic structure (Weir & Cockerham, 4;98lichalakis & Excoffier,
1996). The level of significance for variance comgat estimates was calculated by
non-parametric permutation procedures using 1,080nptations. The data were
partitioned in several combinations to display aghand within population variation
of Irish and Europeah. perenneaccessions, to assess biogeographic differentiatio

and to address possible migration routek.qferenne

AMOVAs were calculated to test for evidence of gapdhic patterns of genetic
structuring. In addition we used AMOVAs to testhkere was evidence of migration

of Lolium (a) following a Mediterranean route; this involvedmparisons of Near
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Eastern vs. Southern European and Southern EurogeaklVestern Europeah.
perenneaccession groups, (b) following a Danubian migratroute; this involved
comparisons of Near Easteva. Southern European, Southern European vs. Baster
European, and Eastern European vs. Northern Eundpgzerenneaccession groups,
(c) following a Northern African route, this invad comparisons of Near Eastern vs.
Northern African and Northern Africa vs. Southerar@peanL. perenneaccession
groups, (d) following a northerly retreat routetlod glaciers after the last ice age; this
involved comparison of all. perenneecotype groups south of the Alps (Near East,
North Africa and Southern Europe) againstLalperennescotype groups North of the
Alps (Northern Europe, Eastern Europe, Western firireland), and (e) following
routes into Ireland consistent with migration froighbouring geographical regions;
this involved comparisons of Iridh perennescotypes with three European accession

groups (Southern Europe, Western Europe and Nortberope).

Shared haplotypes

An Edward’s Venn diagram was constructed to displegred haplotypes between six
accession groups: Irish. perenneecotypes, European/Near Eastdrn perenne
ecotypes,L. perennecultivars, otherLolium species,xFestulolium cultivars and

Festucaspecies.

Geographical groupings

From the genetic distance matrix, a dendrogram sigptine similarities between six
major groups of accessions (Irish perenneecotypes, European/Near Eastérn
perenneecotypes, divided into six geographical groupsperennecultivars, other
Lolium speciesxFestuloliumcultivars and-estucaspecies) was constructed using the
unweighted pair group method using arithmetic mgai¥GMA) method (Sneath &
Sokal, 1973) as implemented in POPGENE (Yeh & Boyl@97). Bootstrapping
analysis was performed on the UPGMA data with 1 @@licates as implemented in
NTSYSpc V2.2 software (Rohlf, 2005).
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2.4 Results

2.4.1 Sequencing of chloroplast gene regions

Amplification of the three gene regions was sudte$sr all but three of the samples
used Lolium perenneMagician’, trnL-F; Festuca arundinaceaFestorina, rpsl6;

Festuca pratensiBBarpresto’, all gene regions)

Lengths of sequences for each samples are givéahle 2.4.1. Sequences are given

in Appendix 8.5.

Table 2.4.1Length of sequences obtained in each gene region.

Species Sample trnL-F intergenic rpsl6 atpB-rbcL
spacer region intergenic spacer
region
Lolium perenne 2419 955 775 803
Roscommon
Lolium perenne 2483 Wexford 952 540 1018
Lolium perenne Magician - 766 801
Lolium Nival 950 753 792
multiflorum
Lolium Multimo 929 537 809
multiflorum
Festuca Festorina 943 749 -
arundinacea
Festuca Dovey 950 770 806
arundinacea
Festuca Wendelmold 963 541 808
pratensis
Festuca Barpresto - - -
pratensis
Saccharunsp. 108 862 566 787

- : No amplification

2.4.2 Testing of primers

The unlabelled primer pairs were first tested irgeneral PCR programme and
checked for successful amplification using agamgeeelectrophoresis (Figures 2.4.1
and 2.4.2). Successful amplification was seen liaetlout of twenty six primer pairs
(TeaCpSSR1, TeaCpSSR5 and TeaCpSSR13).
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Figure 2.4.13% Agarose gel electrophoresis image of plastid BER products with
24 of 26 unlabelled primer pairs TeaCpSSR1 — Te&8R#5 TeaCpSSR8 -
TeaCpSSR25. Ladder: 100bp ladder. 1.5% TBE. SadpB, C: individuals from

population 2250 Tipperary.

TeaCpSSR26 "Tba'c_ﬁsﬁé?’i )

Figure 2.4.23% Agarose gel electrophoresis image of plastid BER products with
the remaining two unlabelled primer pairs TeaCpS@Rd TeaCpSSR26. Ladder:
100bp ladder. 1.5% TBE. Sample A, B, C: individudtem population 2250
Tipperary.

The remaining 23 primer pairs were then tested oweo different MgC}
concentrations and checked for successful amgiifica using agarose gel
electrophoresis (Figures 2.4.3 and 2.4.4). Sucakasfplification was seen in four
primer pairs for both concentrations (TeaCpSSR3ICPSSR4, TeaCpSSR7 and
TeaCpSSR23; Figures 2.4.3 and 2.4.4) and in fiiragarpairs for one concentration
(TeaCpSSR10, TeaCpSSR12, TeaCpSSR19, TeaCpSSRA0,TeaCpSSR 22;
Figures 2.4.3 and 2.4.4).
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Figure 2.4.33% Agarose gel electrophoresis image of plastid BER products with
16 of 23 unlabelled primer pairs over two MgCbncentrations (2.5mM and 3.0mM).
Ladder: 100bp ladder. 1.5% TBE. Sample A and Bividdals from population 2250
Tipperary.

Figure 2.4.43% Agarose gel electrophoresis image of plastid BER products with

7 of 23 unlabelled primer pairs over two Mg€bncentrations (2.5mM and 3.0mM).
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Ladder: 100bp ladder. 1.5% TBE. Sample A and Bividdals from population 2250
Tipperary.

The remaining 14 primer pairs were then tested @eéemperature gradient and
checked for successful amplification using agageeslectrophoresis (Figures 2.4.5,
2.4.6, 2.4.7 and 2.4.8). Successful amplificaticas vgeen in eight of the 14 primer
pairs (TeaCpSSR2, 46.5°C; TeaCpSSR6, 45°C; TeaCpS8KRC; TeaCpSSR9,
45°C; TeaCpSSR15, 45°, TeaCpSSR21, 46.5°C; TeaCpSR5°C; and

TeaCpSSR26, 45°C).
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Figure 2.4.53% Agarose gel electrophoresis image of plastid BER products with
4 of 14 unlabelled primer pairs (TeaCpSSR2, Tea®¥%STeaCpSSR14 and
TeaCpSSR15) over a temperature gradient from 46°€5¢%. Ladder: 100bp ladder.
1.5% TBE. Sample A: individual from population 2Zbpperary.
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BSR ‘products with
4 of 14 unlabelled primer pairs (TeaCpSSR16 to Pp&fR19) over a temperature
gradient from 45°C to 65°. Ladder: 100bp laddes%d.TBE. Sample A: individual
from population 2250 Tipperary.

Figure 2.4.63%A§ér6§e gel electrbphbresisfimage of pla'stilél
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Figure 2.4.73%Agarose gel electrophoresis image of plastid BER products with
2 of 14 unlabelled primer pairs (TeaCpSSR21 andCp&5R24) over a temperature
gradient from 45°C to 65°. Ladder: 100bp laddeb%d . TBE. Sample A: individual
from population 2250 Tipperary.
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Figure 2.4.83%Agarose gel electrophoresis image of plastid BER products with
4 of 14 unlabelled primer pairs over a temperatmeelient from 45°C to 65°. Ladder:
100bp ladder. 1.5% TBE. Sample A: individual froopplation 2250 Tipperary.

2.4.3 Testing of primer pairs for cross-amplificatiacross the Poaceae

Size ranges and allele numbers were determine@éoh of the loci tested (Table
2.4.2). A single locus (TeaSSR10) was monomorpghic. iperennebut polymorphic
across all grasses (Table 2.4.2). The eleven rangaiaci were polymorphic within
both L. perenneand all the other grasses. lIn perenne the allele numbers ranged
from locus TeaSSR10 with one allele to locus TeaS®kRh nine alleles. All twelve
loci also amplified inL. temulentumand L. hybridum In the other grasses, allele
numbers ranged from loci with two alleles (TeaSSREaSSR11 and TeaSSR12) to
locus TeaSSR3 with ten alleles. Particularly, cp§88m the regiongnL-F, 23S-5S
and trnV were highly polymorphic. Successful cross spe@ewlification of the
markers was found at all twelve loci, with lesscassful cross species amplification

in more distantly related grasses.

67



Table 2.4.2 Allele sizes (in b.p.), size ranges and allele bera of the twelvede novodeveloped cpSSR markers in 51 grass species
representing nine subfamilies of Poaceae.

Subfamily Species Chloroplast Marker Amplification

TeaSSR1 TeaSSR2 TeaSSR3 TeaSSR4 TeaSSR5 TeaSSR6 TeaSSR7 TeaSSR8 TeaSSR9 TeaSSR10 TeaSSR11 TeaSSR12
Anomochlooideae Streptochaeta spicata 229 - - 194 209 196 - - - - - -
Arundinoideae Arundo donax 229 - - 195 209 195 - - 194 - - -
Bambusoideae Phyllostachys flexuosa 229 197 312 200 - 195 - - 189 - - -

. Phyllostachys nuda 229 - 312 194 - - 172 181 189 - - -
Centothecoideae = Chasmanthium - - - - - 195 - - - - - -

latifolium

. Orthoclada laxa 229 - - 195 212 196 - - 190 - - -
Chloridoideae Chloris sp. - - - 195 - 194 - - - - - -

. Eleusine coricana - 196 312 200 209 195 - - - - - -

. Eragrostis chloromatus - 196 302 194 209 195 171 - - - - -
Danthonioideae Danthonia decumbens 229 196 - 194 212 196 - 181 194 - - -
Ehrhartoideae Oryza sativa - - 312 194 209 195 172 - - - - -
Panicoideae Miscanthus sinensis 229 196 311 199 209 199 - - - - - -

. Saccharum - 196 - 200 209 - - - - - - -

arundinaceum

Saccharum spontaneum 229 196 311 199 212 201 - - - - - -
Zea diploperennis - 196 - 200 209 - 171 - - - - -
Zea mays 229 196 312 199 209 199 171 181 194 - - -

. Pharus latifolius 229 196 - 195 209 195 - - 189 - - -

Pooideae Aegilops speltoides 229 - 312 194 - 195 - - 194 - - -
Agrostis canina 229 196 312,313, 195, 196 209, 212 188 172 179 - - - -
316

Agrostis capillaris 229 196 313 194, 195 212 195, 196 172 184 - - 195 -

Agrostis stolonifera - 196, 197 311, 312 195, 196 209, 212 188 172 179 - - - -

Alopecurus pratensis 228, 229 202 311, 312 194, 195 209, 212 195 172,17 179 - - - -

Avena sativa - 196 312 200 - - 172 181 - - - -

Briza media 229 - - 195, 196 209, 212 188 172,173 - - - - -

Bromus erectus 229 196 311, 312 185,186, 209 188 - 178 - - - -
188

Cynosurus cristatus 229 197 305 193, 194, 209, 212 197 172 179 194 - - -
195

Dactylis glomerata 227, 229, 196 312, 314, 194,195 209, 212 195 172 179,180 194 219 - -

230 315 181
Festuca arundinacea 229 196 313 194 209 195 172 181 - - - -
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Festuca gigantea - 196 313 194 209, 212 195 - 181 - - - -
Festuca ovina 229 196 312, 314, 194,195 209, 212 195 172,173 179,180 - - - -
317 181
Festuca pratense 229 196 313 194 209 195 172 181 194 - - -
Festuca vivipara 229, 230 196 314, 317 194, 195 209, 212 195 172,17 180 - - - -
Festuca rubra 229 196 311, 312 194, 195 209, 212 195 172 179, 18289, 194 - - -
Holcus lanatus - 196, 197 312 194, 195 212 195 174 180 194 - - -
Hordeum vulgare - 196 - - 209 - 172 181 194 219 194 -
Koeleria macrantha - 196, 197 312, 313 195, 196 212 188 - 179 194 - - -
Lolium canariense 227,229 196 308, 312, 194, 195 209, 212 195 171,172, 181 - - - -
313, 314 173
Lolium hybridum 227, 229 196 312 194, 195 209, 212 195 172 181 189, 219 194, 195 305
Lolium multiflorum 227,229 196, 197 312, 314, 194, 195 209, 212 195 172 181 178 218, 219 - -
315
Lolium perenne 217-230 196-200 305-318 193-200 209-212 194-203 -1rR 179-182 175-194 219 194-196 301-307
Lolium persicum 228, 229 196 313, 317 194, 195 209, 212 195 - 181 - - 194, 195 -
Lolium remotum 229 196 316 194, 195 212 195 172 181 176 219 - 308!,
Lolium rigidum 229 196 312, 318 194, 195 209 195 172 181 176 21%, - 304
Lolium subulatum 228, 229 196 314, 317 194, 195 212 195 174 181 - 9 21 - -
Lolium temulentum 227 196, 197 311, 312, 195 209 195 172 181 176 219 194, 195 305
317
Phleum pratense 229 196 311, 312, 194 - 201 172 - 189 - - -
317
Poa pratensis 229 197 - 194, 195 - 195 172, 177 179 194 219 - -
Poa palustris 229 196 - 194, 195 209, 212 195 172, 177 - - - - -
Secale cereale - 196 - 200 209 - 172 - - - 194 -
Triticum aestivum - - 312 - 209 - - 181 - - 194 -
xTriticosecale - 196 - - 209 - 172 181 194 218, 219 194 -
Size ranges 217-230 196-200  305-318 193-200 209-212 194-203 172-173 179-182 175-194 194-196 301-307
L. perenne (227-230) (196-202) (305-318) (185-200) (209-212) (188-201) (171-177) (178-184) (176-194) (215-219) (194-195) (304-305)
(other species
Allele numbers 8 (4) 8 (3) 9 (10) 709 8(2) 3(7) 3(5) 8 (5) ® 1(3) 702 8(2)

L. perenne (other

species

- = no amplification
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2.4.4 Data analysis on full dataset

Ten primer pairs were chosen from the twelve pripaars tested initially because of
ease of scoring. A total of 1,575 individuals asrd®4 accessions were genotyped

using the twelve markers.

Allele information

All ten cpSSR marker loci were found to be polyntocp ranging from marker
TeaCpSSR7 with four alleles, to marker TeaCpSSRB @22 alleles (Table 2.4.3).
The distribution of alleles in the populations earibetweern.. perenneecotypesl.
perennecultivars and the groups of other species. At lotaaCpSSR8, there was
only one allele present in the&estuloliumcultivars, but ten alleles present in Irish
perenneecotypes. Loci TeaCpSSR3 and TeaCpSSR8 had tgestanumber of
alleles forL. perenneecotypes. Loci TeaCpSSR2, TeaCpSSR3 and TeaCpB&R4
the largest number of alleles fdr. perennecultivars. Locus TeaCpSSR3 was
extremely rich in alleles, including eleven allelesthe other testedolium species.
Generally there were more alleles uniqué.t@erenneecotypes than in all the other
species groups. Marker locus TeaCpSSR8 was thestidbcus for unique alleles in
L. perennein general. For locus TeaCpSSR8, there were filtea unique to the
Irish L. perenneecotypes, five alleles unique to the European/Nkzestern ecotypes,
and one allele unique to the otHeslium species. None of the alleles at this locus
were unique to theFestuloliumcultivars or toFestucaspecies. Locus TeaCpSSR7
was an exception with no allele being uniqud.t@erenneaccessions. None of the
alleles, across all loci, were diagnostic by thdwese for a single population, but
some were for a defined group of populations. H@weunique alleles were present
only in groups containing more than one allele.eEhalleles were unique for nan-
perennelLolium species (at loci TeaCpSSR3 and TeaCpSSR8). Geneaxalbss all
ten marker loci no unique alleles féestucaandxFestuloliumaccessions were found
(Table 2.4.3).
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Haplotype information

The 104 tested populations had a large amount gibtygpic variation (Table 2.4.4,
Figure 2.4.9). Of the 511 haplotypes present, 3&Base were unique to individual
populations. Generally with a few exceptions eafcthe 104 populations had a range
of unique haplotypes (Table 2.4.4). Eleven poporfetihad no unique haplotypes,
while four populations I{. temulentumL10, F. arundinacea, F. giganteand F.
pratensi3 were composed of completely unique haplotypebléra.4.4). No single
haplotype was present in all groups of populatidi® of the haplotypes were only
present in IriskL. perenneecotypes (Figure 2.4.9) of which 97 were uniqusitgle
populations. Thus 15 haplotypes were shared onlgngnirishL. perenneecotypes
and were diagnostic for these accessions (Tablg)224 haplotypes were unique to
EuropeanL. perenneecotypes of which 106 were unique to single pdpria. 18
haplotypes could be considered as diagnostic faofaanl. perenneecotype
accessions (Table 2.4.5), especially for ecotypieshe Northern European and
Western European geographical regions. 45 haplstyeee found only ith. perenne
cultivars of which 42 haplotypes were unique t@irpopulations. Three haplotypes
were shared amonlg. perennecultivars (Table 2.4.5), and were found in cults/a
‘Aurora’, ‘Cancan’, ‘Magician’ and ‘Shandon’. 52 igue haplotypes were detected in
xFestuloliumcultivars of which 32 were unique to single popiolas. 74 haplotypes
were specific to othdrolium species of which 69 were unique to single poputatio
21 haplotypes were found to be specific Festucaspecies of which 20 were unique
to single populations. In total, 29 haplotypes wehared betweenxFestulolium
accessions andlolium accessions, of which 26 haplotypes were shared iith

perennescotypes (Figure 2.4.9).
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Table 2.4.3Number of alleles (and unique alleles) per locusaoh group of accessions.

N TeaCpSSR1 TeaCpSSR2 TeaCpSSR3 TeaCpSSR4 Tea&pSSRaCpSSR7 TeaCpSSR8 TeaCpSSR10 TeaCpSSR11 Té&pSS Total
number
of alleles/
group
Irish Lolium perenne 480 6 (2) 6 (1) 11 (1) 6 (1) 7 (3) 3 10 (5) 3(1) 4(2) 60
ecotypes
European and other 496 3() 8(3) 16 (3) 5 3(@1) 2 965 4 (2) 4 (2) 4 (1) 58
geographic regiondl.
perenneecotypes (total)
Northern Europe\ 100 2 2 11 3 2 2 3 1 2 3 13
North AfricaO 48 2 3 5 3 2 2 3 2 1 2 52
Near Easih 60 2 4 4 2 2 2 1 1 2 4 24
Southern Europ® 128 3 4 8 4 2 2 3 3 2 2 33
Western Europ® 80 2 5 6 2 2 2 4 2 3 3 13
Eastern Europ@ 80 2 3 5 3 3 2 1 1 2 2 4 2
L. perennevarieties 259 5(@) 5 8 4 (1) 5() 2 2 3 3(2) 4 (2) 41
xFestulolium 140 2 1 8 2 2 2 1 1 1 2 22
OtherLolium species 136 3 11 (2) 2 2 4 2 (1) 1 3 3 33
Festucaspecies 64 1 1 5 2 2 2 4 2 1 1 21
Total number of alleles/ 8 10 22 7 10 4 17 6 7 8 99

locus

N: Number of individuals

The numbers of unique alleles are shown in pareethe

12



Table 2.4.4Group, haplotype numbers and diversity informataraccessions used

in this study.
Species Accession Group ? N° [ HE N N
Number Haplotypes/ Unique
population haplotypes
L. perenne IRL-OP-02337 11 15 0.180 9 2
L. perenne IRL-OP-02059 |2 14 0.202 12 1
L. perenne IRL-OP-02007 13 14 0.177 11 2
L. perenne IRL-OP-02011 |4 14 0.20} 11 0
L. perenne IRL-OP-02015 15 14 0.268 15 5
L. perenne IRL-OP-02048 |1 6 14 0.202 10 2
L. perenne IRL-OP-02192 |17 14 0.19} 11 1
L. perenne IRL-OP-02312 |18 14 0.219 12 3
L. perenne IRL-OP-02320 19 14 0.202 11 2
L. perenne IRL-OP-02064 10 16 0.190 10 1
L. perenne IRL-OP-02078 111 18 0.324 15 5
L. perenne IRL-OP-02230 112 16 0.338 15 8
L. perenne IRL-OP-02128 113 14 0.122 5 2
L. perenne IRL-OP-02538 114 1§ 0.198 8 2
L. perenne IRL-OP-02274 | 15 16 0.174 9 1
L. perenne IRL-OP-02480 | 16 16 0.276 16 5
L. perenne IRL-OP-02442 117 16 0.270 15 2
L. perenne IRL-OP-02444 118 16 0.191 10 1
L. perenne IRL-OP-02068 119 15 0.28f 14 7
L. perenne IRL-OP-02241 | 20 16 0.258 13 5
L. perenne IRL-OP-02419 |21 1§ 0.253 14 3
L. perenne IRL-OP-02258 | 22 16 0.191 11 3
L. perenne IRL-OP-02272 | 23 16 0.30L 16 6
L. perenne IRL-OP-02250 |24 17 0.260 13 2
L. perenne IRL-OP-02267 | 25 16 0.292 15 4
L. perenne IRL-OP-02269 | 26 17 0.248 15 1
L. perenne IRL-OP-02173 | 27 16 0.278 12 2
L. perenne IRL-OP-02483 | 28 16 0.26P 16 1
L. perenne IRL-OP-02491 | 29 16 0.248 14 1
L. perenne IRL-OP-02018 | 30 16 0.286 14 4
L. perenne GR 5092 Al 16| 0.199 12 2
L. perenne Pl 598445 YAV 12| 0.146 8 0
L. perenne ABY-Ba 12896 A3 16| 0.128 8 5
L. perenne NGB14250 N4 12| 0.285 11 2
L. perenne 16-7-62-2 A5 16| 0.268 13 5
Nordic
L. perenne P1 619024 yaN <) 12| 0.106 6 2
L. perenne W6 9339 AT 16| 0.247 14 2
L. perenne P1 610958 a8 16| 0.260 14 7
L. perenne ABY-Ba 11315 0o 16| 0.206 12 5
L. perenne El (m o] 16| 0.066 4 3
L. perenne W6 11325 All 16| 0.114 6 1
L. perenne Pl 598512 Al?2 16| 0.188 9 1
L. perenne P1 547390 Al13 12| 0.118 5 1
L. perenne Pl 317452 Al4 16| 0.165 9 1
L. perenne No 10 Spain m15 16| 0.250 13 6
L. perenne 3408 lItaly m16 16| 0.264 15 4
L. perenne W6 16127 m17 15| 0.19] 9 8
L. perenne 3013 Romania m18 17| 0.235 15 3
L. perenne 3199 Romanid W19 16| 0.235 14 0
Podoloni
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L. perenne 920 Bulgaria 20 16| 0.206 11 0
L. perenne Pl 418701 m21 16| 0.120 6 1
L. perenne ABY-Ba 11478 W22 16| 0.132 14 3
L. perenne W6 9286 Q23 16| 0.155 9 2
L. perenne ABY-Ba 11514 Q24 16| 0.182 10 3
L. perenne CPI 44924 Q25 16| 0.205 11 0
L. perenne GR 5095 Q26 16| 0.205 12 2
L. perenne GR 5105 Q27 16| 0.238 12 5
L. perenne Pl 274637 028 16| 0.158 10 1
L. perenne Pl 267058 029 16| 0.099 5 0
L. perenne Pl 182857 030 16| 0.232 6 6
L. perenne Pl 321397 031 16| 0.232 12 5
L. perenne IV-51-161 032 16| 0.245 14 3
Hungary
L. perenne cv. Aurora V1 17| 0.249 12 1
L. perenne cv. Barlenna V2 1 0.229 10 3
L. perenne cv. Cancan V3 1 0.302 15 5
L. perenne cv. Cashel V4 1§ 0.172 5 1
L. perenne cv. Fennema V5 16 0.207 11 3
L. perenne cv. Greengold V 6 17 0.161 9 0
L. perenne cv. Magician V7 16| 0.254 14 3
L. perenne cv. Millenium V 8 16| 0.157 9 0
L. perenne cv. Navan V9 16 0.272 11 3
L. perenne Cv. VvV 10 16| 0.259 14 3
Odenwaelder
L. perenne cv. Portstewart V11 16 0.193 9 2
L. perenne cv. Premo V12 1 0.167 9 0
L. perenne cv. S24 V 13 17) 0.199 12 4
L. perenne cv. Sarsfield V14 1§ 0.238 12 1
L. perenne cv. Shandon V15 16 0.213 11 2
L. perenne cv. Talbot V 16 16| 0.234 13 4
L. canariense | Pl 320544 L1 14 0.239 7 6
L. hybridum ABY-Ba 13122 L2 16| 0.157 9 9
L. hybridum GR11849/94 L3 g 0.109 5 3
L. multifliorum | GR11855/98 L4 g 0.231 6 4
L. persicum Pl 229764 L5 14 0.06% 3 3
L. remotum GR11839/99a L6 § 0.05p 3 1
L. rigidum GR11848/91 L7 g 0.066 4 4
L. subulatum | P1197310 L8 14 0.156 6 6
L. temulentum | ABY-Ba 13643 L9 16 0.227 13 10
L. temulentum | ABY-Ba 8917 L 10 16 0.174 9 9
L. temulentum | GR11880/82 L11 8 0.14) 5 5
xFestulolium | cv.Perun F1 16 0.240 13 9
braunii
xFestulolium | cv.HD 14 DK F2 16| 0.247 13 6
braunii
xFestulolium | cv. Paulita F3 1§ 0.207 11 5
braunii
xFestulolium | cv. Achilles F4 16| 0.187 10 1
braunii
xFestulolium | cv.Lesana F5 16 0.213 13 0
Lolium
multiflorum x
Festuca
arundinacea
xFestulolium | cv.Becva F6 1 0.251 13 1
Lolium
multiflorum x
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Festuca
arundinacea

xFestulolium
Lolium
multiflorum x
Festuca
arundinacea

cv. Lofa

F7

16

0.273

15

10

xFestulolium
Lolium
multiflorum x
Festuca
arundinacea

cv. Korina

F8

16

0.215

11

xFestulolium
Lolium
multiflorum x
Festuca
arundinacea

cv. Felina

F9

12

0.214

Festuca
arundinacea

cv. Dovey

NL 1

Festuca
gigantea

P1 440362

NL 2

0.12]

A4

Festuca ovina

P1 634304

NL 3

0.14

Festuca
pratensis

cv. Northland

NL 4

0

1

1

Festuca rubra

IRL-OP-02174

NL 5

0.11%

3

Festuca

P1251118

NL 6

0.10

D

4
5

3

vivipara

8Group: | = Irish ecotype/\= Northern Europe group O = North Africa group 2 A= Near East
group 3,® = Southern Europgroup 4,0 = Western Europgroup 5,8 = Eastern Europe group 6, V
= Lolium perennevariety, NL = nontolium species, L $oliumspecies®N = number of individuals,
°H = Nei’s (1973) gene diversity
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Table 2.4.5Diagnostic haplotypes for population groupd.ofium perenne, Festucgpecies andFestuloliumvarieties.

Diagnostic haplotypes for groups TeaCp TeaCp TeaCp TeaCp TeaCp TeaCp TeaCp TeaCp TeaCp TeaCp
SSR1 SSR2 SSR3 SSR4 SSR5 SSR7 SSR8 SSR10 SSR11 SSR12
Irish L. perennggroup
Irish 1 228 197 312 194 211 172 181 219 195 305
Irish 2 228 200 312 195 211 172 181 219 195 305
Irish 3 229 197 311 194 210 172 181 219 195 305
Irish 4 229 181 311 194 211 172 181 219 195 305
Irish 5 229 197 311 194 211 172 181 219 195 305
Irish 6 229 197 311 194 211 172 181 219 195 306
Irish 7 229 196 311 194 211 172 199 219 195 305
Irish 8 229 196 311 194 211 172 199 219 195 306
Irish 9 229 197 311 195 210 172 181 219 195 305
Irish 10 229 197 311 195 210 172 181 219 195 306
Irish 11 229 197 312 195 210 172 181 219 195 305
Irish 12 229 197 312 195 210 172 181 219 195 306
Irish 13 229 196 312 200 211 172 181 219 195 305
Irish 14 229 196 312 200 211 172 181 219 195 306
Irish 15 228 197 312 194 211 172 181 219 195 305
Europearl. perennegroup
Europe 1 228 196 312 194 210 173 178 219 195 306
Europe 2 229 196 312 194 211 173 181 219 194 306
Europe 3 229 200 310 194 211 173 181 219 195 306
Europe 4 229 196 310 195 211 172 181 219 195 306
Europe 5 229 196 310 194 211 172 181 219 195 305
Europe 6 229 196 310 194 211 172 181 219 195 306
Europe 7 229 200 312 194 210 173 181 219 195 305
Europe 8 229 200 312 194 210 173 181 219 195 306
Europe 9 229 200 311 194 211 173 181 219 195 305
Europe 10 229 200 311 194 211 173 181 219 195 306
Europe 11 229 200 312 194 211 173 181 219 195 305
Europe 12 229 200 312 194 211 173 181 219 195 306
Europe 15 229 196 310 195 210 172 181 219 194 304
Europe 16 229 196 310 195 210 172 181 219 194 305
Europe 17 229 196 311 195 210 172 189 219 194 305
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Europe 18 229 196 312 195 182 172 181 219 195 305

Europe 19 228 200 312 194 210 173 181 219 195 305
Europe 20 228 200 312 194 210 173 181 219 195 306
Commercial.. perennevarieties

Cultivar 1 228 200 311 195 211 173 181 219 195 305
Cultivar 2 228 212 311 194 211 172 181 219 195 305
Cultivar 3 228 212 311 194 211 172 181 219 195 306
Lolium species groups

Lolium1 229 196 315 194 211 172 181 219 - -
Lolium2 229 196 317 195 211 172 181 219 - -
Lolium3 229 196 315 195 210 172 181 219 194 305
Lolium4 229 196 315 195 210 172 181 219 194 306
Lolium5 229 196 315 195 210 172 181 219 - -
xFestuloliumvarieties

xFestuloliuml 228 196 313 194 210 172 181 219 195 306
xFestulolium2 228 196 313 195 210 172 181 219 195 306
xFestulolium3 228 196 314 195 210 172 181 219 195 306
xFestulolium4 228 196 313 195 211 172 181 219 195 305
xFestulolium5 228 196 313 195 211 172 181 219 195 306
xFestuloliumé 228 196 313 195 210 173 181 219 195 305
xFestulolium? 228 196 313 195 210 173 181 219 195 306
xFestulolium8 228 196 313 195 211 173 181 219 195 305
xFestulolium9 228 196 313 195 211 173 181 219 195 306
xFestulolium10 229 196 313 194 211 172 181 219 195 305
xFestulolium11l 229 196 313 194 210 173 181 219 195 305
xFestulolium12 229 196 313 194 211 173 181 219 195 305
xFestulolium13 229 196 313 194 211 173 181 219 195 306
xFestuloliuml14 228 196 313 194 211 172 181 219 195 306
xFestulolium15 229 196 313 195 210 173 181 219 195 305
xFestulolium16 229 196 313 195 210 173 181 219 195 306
xFestulolium17 228 196 313 194 210 173 181 219 195 305
xFestulolium18 228 196 313 194 210 173 181 219 195 306
xFestulolium19 228 196 313 194 211 173 181 219 195 305

xFestulolium20 228 196 313 194 211 173 181 219 195 306




Festucagroup

Festucal 229
Festuca2 229
Festuca3 229

194
195
195

195
195
195

172
172
172

212
212
212

180
180
180

211
211
211

196
196
196

312
314
317

- : No amplification
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European/Near Eastern L.
xFestulolium - perenne ecotypes

L. perenne
varieties

Festuca

Lolium

Irish L. perenne ecotypes

Figure 2.4.9Edwards’ Venn diagram demonstrating shared anduertii@plotypes for
the IrishL. perenneecotypes, European/Near Easteriperennescotypesl. perenne
commercial varieties, oth&olium speciesxFestuloliumvarieties, andrestuca

species. Shared haplotypes among groups are n3euats.

Genetic distance between populations

The genetic distance matrix between the populatisrshown in Appendix 8.3. The
UPGMA dendrogram constructed from this matrix i®wh in Figure 2.4.10. The
source of geographical groupings is shown in Figurell. One group dfestuca
species was resolved outlying all other accessidhis group consisted d¢f. oving

F. rubra, andF. vivipara (Figure 2.4.10: group |) and was supported by adicp
value of 99%. A single accessionlafperenng®17, was also an outlying accession
and was isolated from the rest of theperennescotypes as was another accesdion,
multifiorum L4, (Figure 2.4.11: groups V, VI). The majority tbfe tree could be split
in several major groups (ll, Ill, IVa, and IVb). @p Il contained two furthdfestuca
species and &. temulentumaccession (L11). The grouping Bf pratensisand L.
temulentun{L11) was supported by a bootstrap value of 100%u IIl contained a
number ofLolium species. Accessions within this group were strosgiyported by
bootstrap valued.olium hybridumandL. rigidum could be clearly separated from
each other. The other major group was divided imto subgroups (groups IVa and
IVb). Group IVa contained the majority of the Iridh perenneecotypes and

commercialL. perennecultivars, with the exception of accessions 19 H®l Further
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exceptions in group IVa were three Européarperenneaccession#15, ®18 and
W19. Group IVb contained most of the Européamperenneecotype accessions and
two cultivars ‘Barlenna’ and ‘Talbot’. Also preseint this group was an assemblage
of xFestuloliumcultivars andr. gigantea.These ones were however clearly separated
from the EuropearL. perenneaccessions in group IVb. Exceptions were the
xFestulolium cultivars ‘Lesana’, ‘Becva’ and ‘Korina’, which guped with
accessions in group IVa. These thré@stuloliumcultivars had.. multiflorumas the
female parent. There was no bootstrap support fanymmajor groups on the

dendrogram.

A second UPGMA dendrogram showing the similaritoetween eleven groups of
accessions was constructed to support the AMOVAyaisaand to investigate the
broad-scale geographical structuring (Figure 2.The group ofFestucaspecies
were outlying all other groups (Figure 2.4.12, grdu The rest of the dendrogram
was split into two major groups (Figure 2.4.12,up® Il and IIl). The first group (I1)
contained the Irish.. perenneecotypes, thé. perennecultivars, theLolium species
and theFestuloliumcultivars. The second group (lll) contained all @Guegan/Near
EasternL. perenneecotypes and could be split into two subgroupsa (dhd 1lIb).
Subgroup llla consisted of the Southern Europeaesté&/n European and Northern
European ecotypes, while subgroup llib consistethefNorth African, Near Eastern
and Eastern European ecotypes. There was moderagteotl bootstrap support for

many branches of the tree.
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w17 L. perenne VI
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18 L. perenne \
90 V3 L. perenne cv. Cancan \

127 L. perenne
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Figure 2.4.10 Unrooted dendrogram showing similarities betweerputetions,
constructed using the unweighted pair group methath arithmetic means
(UPGMA) method (Sneath & Sokal, 1973) as impleménte POPGENE (Yeh &
Boyle, 1997), based on Nei's genetic distance nreasiNei, 1972). Numbers on the
branches are percentage bootstrap values generat&difSYSpc V2.2 (Rohlf,
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2005)%V/: V represents a grade of two outlying accessidbiferent symbols
represent a geographical group:= Northern Europe O = North AfricaA = Near

East® = Southern Europé&) =Western Europ® = Eastern Europe, | = Ireland.

Figure 2.4.11Map of the distribution of six geographidadlium perenneccession
groups included in this study. Different symbolpresent a geographical groufy: =
Northern Europe 0O = North AfricaA = Near Eastll = Southern Europé)
=Western Europ® = Eastern Europe, | = Ireland. Accessions nortthefbold line
were in the category “north of the Alps”, and theseath of the line were in the
category “south of the Alps”.

Source of maphttp://geography.about.com/library/blank/blxeurdsia
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Figure 2.4.12 Unrooted dendrogram showing similarities betweemupgs of
accessions, constructed using the unweighted paupgmethod with arithmetic
means (UPGMA) method (Sneath & Sokal, 1973) asemphted in NTSYSpc V2.2
(Rohlf, 2005), based on Nei’'s genetic distance mneass(Nei, 1972). Numbers on the
branches are percentage bootstrap values genardd@@®&YSpc V2.2 (Rohlf, 2005).

Genetic diversity

Nei's gene diversity value (H; Nei, 1972) withincassions ranged between zero
(NL1 and NL4) and 0.333 with the Irish ecotype I{RPable 2.4.4). Only one
haplotype was present in tRearundinaceaandF. pratensigpopulations, thus their h
values were zero. The lowest h value of 0.052 wasd in aL. remotumpopulation
(L6, Table 2.4.4). H values were higher in thehrend European/Near Eastdrn
perenneecotypes ranging between 0.190 and 0.236. In tier giroups of accessions,
values for cultivars were h = 0.219, otHeslium species h = 0.148Festulolium

cultivarsh = 0.201, andFestucaspecies h = 0.083.

The total gene diversity (HTable 2.4.6) based on Nei's gene diversity indsuided
populations (Nei, 1987) ranged from the lowest galin Near Easterh. perenne
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accessions (H= 0.233) to the highest values in Southern Eunopeaperenne
accessions (H= 0.359). Hvalues for other accession groups were within rtige.
The gene diversity within subdivided populationss)(ifanged between 0.077 for
Festucaspecies and 0.238 for Irigh perenneecotypes. The highest;Malue in the
Irish L. perenneecotypes was closely followed by the value fdfestulolium
accessions (K= 0.227). The Kvalue for Near Eastern. perenneecotypes was the
lowest (H = 0.146) amond.. perenneaccessions. values ranged from 0.238 in the
Irish L. perenneecotypes to 0.716 in thHeéestucaspecies. As ¢ becomes closer to
one, the populations within the groups are morekedy different from each other.
The xFestuloliumcultivars had exactly the same;@lue (0.285) as commercial

perennecultivars.

Table 2.4.6Diversity statistics based on Nei’'s analysis ofediversity in
subdivided populations (Nei, 1987) for geographgralups ofLolium perenne
ecotypesl.. perennédreeding varietied,olium speciesxFestuloliumvarieties and

Festucaspecies.

N Hi H. Gy

Irish Lolium perennecotypes 480 0.312 0.238 0.238

European and other geographic regional 496 0.330 0.188 0.431
L. perenneecotypes (total)

Northern Europe\ 100 0.327 0.197 0.397
North Africaldd 48 0.254 0.177 0.301
Near Easih 60 0.233 0.146 0.373
Southern Europ® 128 0.359 0.217 0.395
Western Europ® 80 0.347 0.191 0.449
Eastern Europ@ 80 0.247 0.166 0.328
L. perennevarieties 259 0.302 0.216 0.285
xXFestulolium 140 0.318 0.227 0.285
OtherLolium species 136 0.341 0.142 0.585
Festucaspecies 64 0.269 0.077 0.716

N = Number of individuals; K Total gene diversity; §lDiversity within subdivided

populations; G, Coefficient of genetic differentiation

AMOVA results

AMOVA analysis was carried out on fifteen differesutbgroups of accessions, to test
for differences in genetic structure within andvietn Irish and European ecotypes,
to test possible geographic migration routes, antest for differences between and

within L. perenneaccessions angFestuloliumcultivars (Table 2.4.7). In general, the
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variation among populations accounted for lessheftotal variation than that found
within populations. For example, for the Irish aBdropeanL. perenneecotype
comparison, the within population variation acceantor 63% of total variation. The
among population variation accounted for 26% oélteariation and among group
variation accounted for 11% of total variation. $beesults were comparable to the
variation found within and among partitions in the perenneand xFestulolium
comparison (64% within population variation, 17%aag population variation and
19% among group variationjHowever there was more variation among groups and

less variation at the among population level (T&xe7).

Within population variation of Irish.. perenneecotypes accounted for 82% of the
variation and among population variation accourfted18%. For the Europeahn.
perenne ecotypes the situation was different. The withiopylation variation
accounted for only 61% of the total variation, ahd among population for 39%
(Table 2.4.7). For all AMOVA calculations all resilwere highly significant (g
0.001). For analyses comparing the phylogeograstnicture in the European/Near
Eastern ecotypes, the percentages of variationuated for by among and within

population variation were similar for all the ptdns tested (data not shown).

For all calculations comparing migration routes tamong group and among
population variation was highly significant {@.001). All within population

variations were not significant. In both tests fewvidence of a Mediterranean
migration route, among group variation was less thaequal to zero (Table 2.4.7).
For the two tests investigating phylogeographiudtre on a possible Danubian
migration route (Southern vs. Western Europe andtHgon vs. Eastern Europe)
among group variations were low but significantieth and four %, respectively
(Table 2.4.7). Similarly, for both tests investiggt phylogeographic structure on a
possible North African migration route, among grougriations were low but

significant, two and four %, respectively (Tabld.Z). A post-glacial migration route
appeared to be possible since among group vari&tiothis possible post glacial
migration route was zero £0.001). For migration into Ireland from three
neighbouring geographical groups, the lowest angyogp variation was found in the

partition between Southern European and Itislperenneecotypes with only 5%.
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The values for Western European and Northern Eamoggoups were higher, each

10%, respectively.

Table 2.4.7Analysis of molecular variance (AMOVA) for Irish dfcuropeariolium

perenneaccessionssFestuloliumvarieties, and subgroups within European/Near

EasterrL. perennescotype accessions.

Source of Variation

Migration df? ssp
route

Variance
component

Variance P°

Irish ecotypes
Among populations
Within populations

N/A
29 140.17
449  493.29

0.23
1.10

18
82

*k%

*k%

European ecotypes
Among populations
Within populations

N/A
31 312.84
462  427.57

0.59
0.93

39
61

*k%

*kk

Irish ecotypes vs.
European ecotypes
Among groups (Irish

ecotypes vs. European

ecotypes)

Among
populations/within
groups

Within populations

N/A

1 95.24

61 453.01

911 920.86

0.18

0.42

1.01

11

26

63

*kk

*kk

K%k

Irish L. perenne
ecotypes vs.

XFestulolium varieties
Among groups (Irish.

perenne ecotypes v

XFestuloliumvarieties)

Among
populations/within
groups
Within populations

N/A

1 74.98

38 201.84

580 622.31

0.32

0.28

1.07

19

17

64

*k%

*%k%

K%k

European L. perenne
ecotypes vs.

XFestulolium varieties

Among groups
(Europearl. perenne

ecotypes WFestulolium

varieties)

Among
populations/within
groups

Within populations

N/A

1 47.00

40 37451

593 556.59

0.17

0.56

0.94

10

34

56

*kk

*%k%

*kk

Near East A Vv
Southern Europe m
Among groups (Near
Eastern ecotypes v
Southern European
ecotypes)

Mediterranean,
Danubian
1 8.95

-0.01

*kk

Southern Europem v
Western Europe O
Among groups
(Southern European

Mediterranean

1 11.76

0.00

K%k
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ecotypes v Western
European ecotypgs

Southern Europem v Danubian

Eastern Europe e

Among groups 1 18.48
(Southern European

ecotypes v Eastern

European ecotypes)

0.06

*kk

Eastern Europee v Danubian

Northern Europe A

Among groups (Eastern 1 12.92
European ecotypes v

Northern European

ecotypes)

0.04

*kk

Near East A v North North African

African

Among groups (Near 1 10.01
Eastern ecotypes v

North African ecotypes)

0.03

*%k%

North Africad v North African

Southern Europe m

Among groups (North 1 15.65
African ecotypes v

Southern European

ecotypes)

0.08

*kk

All north of the alps
ecotypes v all south of
the alps ecotypes
Among groups (All 1 10.63
northern ecotypes v all

southern ecotypes)

Among 31
populations/within

groups

Within populations 477

Post-glacial

312.45

444.82

0.00

0.59

0.93

39

61

*%k%

*kk

N/S

Southern Europem v Into Ireland
Irish ecotypes

Among groups 1 21.91
(Southern European

ecotypes v Irish

ecotype}

Among 36
populations/within

groups

Within populations 568

216.10

630.13

0.08

0.31

1.09

21

74

*kk

*%k%

*%

Western Europe O v Into Ireland
Irish ecotypes

Among groups (Western 1 26.49
European ecotypes v

Irish ecotypep

Among 33
populations/within

groups

Within populations 524

192.76

564.79

0.15

0.30

1.08

10

19

71

*kk

*%k%

*k%

Northern Europe A v Into Ireland

Irish ecotypes

Among groups 1
(Northern European

ecotypes v Irish

ecotype}

31.30

0.16

10

*kk
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Among 35 198.72 0.29 19
populations/within

groups

Within populations 542  583.69 1.08 71w

%d.f.: degrees of freedoMSSD: Sum of squared differencgs, ** indicates
significance value P = <0.01, *** indicates signdnce value P = <0.001, N/S

= not significant, N/A = not applicable
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2.5 Discussion

2.5.1 Characterisation of cpDNA diversity at altedind haplotypic level

All accessions studied displayed a high level dbA SSR allelic variation and
considerable numbers of haplotypes were found wiglsiotypes, within cultivars and
within closely related groups of accessions. Tlgh lallelic variation also allowed a
high total number of 511 haplotypes to be detectéth an average of 10.375
haplotypes per accession. Partially this extrentegh allelic variation could be
explained by the importance bf perenneas a widely cultivated agricultural species.
Seed dispersal is the main factor affecting mateplastid diversity over geographic
space. Seeds could have been moved deliberatelpa@ndentally by grazers, birds
and wind or by human involvement including seeddraVe have detected numerous
chloroplast haplotypes withiholium populations which would suggest that seed
dispersal is high between populations over largegggphical areas. The high
haplotype diversity contrasts with that found irhet species groups studied in
Ireland. For example, Kellehet al (2004) used plastid DNA markers (PCR-RFLPS)
to characterise plastid types in Irish oak. Thaynfib low diversity in comparison with
the rest of Europe and low diversity within popidas (many showing no haplotype
variation). However, other studies such as Ettl (1998) at nine SSR loci detected
25 alleles and 23 different haplotypes in 159 imlials of red pineRinus resinospa
Relatively high levels of haplotype variation haveen found within and between
Irish populations of the outbreedifgaxinus excelsiofHarbourneet al. 2005). The
results presented here foolium are the first to characterise an allogamous pé&enn
grass in Ireland. Clearly the breeding system aitiivation history of the species are
contributing factors to the high diversity of pidsDNA recorded within and among
populations. Rapid molecular evolution of the SSRirkars may also be a
contributing factor.

Some of the marker loci tested in our study wereenvariable than others. There are
several possible reasons for this. For example,ldbes with the least amount of
variation, TeaCpSSR7, is located within a getmeH), whereas the locus with the
highest amount of variation, TeaCpSSR3, is locatedn intergenic spacer region

(trnL andtrnL-F intergenic spacer). This would be in accordanité the theoretical
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expectations for the evolution rate of these paldicgenomic regions (e.g. Wolét
al. 1987). Moreover, the length of the cpSSR PCR prbdould play a role. At locus
TeaCpSSR7 the length of the PCR product is shdhan the product at locus
TeaCpSSR3 (McGratht al. 2006). The length of the PCR product could redhee
theoretical possible likelihood of variation for given length of sequence.
Furthermore, longer cpSSR loci are known to disgiégher levels of molecular
divergence than shorter cpSSR loci (Proednal. 2001) partially because slipped
strand mis-pairing during DNA replication is greatgthin these regions.

Individual accessions showed a range of variation gene diversity values,
particularly among the ecotypes. For example, géwersity values in IrishL.
perenneecotypes ranged from 0.122 to 0.333 (Table 2.D#jerent factors acting
on the individual populations may have affected tiygoplasmic diversity of the
ecotypes. Isolation and fragmentation of individp@pulations could reduce diversity
values, whereas increased movement of seed beteeztain ecotypes could have
caused proportionally increased diversity.

The diversity of the Irisi.. perenneecotype populations was slightly less than (but
more or less equal to) Europe&n perennepopulations (H 0.312 and 0.330,
respectively). Lower diversity might be expecteddese of the geographic position
of Ireland as an island that has isolated Itisperennescotypes from the populations
on the continent. If continental Europe was thetreenf origin forL. perennethe
Irish diversity levels may be expected to be lowowever, plastid diversity was not
markedly lower in Irish than in Europeanperennescotypes and this could possibly
be due to the thorough collection strategy of tighlteam in the ECPGR collection
that aimed to maximize the ecogeographical spréddsh L. perennepopulations.
The G; value of the IrisiL. perennescotypes is almost half that of the European/Near
EasternL. perenneecotypes (0.238 and 0.431, respectively). Thiscatgis that the
European/Near Eastein perenneecotypes are more markedly different from each
other than the Irish. perennescotypes are from each other. Because of thisythea
argued that Irish ecotype accessions could be deresi as a big meta-population.
However significant AMOVA variance components amdngh populations would

contradict such a meta-population theory.
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Haplotypes were also shown to be highly heterogemathin populations, with only
eleven out of 104 populations containing no unihaplotypes (Table 2.4.4). This
level of heterogeneity in breeding populations catitd that seed for these
populations was derived from many maternal linebjctv is in accordance with
breeding principles for allogamous forage speciégq@aah, 2006). Fifteen
haplotypes were found in a study of 44.7perenneandL. rigidum individuals (3%)

by Balfourier et al. (2000), 41 haplotypes in a study of 168axinus excelsior
individuals (24%) by Harbournet al. (2005) compared to 511 haplotypes in 1,575
individuals (32%) in this study. While 27% of hapylpes detected in the study by
Balfourieret al. (2000) were unique to single populations, 71%agflbtypes detected

in this study were unique to single populations.

2.5.2 Plastid genome identification for breedingrpmses and identification of

cytoplasmic gene pools

While none of the alleles for each of the ten cpS#8Rre diagnostic for individual
populations, several of the alleles found were uaitp specific population groups
(Table 2.4.3). It is possible that germplasm frémase collections could be identified
by genotyping these cpSSR markers if sufficient bers of individuals are tested.
Particularly useful for this purpose could be markeaCpSSR8 where half of the
alleles were unique to Irish or Europdanperenneecotype accessions, respectively
(Table 2.4.3). At the haplotype level, the majonfyhaplotypes detected were unique
to specific groups of populations (Figure 2.4.9Ni\& the high level of heterogeneity
of haplotypes within populations made it difficati assign individuals to specific
populations, it was possible to use these haplstypeassign individuals to specific
groups. For example, 22% of haplotypes were specdi the IrishL. perenne
ecotypes, and 24% of haplotypes were specific & dtiher Europeah. perenne
ecotypes. These haplotypes have potential to digBh geographid.. perenne

ecotypes and accessions (Table 2.4.5).

The high level of variation, both allelic and hapglac, in the European and Irigh
perenneecotype collection in comparison with perennecultivars suggests that the
full cytoplasmic diversity is still underexploited breeding material (Table 2.4.3 and

Figure 2.4.9). Ecotypes with unique plastid vaoiatinot present in breeding material,

91



could be useful to expand the cytoplasmic gene fmobreeding of the species. A
wide variation in plastid type can be useful to @amte the possibility of yield gains
and yield stability as demonstrated on a datagepdtato (Provart al. 1999a). For
both UPGMA dendrograms (Figures 2.4.10 and 2.4th2)ten cpSSR markers were
able to distinguish among Irish and Europeanperenneecotypes. This outcome
indicated the usefulness of these ten cpSSR matkerdentify cytoplasmic gene

pools in ecotypes and breedibhgperenneggermplasm.

Identification of plastid type is also useful fonet study of introgression and
hybridisation (Johannesseazt al. 2005; Hodkinsoret al. 2002), as plastid marker
information can identify the source of introgressiand can be used in parentage
analysis. For examplé,. temulentun{L11) grouped with twd~estucaspecies NL1
and NL4 (Figure 2, group Il). This could be an gation of introgression of the
plastid genome fronfFestucaspecies intoLolium. AMOVA analysis of Irish and
European and Near Eastetn perenneecotypes versus theFestuloliumcultivars
showed there was almost twice as much of the argongp variation between Iridh
perenneecotypes anaFestuloliumcultivars than between the European/Near Eastern
L. perenneecotypes andkFestuloliumcultivars (Table 2.4.7). This could suggest
more movement of cytoplasmic material between Eemop ecotypes and
xFestulolium cultivars than with IrishL. perenne ecotypes. Six out of nine
xFestulolium cultivars grouped with the Europedn perenneecotypes (Figure
2.4.10), which also could indicate introgressioonfrEuropean and Near Eastérn

perennescotypes inte<Festulolium

Plastid identification could also be used to vetlgt seed or seedlings derived from
crosses in breeding programmes were assigned tootinect maternal parene.(.
Gauthieret al, 1997). This could be particularly helpful foolium breeding in which
multiple maternal lines are used in plant breediog cross breeding).

2.5.3 Phylogenetic and phylogeographic genetictira ofLolium

Studying plastid DNA variation can contribute toyfdgenetic analysis. UPGMA data
demonstrated that two broad-leavegstucaspeciesF. arundinaceandF. pratensis,
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and three narrow-leavdeestuca species, F. ovina, F. rubmadF. vivipara, grouped
together, respectively (Figure 2.4.10). The brasal#d Festucaspecies grouped
closer toLolium. Both of these findings were in agreement withvignes studies
(Darbyshire & Warwick, 1992; Catalat al. 1997; Charmegt al. 1997; Catalamt al.
2004; Torrecillaet al. 2004). However, some unusual groupings have oatumréhe
UPGMA dendrogram (Figure 2.4.10). For example, ohthe Europear.. perenne
ecotypes M17) was separate from all othé&olium accessions. This particular
accession was from Sardinia where previously afiativersity was found for other
species as wel(e.g. Papaet al. 1998). Moreover, unlike other studies (Catataral.
1997; Charmeet al. 1997; Catalaret al. 2004; Torrecillaet al. 2004), no separation
of allogamous and autogamolslium species was found. These unusual groupings
could be explained by high homoplasy in the dataseised by rapid molecular
evolution at the loci studied. Parallel evolution these loci would therefore be
expected to be high and this would obscure phylegersignal of the markers
(Flanneryet al. 2006).

A loose correlation of genetic and geographic dista was detected with a Mantel
test for the ecotypes where an exact geographitiggosvas available (r = 0.33).
While studies have tested the correlation betwaeriear and geographic distances
such as Cresswaedit al. (2001), this is the first study to test the catiein between
plastid genetic and geographic distancesLinperenne We believe the lack of
correlation is due to both the high within popuwatiplastid diversity and the high
degree of seed-mediated gene flow, natural and hueiated.

The AMOVA analyses indicated that most of the vasrain populations used in this
study was within groups and individual populatiomst, that there was also significant
population genetic structuring among groups (Tab#e7). Generally higher among
population variance component values are compatabdVIOVA analysis results of
other studies ot. perennepopulations using nuclear markems.g. Bolaric et al.
2005).

The results for the AMOVA analysis showing the pdn of variance within or
among groups were also useful for assessing broad-®iogeographical patterns.

For comparisons among groups examining the Meditean migration route in
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relation to other possible migration routes, thearece components between groups
for the Danubian and North African routes, wereozer close to zero. When a
variance component is close to zero, it can meantttere is no population genetic
structure (Schneideet al. 2000). Close to zero or zero values can also be an
indication that samples among groups are more lglogéated to each other than
samples within groups. This would indicate thasthpopulation groups are closer to
each other than to groups showing a higher amoagpgvariance component. For
this data set it could be an indication of a Meaditeean movement df. perenne
from the Near East across Southern Europe intonNWstern Europe, Ireland. This
is in accordance with one movement theory.operenneacross Europe as proposed
by Balfourieret al.(2000). This finding was furthermore substantiatedur study by
the result of an AMOVA for post glacial partitiogjrof south of the Alps ecotypes
against North of the Alps ecotypes. Their amongugreariation was zero as well
(Table 2.4.7). The post glacial movement hypothearis be further supported by our
UPGMA data (Figure 2.4.12). Southern European, iNort European and Western
EuropeanL. perenneecotypes grouped together and were distinct froen dtiher
European/Near Eastern. perenneecotypes. This indicated that these population
groups were more closely related to each other thather geographic groups and
that movement of seed between these groups hasedckinally, the hypothesis that
L. perennemost likely moved from the South into Ireland das supported by the
lowest among group variation for movement in the @QWA analysis with the

Southern European group (Table 2.4.7: 5%).
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2.6 Conclusion

Novel primers were designed which amplified acrosse of the ten grass
subfamilies. They have potential to be used in mathyer grass species. They have
already been applied to many other genera (e.ggkaanv et al. unpublished for

bamboos; Terrawatanonet al. unpublished for panicoid grasses).

Allelic and haplotypic variation was extremely highthin and between Irish and
Europeari. perennescotypes. Migration of seed material by naturarmhropogenic
means, including breeding, could contribute to thigh level of variability. High
plastid diversity was clearly persisting in popidas. The cpSSR markers were
shown to be extremely useful for characterizingateon in our accessions and have
enabled the identification of cytoplasmic genep@wld maternal lineages. The plastid
type of individual populations could not be unamiugsly identified, but groups of
populations could be successfully identified. Thigygests that an increase in the
number of cpSSR markers would increase the likelihof identifying individuals
within population groups (characterisation of thhen SSR markers initiated in this
chapter is ongoing; Diekmarat al.in preparation). Our findings describe broad scale
biogeographical patterns of population geneticcstme in this highly heterogenous
crop species. Furthermore some evidence was prbwdsupport possible broadscale
prehistorical geographical migrations. The resaittsconsistent with a likely pathway
of postglacial migration from Southern Europe tortNwest Europe including

Ireland.
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Chapter 3

Morphological diversity of a collection ofLolium perenne L. ecotypes and

varieties

3.1 Introduction

3.1.1 Morpholoqgy of a graggant

Grasses show a huge diversity in gross morphol&gyne are herbaceous, some
woody, some aquatic. They, apart from some outlygngups within the family
(Anomochlooideae, Pharoideae), are all charactédigethe standard grass spikelet
containing one or more florets with specialisedidires known as glumes, lemmas,
paleas and lodicules (Hubbard, 19849lium is in this sense a fairly ‘typical’ grass
genus. It has eight species (Clayton & Renvoiz&61@nd belongs to the Pooideae
subfamily and Poeae tribe of grasses. The genescrigbtion ofLolium from Clayton
and Renvoize (1986) is as follows:

“Annual or perennial. Raceme with spikelets in Zagite rows edgeways on and
partially sunk in rachis. Spikelets several-marowired; lower glume absent (except
in terminal spikelet); upper glume abaxial, shottean lemma to as long as spikelet,
coriaceous; lemma membranous to coriaceous, witiittrout a subterminal awn.
Hilum linear. All species are more or less intdifer consequently they intergrade
morphologically and are very difficult to separatéost of them will hybridize with

Festuca arundinaceand its allies.”

Lolium perenneas a tufted perennial grass (Figure 3.1.1) which @nge in height

from ten to 90 centimetres. Its culms are sleng# to have two to four nodes and
are smooth. Its leaves are green, smooth, and g®ssembranous ligules with
auricles. The blades are folded in the shoots. Sphkes can be straight or slightly

curved. The spikelets, which are stalkless, alterna both sides of the axis.
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Figure 3.1.1Morphology ofLolium perenneSource: Hubbard (1984).

3.1.2 Morphological characters and their importandereeding and systematics

Morphological characters were the earliest markesed in the management of
germplasm. They provide an indirect method of asiaty genetic diversity at the
same time as assessing genotypic performance moderal growing environments.
They have been successfully used in many planiespéar genetic diversity analysis
(e.g .: Cavagnaret al. 2006; Alvarezet al. 2007; Routrayet al. 2007; Zhancget al.
2007) and cultivar development (Lafité¢ al. 2002; Mikoet al. 2003; Rumbalkt al.
2003a; Rumbalét al. 2003b). WithinL. perenngmorphological characters have been
used to assess genetic diversity in several styftmss, 1993; Kollikeret al. 1999;
Gilliland et al. 2000; Roldan-Ruiet al. 2001; Van Treureet al. 2005; Hazarekt al.
2006). The most commonly used morphological charadh genetic diversity studies
are a mixture of vegetative characters such ag plkaight at ear emergence and 30
days afterwards, growth habit, length and widthhef flag leaf at ear emergence; and
reproductive characters such as date of ear emegear length, spikelets per spike,

length of spikelet, and glume length.
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Morphological characters are also used by the natenal Union for Protection of
Varieties (UPOV) in DUS (distinctness, uniformityich stability) testing of new
varieties (UPQOV, 2002). The characteristics whioh @sed in this testing must fulfil
several basic requirements, namely that the exipress the particular characteristic
results from a single genotype or group of genaypbat it is consistent and
repeatable in a particular environment, is suffidievariable between varieties, that
it allows uniformity and stability requirementshie fulfilled, and that it is capable of
precise definition. In the case lof perennevarieties, the characters examined in DUS
testing (UPOV, 2006) include a single qualitative@cter (ploidy level) and several
quantitative characters (growth habit with and withvernalisation, leaf length and
width at the vegetative state, intensity of lealioco, plant width after vernalisation
and at ear emergence, plant height after vernaisand at ear emergence, tendency
to form inflorescences without vernalisation, daté ear emergence after
vernalisation, flag leaf length and width, flag fléength/width ratio, length of the
longest stem excluding the inflorescence, lengtthefupper internode, length of the
inflorescence, number of spikelets, density ofardscence, outer glume length and

length of spikelets).

Morphological characters, particularly vegetativeracters, and characters such as
date of ear emergence are important forage chaisice that are of importance in
animal performance. Growth characteristics, sucHeagth and width of leaves,
spring growth and summer growth, are important datirs of quality and
performance i. perenngOrr et al. 2004; Orret al. 2005; Smitet al. 2005).

Manipulating inflorescence/reproductive charac{sigch as spikelets per spike, and
florets per spikelet) during cultivar developmemti perennds important. Breeding
varieties for increased quality can cause a losharacteristics associated with high
seed numbers and number of fertile seeds (Mar&hwlilkins, 2003). New cultivars
of L. perenneneed improved quality characters and increased,)irlt also require
increased numbers of seeds in order to make madtmn of the new cultivar a

viable option.

Morphological characteristics often have advantages neutral molecular markers

for genetic resource characterisation because tbeyrd phenotypic variation and
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directly relate to important agronomic charactdtsey can, however, have a number
of limitations such as low polymorphism, low hebildy, late expression and

vulnerability (phenotypic plasticity) to environntahinfluences.

3.1.3 Studies dfolium perennenorphology

Morphological characters have been used to invastigenetic variability within the
genusLolium (Loos, 1993; Loos, 1994; Fernandbal. 1997; Kollikeret al. 1999;
Gilliland et al. 2000; Roldan-Ruizt al. 2001; Van Treureet al. 2005). Loos (1993)
and Kolliker et al. (1999) focused on using morphological charactersestigate
genetic variation at the interspecies level. Udiigecotypic populations from seven
Lolium species, principal component analysis (PCA) andwmigal variate analysis
(CVA) of the morphological data, Loos (1993) showtkdt populations from the
same species grouped together, and that allogamrudisautogamous species were
separated in PCA mainly by date of ear emergengaper of florets per spikelet and
plant height and width. Less variation was seewéen the allogamous species than
the autogamous species. Using three cultivars ehth perenne, Festuca pratensis
andDactylis glomerataKolliker et al. (1999) used both morphological characters and
random amplified polymorphic DNA (RAPD) markersanalyse species and cultivar
relationships within and between the three spedié¢sile cultivars within species
could not be separated with this analysis, higbeels of variation were seen between
genotypes within cultivars and between speciesgé aifferences in morphological
characters were seen betwéerperenneandFestuca pratensisrhich was suggested
to be due to different environmental adaptationdil&d et al. (2000) and Roldan-
Ruiz et al. (2001) used UPOV-listed morphological charactersassess genetic
differentiation between cultivars df. perenne Using twelve diploid populations
divided into five groups, Gillilanét al. (2000) assessed the ability of morphological
characters to separate the groups, and to disshgimitial varieties’ from their
related ‘Essential derived variety’. A variety isained to be essentially derived from
another (initial) variety if it is predominantly deed from the initial variety, and it
retains the essential characteristics resultinghftbe genotype, or combination of
genotypes, of the initial variety. An ability topseate these types of varieties is
important from a breeders’ rights perspective. P€¥arated the five groups of

varieties. The initial varieties and essential &g varieties were distinct from each
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other, and the magnitude of the difference refldtesir known breeding histories.
Roldan-Ruizet al.(2001) compared amplified fragment length polymasph(AFLP)
and morphological analysis on 16 varietied.operennelUsing morphological data,
all varieties were found to be distinct following?OV guidelines. The ‘turf’ and
‘forage’ varieties separated from each other, ctifig the different breeding
strategies employed for each type. Loos (1994)nd&etoet al. (1997) and Van
Treurenet al. (2005) used morphological characters to investiggieetic variation
among ecotypes af. perennelLoos (1994) used morphological characters toyaeal
differentiation between 21 Dutch ecotypes, 15 Eeampecotypes and six cultivars
which had been mostly derived from Dutch materRCA showed that Dutch
populations were clearly separated from both Ewanpecotypes and the cultivars,
based on date of ear emergence, leaf size andlpfagih. No geographical pattern of
morphological differentiation was clear from thalata. Fernandaeet al. (1997)
analysed 20 populations from a range of habitatls isbenzymes and morphological
characters. Populations from conventional grasslavete separated by PCA from the
other populations mainly by date of ear emergengeld and winter damage
characters. Again, no relationship between geograpl genetic distance was found
with these data. Van Treurest al. (2005) analysed 16 Dutch ecotypes and eight
cultivars using morphological characters and AFL&tkars. Less variation was found
in cultivars than in ecotypes, and ecotypes weparsgéed from the cultivars in a

PCA, mainly with date of ear emergence and plagdwi characters.

3.1.4 Comparisons of morphological analysis andexaidbr genetic analysis

The combination of morphological and molecular rodth in genetic resource
characterisation requires further discussion. S#\sudies have used morphological
and molecular methods together to analyse reldtipasn L. perenne(Fernandoet
al. 1997; Kollikeret al. 1999; Gillilandet al. 2000; Roldan-Ruizt al. 2000; Roldan-
Ruiz et al. 2001) and three of these studies directly compaogphological and
genetic methods ih. perenne (Gillilancet al. 2000; Roldan-Ruigt al. 2000; Roldan-
Ruiz et al. 2001). In the analysis of Fernandst al. (1997), isozymes and
morphological characters were used. In individuapuylations, different levels of
variation were seen using the different methoddlikér et al. (1999) used RAPD

markers and morphological characters, and both adstishowed a lower level of

100



variation in Festuca pratensisompared td.. perenne Gilliland et al. (2000) and
Roldan-Ruiz et al. (2000) analysed the same collection of -cultivarghw
morphological characters, AFLP markers and allozmiEhe AFLP markers and
morphological characters gave the same clusteringapeties into groups and the
same relationships between members of a groupzyities put the varieties into the
same groupings as AFLP and morphological chargctems only seed protein
allozymes showed congruent relationships with AFafd morphology between
varieties within groups. Roldan-Ruit al. (2001) used morphological characters,
sequence tagged site (STS) markers and AFLP matkemnalyse relationships
between 16 varieties ofLolium perenne Using correlation analysis, no
correspondence was seen between morphologicalatbezand either STS or AFLP
markers. The only correspondence seen between dsetas seen between varieties

which were very similar or very distant from eac¢hey.
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3.2 Aims

This chapter generally aimed to assess morphologar@ation in Lolium perenng

using measurements of morphological characters faotarge collection of plants
using summary statistics, t-tests, ANOVA (analysfsvariance) and multivariate
ordination (PCA). It also aimed to compare the rhofpgical results to geography
and patterns of diversity determined using plafildA microsatellites (cpSSRS).

Specific objectives were to:

(1) describe morphological diversity in a collectionliaéh Lolium perenne

ecotypes, along with Europe&nperennescotypes and cultivars,

(2) determine if populations or geographic groups gdfypations can be

differentiated using morphological measures andattters,

(3) determine if morphological data have a geograpattem,

(4) determine if morphological information describesirailar pattern of diversity

as chloroplast DNA data,

(5) determine if morphological characters are dependemach other by means

of correlation and regression analyses, and

(6) evaluate characters in use for variety registragiach as those used by UPOV

in DUS testing to determine distinctness, unifoynaihd stability.
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3.3 Materials and methods

3.3.1 Selection of samples for analysis

A total of 2,481 individuals from a selection of &@lium perennepopulations
(populations) were used to investigate morpholdgiogersity (Appendix 8.1). These
populations have been previously used in the wagonted in Chapter 2 to
investigate chloroplast DNA diversity and populatigenetic structure and pattern.
Between 46 and 50 individuals per population weraysed (Appendix 8.1).

3.3.2 Growth of plant material

Seeds were germinated, and plants transferredetdidld in Oak Park, Carlow as
described in Chapter 2. Plants were laid out irfitld as spaced plants in 2x4.5m
blocks with 5 plants in each row, 0.5m apart. Boakere spaced 1m apart from each
other in rows of 17 blocks. In 2004 plants were ag@d under a conservation cut
regime with five cuts. After each cut 80kg/ha rgiea was applied. In 2005 80kg/ha

nitrogen fertilizer was applied before the flowgrseason began.

3.3.3 Scoring of characters

Each plant was scored for the following morpholagicharacters in 2005 (Table
3.3.1): spring growth (on a scale of 1 excellen9teery poor), late summer growth
(ditto), date of ear emergence (recorded in days fronil A§r2005) and presence of
awns were recorded. Measurements were taken withp@ measure or Vernier
callipers for the following characters: height at emergence (cm), length and width
of flag leaf at ear emergence (cm), height 30 dafier ear emergence (cm), rachis
length (cm), awn length (mm) and glume length (m@junting was done for the
number of spikelets per spike and number of flopetsspikelet. For all quantitative
characters, four measurements per single plant waken, and the mean of the
measurements taken. For qualitative characters)géesrecord per plant was taken.
Where a plant was lost during the growing seastieaults for that plant were

removed from the analysis.

103



Table 3.3.1Description of characters examined.

Character of interest Description of character

Spring growth Visual assessment of the growth ef plant
since the first cutting.

Summer growth Visual assessment of the growth efpant
since the second cutting.

Presence of awns Presence or absence

Height at ear emergence Height of the plant in mmfthe base of the

first tiller to the tip of the spike.

Length of flag leaf at ear emergence  Length offldg leaf in cm from the ligule to
the tip of the blade.

Width of flag leaf at ear emergence Maximum widthhe flag leaf in mm.

Height 30 days at ear emergence Height of the phaatn from the base of the
first tiller to the tip of the spike.

Rachis length Length of the rachis from the bastheffirst
spikelet to the base of the terminal spikelet.

Awn length Length of the awn from the tip of thenl@a
to the tip of the awn.

Glume length Length of the lower glume of the lotves
spikelet from base to tip.

Spikelets per spike Number of spikelets per spike

Florets per spikelet Number of florets per spikelet

Date of ear emergence Number of days after Aptil 1s

3.3.4 Data analysis

Data analysis for basic statistics, data transftiong, correlations and regression
analyses were performed using Minitab® Version 1&ti§ical Software (Minitab
Incorporated, 2000). All equations are given ind®%.3.1 to 3.3.4.

For quantitative data, means and standard devgti@re calculated for each plant,
for each population and for four population groufddsh ecotypes, European
ecotypes, and diploid cultivated varieties andagatyid cultivated varieties). For all
normally distributed characters, two-tailed two géamt-tests (Equation 3.3.1; Box
3.3.1) were used to determine if the means of gactp were significantly different
from each other. For non-normally distributed chtees, Mann-Whitney U tests
(Equation 3.3.2; Box 3.3.1) were used to deternifibe means of the groups were
significantly different from each other. Individuglbpulations were distinguished
from each other using the Ryan-Einot-Gabriel-Welsulitiple range test (Ramsey,

1978) according to Equation 3.3.3 (Box 3.3.1) aedfggmed using the Statistical
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Analysis System (SAS®) software, Version 9.1 of 8&S System for Windows
2002-2003, SAS Institute Inc., Cary, NC, USA).

Box 3.3.1

X — X,

t=— A "2 o

Sdil - 72)
Equation 3.3.1T-statistic (Altman, 1991, p211), whebg is the mean of sample [,

X,is the mean of sample 2, am;t(il—iz) is the standard error of the mean

difference. This t-statistic is then compared witle t-distribution with p+ n, — 2

degrees of freedom.

U=nn, +%nl(nl +1)-T

Equation 3.3.2Mann-Whitney U statistic (Altman, 1991, p195), wde; = sample
size of group 1n, = sample size of group 2, amd-= the sum of the ranks in the

smaller group.

o s
Yi—y; = q(yp; IO,V)ﬁ

Equation 3.3.3 Ryan-Einot-Gabriel-Welsch test, where homogeneify neeans

Yir-nY; < | s rejected, wheme=j-i+ 1.

D =maXD*,D" }
Equation 3.3.4Kolmogorov-Smirnov test statistic (START, 2003),
whereD* =max{i/n-2,, }, D~ =max{z, - (i-1/n) }, Zy= F(Xg), F(X) is the

probability distribution function of the normal diution, X is the i order

statistics of a random sample, 1 <n and n is the sample size.

Normality tests

A histogram for each character was constructedeterchine, visually, if the data
followed a normal distribution. Normality tests werperformed using the

Kolmogorov-Smirnov test according to Equation 3.8%6x 3.3.1) and probability
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plots were constructed for the test statistics. haracter was regarded as being
normally distributed, if the p-value was greateartithe value of the Kolmogorov-
Smirnov test statistic. For the character ‘spilelper spike’, values which were
considered as outliers in the probability plots eveemoved, and the tests for

normality were repeated.

Data transformation for non-normal distributed chaters

Where data were determined not to be normallyidigied, data transformation was
performed and the tests for normality as describbdve were repeated. The
following transformations were attempted: log tfan®ation, square root
transformation, reciprocal transformation and reltlog transformation.

For characters which were not normally distributeffer data transformation,
Johnson’s transformations were attempted. John$@risformation optimally selects
one of three families of distributior&, § and S, where B, L and U refer to the
variable being bounded, log-normal, and unboun@sgactively (Chowet al. 1998;
Equations 3.3.5, 3.3.6, 3.3.7; Box 3.3.2). Foramsformation function to be fitted to
the data, the selected transformation function nmaste the largest p-value and is

greater than the selected p-value (0.05)

Box 3.3.2

Equation 3.3.5% transformation function (Choet al. 1998), with a range of, A >

0, 0<y<o,-w0<g<wg<X<g+A.

S, =y+nin(x-¢)
Equation 3.3.6S transformation function (Chaoet al. 1998), with a range of > 0, -

00 <y <o, 0 <glw,g<X.

S, = y+/78inh_l[¥}
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Equation 3.3.7 &, transformation function (Chou et al. 1998),

wheresinh™(x) = In[x+w/11+ X2 )J and has a range gf A > 0, <0 <y <0, <0 < £< o0,

-0 < X< o0,

Correlations between characters

Pearson correlation coefficients were calculatedetch pair of normally distributed
characters according to Equation 3.3.8 (Box 3.31)e Pearson’s correlation
coefficient measures the degree of linear relalignbetween two variables (Altman,
1991, p. 278). Where a character could not be fitamgd to normality (date of ear
emergence, spring growth and summer growth), Spe@smrank order correlations
were carried out between the non-normally distedutharacters and the other
characters according to Equation 3.3.9 (Box 3.3Sj)earman’s rank correlation
coefficient is obtained by ranking the observatitorseach character (Altman, 1991,
p. 295). Where the correlations between a paihafacters were significant (p<0.05)
and the Pearson’s or Spearman’s correlation cosftic 0.4, scatterplots of the pair

of characters were constructed.

Linear regression analysis

For pairs of characters which showed relativelgrggrsignificant correlations (rachis
length versusspikelets per spike, rachis lengthrsusflorets per spike, and rachis

lengthversusglume length), linear regression analysis wasegwut.

Before performing linear regressions a check wakpeed to determine if the data
met the following assumptions: (1) data were nolyndistributed, (2) the variability
of variable Y was the same as for variable X, (@ telationships of variables X and
Y were linear (Altman, 1991, p. 303). Residual esludor each observation were
calculated. The residual is defined as the diffeeclbetween the observed values and
predicted or fitted values that is not explainedtty fitted model (Altman, 1991, p.
301). The residual of an observation is calculaecbrding to Equation 3.3.10 (Box
3.3.3). Histograms and normality plots for the desi values were plotted. Residual

values were also plotted against the X values.
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In simple linear regression, the data are fittetheomodel shown in Equation 3.3.11
(Box 3.3.3). The regression coefficiefyis given by Equation 3.3.12 (Box 3.3.3).
The standard error of the coefficient, SE Coe#. given in Equation 3.3.13 (Box
3.3.3). The coefficient of determination? Rndicates how much variation in the
response is explained by the model and is calailateng the equation given in
Equation 3.3.14 (Box 3.3.3). Theé Ralue is adjusted to the number of predictors in
the model (Radj.) and is given in Equation 3.3.15 (Box 3.3.3).

The sums of squared distances were calculatedtéonti@e the total variation in the

data (Z(yi - y)2 , wherey; = i'" observed response value apg mean response), the

proportion of the variation explained by the modﬂ (9i —7)2, where y = mean
response, ang, = i fitted response), and the proportion not explaingdhe model

and attributed to errorX_ (y, - )°, wherey; = i" observed response value afid=

i fitted response) (Altman, 1991, Chap. 11).

(9i B y)z

Mean square regressio , Where y= mean responsey, = i fitted
p

response andp = number of terms in the model) and mean squarer er

Z(yi - )2

1 wherey; = i observed response valug,= i fitted responsen =
n-p-

(

number of observations, am@d = number of terms in the model) were calculated
(Altman, 1991, Chap. 11).

For each regression analysis, a fitted line plots veanstructed with the 95%
confidence interval and 95% prediction intervatefit to the plot. The 95% confidence
interval was determined according to Equation 3.3(B&x 3.3.3). The 95%
prediction interval was determined according to &opn 3.3.17 (Box 3.3.3) (Altman,
1991, Chapter 11).
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Stepwise regression

In order to determine if more than one characterdrainfluence on the reproductive
characters, stepwise regression was performedeofollowing sets of characters:
1. Spikelets per spikgersusrachis length, florets per spikelet (log transfedm
data), and glume length (log transformed data).
2. Florets per spikelet (log transformed datajsusrachis length, spikelets per
spike and glume length (log transformed data).
3. Glume length (log transformed dategrsusrachis length, spikelets per spike

and florets per spikelets (log transformed data).

The first step in stepwise regression is to cateule F statistic and p value for each
variable in the model. F is calculated accordingtmation 3.3.18 (Box 3.3.3). When

the p-value for any variable is greater than thecsigd value of alpha, the variable

with the largest p-value is removed from the modéle regression equation is re-

calculated. If a variable cannot be removed froerttodel, an attempt is made to add
a variable. For every variable not in the moded{atistics and p-values are calculated
for each variable. F is calculated according todfigm 3.3.19 (Box 3.3.3). When the

p-value for any variable is smaller than the spedif/alue of alpha, the variable with

the smallest p-value is added to the model. Theessgpn equation is re-calculated.
When no more variables can be added or removed frmmmodel, the stepwise

procedure ends (Altman, 1991, Chapter 11).

Box 3.3.3

> (% - %)% - )
p — =1

(n=Ds,s,
Equation 3.3.8Pearson’s correlation coefficient, wh&ris the sample mean for the
first variable,S is the standard deviation for the first variablgs the sample mean

for the second variabl&§is the standard deviation for the second variabl&n is the

number of samples (Altman, 1991, p 293)
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63 d
_ i=1
N®-N

Equation 3.3.9 Spearman’s correlation coefficient, whekeis the difference in th

p, =1
ranks for each of thH subjects being studies (Altman, 1991, p 295).

&=V Y
Equation 3.3.10 Residual of an observatios, wherey; = i"" observed respons

value, y. = i" fitted response (Altman, 1991, p 313)

Y=5,+BX te
Equation 3.3.11Simple linear regression model, whéfe= responseX = predictor,

B« = K" population regression coefficient aae error term ~ N(0, 1) (Altman, 199
p 302).

Z (Xi - )_()(yi - 37)
z (Xi - )_()2

Equation 3.3.12Regression coefficienff, wherex = i"" predictor value,Xx = mean

B, =

predictor,y; = i observed response valug= mean response (Altman, 1991, p 311).

S

\ z (Xi - )_()2

Equation 3.3.13Standard error of the coefficient, SE Coeff., where i predictor

SECoeff.=

value, X = mean predictor angl= standard deviation (Altman, 1991, p 314).

Z(yi - )2
Z(yi - y)z

Equation 3.3.14 Coefficient of determinatiorfz?, wherey; = i observed respons

R*=1-

value, y = mean response, ang= i" fitted response (Altman, 1991, p 308).

R’ad| :1_(§(yf - ¥ )ZJ(n n-1 j

D

e

=

e
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Equation 3.3.15Adjusted R value (R adj.), wherey; = i" observed response valt

y = mean response, ang = i fitted responsen = number of observationg, =

number of terms in the model (Altman, 1991, p 345).
95% Confidencénterval= §, it[ - *o(9,)
1—E,n—p

Equation 3.3.1695% Confidence interval, whese= chosen alpha value,= number

of observationsp = number of parameters and

s(9,) :\/MSE(XA(X'X)_IXh) =X, s*{b} X, , MSE = mean square error, ast{b}

= variance of the coefficients (Altman, 1991, p B13

7

95%predictioninterval=Y, it( 3 J * 5(pred), s pred) = \/SZQH x;,(x'x)‘lxo)

1-—,n-
2 P

Equation 3.3.1795% prediction interval, Wher‘é0= fitted response value for a given

set of predictor valuesy = level of significancen = number of observationg, =
number of terms in the modef = mean square erroX = response matrixX, =

matrix of given predictor values (Altman, 1991, 163

F(ln—i‘l) MSE]

Equation 3.3.18 F statistic, wheren = number of observationg, = number of
variables,SSEk..y = SS error for the model that does not cont@iiBSE = SS errof
andMSE = MS error for the model that contaixs

SSE - SSE.,)
F(ln—i‘l) = MSE ) .
1+Xa

Equation 3.3.19 F statistic, wheren = number of observationg, = number of
variables,SSE = SS error for the model befoxg is added SSE:xa) = SS error ang
MSE;:xa) = MS error for the model afteg is added.
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Principal components analysis

PCA was performed on the population means datagudiRSYSpc V2.2 software
(Rohlf, 2005).

Original data were standardised using the STAND utedccording to Equation
3.3.20 (Box 3.3.4). A Euclidean distance matrix wakulated from the standardised
data using the SIMINT module according to Equat®f.21 (Box 3.3.4). The
resulting distance matrix was transformed to scalayduct form in order that
eigenvalues and eigenvectors could be determingidgihe DCENTER module.

This ‘double centers’ the distance matrix by firsplacing the off-diagonal element,
di, With—%df. The row and column means are then subtracted &ach element

and the grand mean is added on. Eigenvalues aedwa&gtors were then computed
using the EIGEN module. The scalars and the m&trace found according to the
Equation 3.3.22 (Box 3.3.4). In order to determwi@ch characters influenced the
separation of populations in each dimension, amaabvariates analysis (CVA) was
performed on the data using the POOLVC and CVA nexiu

PCA was also performed on the chloroplast micrdigategenetic distance matrix
(Appendix 8.3) which was based on Nei's genetitatise (Nei, 1972) for the subset
of populations which were also analysed for morpgyl (Appendix 8.1). The
distance matrix was transformed to scalar prodmchfin order that eigenvalues and
eigenvectors could be determined, using the DCENTiiule and eigenvalues and

eigenvectors were then computed using the EIGENutecas above.

Graphs of the eigenvectors and eigenvalues fordimensions were constructed.
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Box 3.3.4

y_yi
Y~ sdly,)

Equation 3.3.20 Standardisation equation (Milligan & Cooper, 198Vherey =

variable of interesty, = mean ofy, Std(y) = Standard deviation of y amd= constant.

E=ﬂ;w-mf

Equation 3.3.21 Euclidean distance (Sneath & Sokal, 197B), between twqg

individualsx andy in dimension, wheren = number of individuals.

Af = A T,
Equation 3.3.22Matrix F, whereA is then x n symmetric matrix to be operated an

is thei™ eigenvalue, anf is thei™ eigenvector.

Dendrogram

From the Euclidean distance matrix, a dendrograowsiy the similarities between
populations was constructed using the unweighte@dgpaup method using arithmetic
means (UPGMA) method (Sneath & Sokal, 1973) as emphted in the SAHN
module of NTSYSpc V2.2 software (Rohlf, 2005). Buimdpping analysis was
performed on the UPGMA data with 1,000 replicatesmaplemented in NTSYSpc
V2.2 software (Rohlf, 2005).

Mantel test

A Mantel test was used to correlate the pairwismmarisons in the geographic
distance matrix (Appendix 8.4) and the Euclideastatice matrix (Appendix 8.6)
using the 28 ecotypes where an exact geographicgh ovas known and which were
also used in the morphological analysis, using N3 V2.2 (Rohlf, 2005). A total

of 10,000 permutations were employed to test fgnificance. A second Mantel test

was used to correlate the pairwise comparisondarEuclidean morphology distance
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matrix (Appendix 8.6) and the chloroplast genetistathce matrix (Appendix 8.3)
using the 50 populations which were studied in baialyses. A total of 10,000

permutations were employed to test for significance

ANOVA analysis

One-way analysis of variance (ANOVA) tests werefqened to determine the

variation between different groups of populatiolmet¢een populations, between
cultivars and ecotypes, between Irish and Europeatypes, and between diploid and
tetraploid cultivars). The percentage of variatimtween groups and its significance
was determined. The difference between pairs otiladipns were determined using
the Ryan-Einot-Gabriel-Welsch test statistic (Eoqurat3.3.4) and between pairs of
groups was determined using the t-test and ManntidiU tests according to

Equations 3.3.1 and 3.3.2.
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3.4 Results

3.4.1 Data description

Mean rachis length

For the character mean rachis length ecotype 3#D8Had the shortest mean rachis
length (15.48cm) while cultivar Magician had thedest (24.89cm, Table 3.4.1). The
lowest and highest values in the ranges of medngéength were higher in cultivars
(17.21cm in Greengold to 24.89cm in Magician) timmrecotypes (15.48cm in 3408
Italy to 23.37cm in 1V-51-161 Hungary). The stardlateviation of rachis length
ranged from 1.75cm in the ecotype IRL-OP-02258.9%8m in the cultivar Fennema.
The lowest and highest values in the ranges oflarandeviations were higher in the
cultivars (2.95cm in Sarsfield to 3.95cm in Fenngthan in the ecotypes (1.76cm in
IRL-OP-02258 to 3.79cm in IRL-OP-02444). The minmindividual value was a
rachis length of 10.38cm in ecotype IRL-OP-02258jlevthe maximum individual
value was 33.95cm in cultivar Magician. Significatifferences, as measured by
Ryan-Einot-Gabriel-Welsch tests, between populatimere primarily seen between
the cultivar Magician and most of the Irish (andhgoof the European) ecotypes, with
Magician having longer rachis lengths than the jetpans from which it is
significantly different. Significant differences veealso seen between a European
population (3408 Italy) and most of the cultivasme Irish and some European
ecotypes, with 3408 Italy having shorter rachisgtee than the other populations.
Some of the Irish ecotypes (IRL-OP-02078, IRL-ORZ2 and IRL-OP-02258) are
significantly different from some European popwas, and cultivars, and have

shorter rachis lengths.

Mean spikelets per spike

The ecotype 3408 Italy had the least mean valusgikelets per spike (16.87) while
the cultivar Cancan had the most (25.22, TablelB.Zhe lowest and highest values
in the ranges of mean number of spikelets per spéee higher in cultivars (18.61 in
Greengold to 25.22 in Cancan) than in ecotypes3{lth 3408 Italy to 24.13 in IV-
51-161 Hungary). The standard deviation of spikefer spike ranged from 1.50 in

115



ecotype IRL-OP-02048 to 4.16 in the cultivar Fenaenhe lowest and highest
values in the ranges of standard deviations weg@ehiin the cultivars (1.88 in
Sarsfield to 4.16 in Fennema) than in the ecotyfes in IRL-OP-02444 to 3.84 in
3199 Romania Podoloni). The minimum individual waiuvas 5.25 spikelets per spike
in ecotype IRL-OP-02419 while the maximum indivitlualue was 33.5 spikelets per
spike in the cultivar Cancan. Significant differeacbetween populations are seen
between Irish populations (IRL-OP-02078 and IRL-@#258) and the European
ecotypes and cultivars, with the Irish ecotypesiftaless spikelets per spike. Again,
3408 ltaly is significantly different from somedh ecotypes, most European ecotypes
and most cultivars with lower numbers of spikelpes spike. Cultivar Cancan is
significantly different from several Irish ecotypebaving a higher number of
spikelets per spike.

Mean florets per spikelet

The ecotype IRL-OP-02078 had the least mean nuwibitorets per spikelet (4.56)
while the cultivar Cashel had most (9.10, Table13.4The lowest and highest values
in the ranges of mean number of florets per spikekre higher in cultivars (4.7 in
Sarsfield to 9.1 in Cashel) than in ecotypes (4bBRL-OP-02078 to 8.33 in 16-7-
62-2 Nordic). The standard deviations of florets ppikelet ranged from 0.82 in
ecotype IRL-OP-02059 to 4.65 in ecotype IRL-OP-®ZHowever, the next lowest
standard deviation was 2.42 in ecotype IRL-OP-023h2 higher standard deviation
appears to be caused by an exceptionally high nuailflorets per spikelet (34.35) in
one individual of IRL-OP-02272. Ignoring this poatibn, the ranges of standard
deviation of florets per spikelet are similar farltovars (0.9 in Sarsfield to 2.26 in
S24) and ecotypes (0.82 in IRL-OP-02059 to 2.4Rin-OP-02312). The minimum
individual value of florets per spikelet was 0.5dootype IRL-OP-02173 while the
maximum individual value of florets per spikelet sv@4.25 in IRL-OP-02272.
Ignoring this population, the next highest indivadlwvalue of florets per spikelet was
18 in IRL-OP-02419. Most significant differencestween populations for this
character were seen between the cultivars Casheel Magician and most Irish
ecotypes, most European ecotypes and several otltbe cultivars, with more florets
per spikelet. European ecotype 16-7-62-2 Nordic sigsificantly different from

most Irish ecotypes, two European ecotypes, and cuttsvars.
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Mean glume length

Ecotype 3408 Italy had the shortest mean glumethe(@03mm), while the cultivar
Magician had the longest glumes (10.98mm, TablelB.Zhe ranges of mean glume
length were similar for both cultivars as were theghest and lowest values (7.97mm
in Premo to 10.98mm in Magician) and ecotypes (:®3in 3408 Italy to 10.83mm
in IRL-OP-02068). The standard deviations of gluerggth ranged from 1.05mm in
cultivar Premo to 2.02mm in cultivar Aurora. Thaevkst and highest values in the
ranges of standard deviations were higher in cigy1.05mm in Premo to 2.02mm
in Aurora) than in ecotypes (1.17mm in 16-7-62-2rdNo to 1.73mm in No. 10
Spain). The minimum individual value for glume lémgvas 3.63mm in cultivar
Millennium to 18.34mm in cultivar Aurora. Europeanotypes 3408 Italy and 3199
Romania Podoloni are significantly different fromosh Irish ecotypes and most

cultivars, having shorter glume lengths.

Mean height at ear emergence

The ecotype IRL-OP-02064 had the lowest heightaateenergence (31.65cm) while
the cultivar Odenwaelder had the highest (33.2Zabje 3.4.2). The ranges of mean
height at ear emergence were similar for both waig (32.12cm in Cancan to
33.22cm in Odenwaelder) and ecotypes (31.65cm rOR-02064 to 33.21cm in

IRL-OP-02241). The standard deviations of heighteat emergence ranged from
1.76cm in cultivar Navan to 2.94cm in ecotype IRP-02250. Standard deviations
were similar in cultivars (1.76cm in Navan to 2./l Portstewart) and ecotypes
(1.83cm in IRL-OP-02011 to 2.94cm in IRL-OP-02250he minimum individual

value for height at ear emergence was 25.5cm tivaulAurora, while the maximum

individual value was 39.25cm in the ecotype IRL-QE92. There were no

significant differences between any of the pairpabulations.

Mean height 30 days after ear emergence

The ecotype IRL-OP-2059 had the lowest mean héQhtlays after ear emergence
(38.1cm), while the cultivar Navan had the highgt.24cm, Table 3.4.2),. The
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highest and lowest values in ranges for mean h&@luiays after ear emergence were
higher in cultivars (42.12cm in Aurora to 43.24cm Navan) than in ecotypes
(38.1cm in IRL-OP-02059 to 43.16¢cm in 16-7-62-2 tNor The standard deviations
of height 30 days after ear emergence ranged fr@&#ctn in the ecotype IRL-OP-
02018 to 2.67cm in the cultivar Fennema. The rarajestandard deviations were
similar in both cultivars (1.98cm in Cashel to 287 in Fennema) and ecotypes
(1.84cm in IRL-OP-02018 to 2.66cm in IRL-OP-0226The minimum individual
value for height 30 days after ear emergence wa398f in ecotype IRL-OP-02059
while the maximum individual value was 49.5cm iotype 3408 Italy. Irish ecotype
IRL-OP-02059 was significantly different from moef the other ecotypes and
cultivars, being lower in height 30 days after earergence. Irish ecotype IRL-OP-
02337 was significantly different from all but ooé the European ecotypes (most

cultivars had lower height values than ecotypes).

Mean length of flag leaf

Ecotype IRL-OP-02048 had the shortest flag leat§1dm) while the ecotype IRL-
OP-02128 had the longest (15.55cm, Table 3.4.3).réhges for mean length of flag
leaf and their highest and lowest values were ammil cultivars (14.55cm in Sarsfield
to 15.36¢cm in Premo) and in ecotypes (14.51cm In@®-02048 to 15.55cm in IRL-
OP-02128). The standard deviations of length af feaf ranged from 1.18cm in the
ecotype IRL-OP-02015 to 2.13cm in the cultivar Slam The lowest and highest
values in the ranges of standard deviations wegleehiin cultivars (1.37cm in Navan
to 2.13cm in Shandon) than in the ecotypes (1.18ciRL-OP-02015 to 1.98cm in
IRL-OP-02267). The minimum individual value for ggh of flag leaf was 10.25cm
in IRL-OP-02538, while the maximum individual valfer length of flag leaf was
19.75cm in IRL-OP-02018). There were no significdiffierences between any of the

pairs of populations.

Mean width of flag leaf

Ecotype No. 10 Spain had the narrowest flag le&f1{®@m), while the ecotype IRL-
OP-02241 had the widest (4.24mm, Table 3.4.2). réinges for mean width of flag

leaf and their minimum and maximum values were Igsinfor both cultivars (3.84mm

118



in Premo to 4.21mm in Millennium) and for ecotyg881mm in No. 10 Spain to
4.24mm in IRL-OP-02241). The standard deviationwidfth of flag leaf ranged from
0.56mm in cultivar Shandon to 0.9mm in cultivar k&Es Ranges of standard
deviations were slightly higher in cultivars (0.58nn Shandon to 0.9mm in Cashel)
than in ecotypes (0.58mm in IRL-OP-02173 to 0.79nmmIRL-OP-02059). The
minimum individual value of width of flag leaf waamm in the ecotype IRL-OP-
02538, while the maximum individual value was 6nmcultivars Cashel and Talbot,
and the ecotype IRL-OP-02538. There were no sigamti differences between any of

the populations.

Mean spring growth

All the cultivars, with the exception of Premo, htaé highest mean scores for spring
growth (Table 3.4.3). The mean scores for sprirgyvthn ranged from a high score of
1 in the cultivars Aurora, Cancan, Magician andl&fihium, to a low score of 7 in
ecotypes IRL-OP-02444, IRL-OP-02250 and 920 Bu&afihe highest and lowest
values in the ranges of mean scores were highteicultivars (from 5 in Premo to 1
in Aurora, Cancan, Magician and Millennium) thantlre ecotypes (from 7 in 920
Bulgaria, IRL-OP-02259, and IRL-OP-02444 to 3 ir084taly and IRL-OP-02483).
Standard deviations ranged from a low of 0.14 endtltivar Cancan to a high of 2.51
in the ecotype IRL-OP-02007. The highest and lowakies in the ranges of standard
deviations were lower in the cultivars (0.14 in €am to 1.88 Cashel) than in the
ecotypes (1.03 in 920 Bulgaria to 2.51 in IRL-OR@02). The minimum individual
score was 9 which was seen in all ecotypes withetteeption of IRL-OP-02015,
IRL-OP-02192, 3408 Italy and 3199 Romania Podoldiie maximum individual
score was 1 which was seen in all the varietiesh(the exception of Navan and
Barlenna) and the ecotypes 3408 lItaly, IRL-OP-020R8-OP-02269 and IRL-OP-
02419. Significant differences between populatiomsre mainly seen between
cultivars and the Irish and European ecotypes, thighcultivars having better spring

growth than the ecotypes.
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Mean summer growth

The lowest value for summer growth was 7 in thetygm® 920 Bulgaria while the
highest value was 1 in cultivar Cancan (Table 3.4Ranges of mean scores for
summer growth differed in cultivars (from 5 in Pero 1 in Cancan) compared to
the ecotypes (from 7 in 920 Bulgaria to 2 in 34G8y). Standard deviations ranged
from 0.47 in cultivar Cancan to 2.18 in ecotype 1RP-02272. The lowest and
highest values in the ranges of standard deviategr® lower in cultivars (0.47 in
Cancan t01.53 in Shandon) than in the ecotypes$ ((b.0RL-OP-02048 to 2.18 in
IRL-OP-02272). The minimum individual score was19he ecotypes IRL-OP-02272,
IRL-OP-02274, IRL-OP-02007, IRL-OP-02312, IRL-OP26Z, IRL-OP-02059,
IRL-OP-02337, IRL-OP-02250, IRL-OP-02192, IRL-OP1G3, IRL-OP-02258,
IRL-OP-02444, IRL-OP-02419, IRL-OP-02442 and 920Igada. The maximum
individual score was 1 in cultivars Barlenna, Naaad Premo, and the cultivars 3408
Italy and IRL-OP-02269. Similar significant differees between populations to
spring growth were seen for summer growth, withneweore populations being
significantly different from each other. Again, tleltivars showed better summer

growth than the ecotypes.
Mean date of ear emergence

For the character date of ear emergence, the malaesv(measured in days after
April 1% ranged from 23 days (April 23 in cultivar Aurora to 67 days (Jun&)én
cultivar Sarsfield (Table 3.4.3). Aurora showed extremely early date of ear
emergence. With the exception of Aurora, the loveest highest values in the range
of date of ear emergence were later in cultivasddys in S24, May 1% to 67 days,
June &, in Sarsfield) than in the ecotypes (35 days, F4yin 3408 Italy to 62 days,
June ¥, in IRL-OP-02018). Standard deviations ranged frh7 in cultivar Premo
to 4.74 in ecotype IRL-OP-02059. The lowest anchég values in the ranges of
standard deviations were higher in ecotypes (fro86 In IRL-OP-02442 to 4.74 in
IRL-OP-02059) than in cultivars (from 1.07 in Pren0o3.63 in Odenwaelder). The
minimum individual date of ear emergence was 19sdapril 19", in cultivar
Aurora, while the maximum individual date of earezgence was 70 days, Jurfg 9

in cultivar Sarsfield. Almost all populations wesegnificantly different from each
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other, with the Irish ecotypes generally having earlier heading date than the

cultivars.

Presence of awns

Awns were only present in six individuals: two widiuals from the ecotype IRL-OP-
02015 and single individuals from the ecotypes [BR-02250, No. 10 Spain and

3408 ltaly and from the cultivar Millennium. Thisaracter was not further analysed

due to lack of variation.
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Table 3.4.1 Summary statistics (mean, standard deviation, muim and maximum) for each population for the repobtge quantitative

characters rachis length, spikelets per spikegtoper spike and glume length.

Population Groug Rachis length Spikelets per spike Florets per spikelet Glume length
Number

X SD' min"" malX X SD min max X SD min max X SD min max
IRL-OP-02337 11  20.78°9" 347 12.60 29.65 21.889"™ 242 1750 2875 638" 131 3.00 9.25 10.7° 159 586 13.97
IRL-OP-02059 12  19.1% 3.19 14.05 24.05 20.04r" 2.74 1450 2550 5.49“" 082 325 7.00 953 164 6.10 12.99
IRL-OP-02007 13 19.3¥™ 290 13.00 24.85 19.3% 219 1575 24.00 53836™ 122 325 925 8&* 136 6.08 12.78
IRL-OP-02011 14  19.7%" 303 1345 26.15 20.88“™>* 205 16.75 2550 5.8%™ 118 350 9.00 958" 120 7.07 11.74
IRL-OP-02015 15  21.07%"%" 2098 1520 27.50 19.88" 2.19 1450 25.00 7.88 1.67 3.00 1225 949" 123 6.93 11.35
IRL-OP-02048 16  19.8%¢ 240 15.08 26.58 21.889"M™ 150 18.75 2450 5.98™ 108 275 8.00 86% 120 651 10.92
IRL-OP-02192 17  19.5% 2.69 13.75 25.33 21.8¢"M™ 240 1650 26.25 5.88“" 103 350 7.75 8.4% 1.38 5.72 10.90
IRL-OP-02312 18  20.08" 282 13.68 25.98 22.B4" 3.33 1250 29.75 6.86%" 242 3.00 1350 959" 151 7.09 13.41
IRL-OP-02064 110  19.48 3.45 13.45 28.63 22.B%°" 245 16.75 26.25 5.8 107 350 825 747 119 538 11.14
IRL-OP-02078 111  16.38 242 1143 21.48 17.80 236 13.75 2150 4.86 1.08 3.00 750 9.¢”"™ 127 6.50 12.56
IRL-OP-02230 112  18.84" 3.63 13.13 26.98 190.88™°*  3.14 14.00 24.75 4.7% 1.05 3.00 6.75 8&" 158 6.37 13.30
IRL-OP-02128 113  17.140 3.36 1050 26.65 19.74"®° 2098 1050 25.75 5.8¥“" 130 275 925 87P¥ 160 538 12.53
IRL-OP-02538 114 19.57 297 1473 25.85 20.89“™*® 274 1500 27.00 58%™ 1.04 350 7.50 9.9¥° 156 6.96 13.80
IRL-OP-02274 115 20.28™¢ 2.38 16.40 26.68 20.47"* 218 16.75 2550 6.0 1.08 400 7.75 9.88"" 149 7.72 1272
IRL-OP-02442 117 17.89 3.05 11.45 26.43 18.8%" 2.67 11.25 24.00 4.98 1.20 3.25 800 9.74°¢ 140 7.11 13.78
IRL-OP-02444 118  18.94" 3.79 10.95 28.90 20.24™ 332 1225 2850 5.8%™ 122 375 950 8%* 156 570 12.59
IRL-OP-02068 119  22.4%* 2.79 16.53 27.40 21.%¥"M™ 251 1500 26.25 7.7% 1.68 4.75 1150 10.83 159 7.95 15.14
IRL-OP-02241 120  18.94" 2.49 13.63 23.75 19.8%M™ 2.64 13.00 2450 54%‘" 112 350 850 9.9%*" 136 7.18 13.29
IRL-OP-02419 121 19.68% 2582 11.95 2570 19.85" 305 525 2550 6.f8" 232 300 18.00 9.9%" 152 6.55 13.07
IRL-OP-02258 122  16.50 1.76 12.65 20.33 17.53 210 13.00 2150 5%f" 119 300 800 9.7%* 132 588 1229
IRL-OP-02272 123  22.4%¢  3.02 16.33 27.98 22.38° 256 1850 29.75 7.7 465 4.75 3425 959 143 723 13.94
IRL-OP-02250 124  18.83¢9" 3.14 10.38 26.08 21.F2™® 197 1625 2475 58 161 250 1050 9.45% 140 599 12.34
IRL-OP-02267 125  19.9%¢ 3.12 14.83 26.80 21.f9""™ 346 1650 28.25 583%™ 123 375 10.00 8.84' 140 6.02 11.47
IRL-OP-02269 126  18.74" 3.58 12.63 26.80 19.B7% 3.56 1150 26.25 5.8 168 1.25 875 9.87Y 127 7.42 1247
IRL-OP-02173 127  21.27%"" 313 1523 29.63 21.879"M"™ 258 1625 29.25 57" 159 050 875 9.f8" 156 6.00 12.58
IRL-OP-02483 128 21.08™9" 289 1546 26.50 20.99“"™™ 240 1525 2625 6.8  1.06 450 9.50 10.38" 1.38 7.52 1341
IRL-OP-02018 130  19.2% 2.84 1280 23.98 20.34™°F 274 1475 2550 584 105 400 850 8.4 139 573 11.58
16-7-62-2 N5 22,77 3.19 1443 27.13 222" 290 16.00 28.75 8.33 1.22 475 10.67 9.14" 117 723 12.18
Nordic
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No 10 Spain m15 18.88&M 3.17 11.00 25.68 20.3Kmr 552 1200 2525 7.i% 1.88 3.75 13.75 8.8" 173 4.05 13.93
3408 Italy m16 15.48 2.90 11.00 23.20 16.87 2.74 1150 25.75 58¥¢ 142 350 1050 7.08 1.34 4.15 10.15
3013 Romania ®18 21.408°"" 269 17.85 28.75 23.4% 2.75 18.13 30.75 684" 134 350 850 8.1 1.40 5.74 11.63
3199 Romania ®m19 23.16% 3.25 12.48 29.85 23.38% 3.84 6.00 3150 5.88%m 148 250 850 7.%3 1.47 4.03 13.12
Podoloni

920 Bulgaria m20 2048 370 12.73 31.18 20.8%™°F 308 13.75 27.50 5.7 1.17 3.33 825 8% 134 548 11.45
IV-51-161 e32 2337 2.96 16.80 30.03 24.13 3.13 1750 32.25 6.4% 1.24 350 8.75 8.4% 1.35 4.89 11.91
Hungary

cv. Aurora V1 2269 3.12 17.68 29.48 23.3%¢ 2.00 16.75 27.00 6.f¥% 107 425 950 9.7 202 653 18.34
cv. Barlenna V2 2044 338 12.33 26.45 21.%gen 3.14 13.00 26.75 544%™ (091 325 725 8% 131 556 12.00
cv. Cancan V3 2109 303 15.80 28.70 25.22 3.63 17.25 33.50 5.14" 097 350 750 958" 140 6.67 14.28
cv. Cashel V4 2368 2.90 16.60 30.33 22.88° 2.61 1850 29.00 9.i0 1.25 7.00 12.00 9.6% 1.41 7.22 13.44
cv. Fennema V5 21.064°%" 395 1268 27.90 21.&fefn 416 7.75 28.75 549“™ 141 325 950 8.9 176 6.18 13.63
cv. Greengold ve o 17.2% 250 12.73 23.23 18.8% 2.22 14.00 2225 4.83 1.23 2.00 8.00 8.64" 134 7.00 11.57
cv. Magician V7 24389 3.27 17.08 33.95 23.i%¢ 2.59 17.00 28.50 8.49 135 550 11.75 10.88 1.41 827 13.70
cv. vs 23.18™ 2.92 16.28 28.20 22.749 2.39 16.75 29.25 568%™ 103 350 8.00 10.69 1.88 3.63 14.24
Millennium

cv. Navan V9 22.8% 3.45 14.05 33.80 20.58Kmr 542 1450 26.00 5.8 118 350 8.75 9.8¥*" 151 588 13.61
CV. V10 21.98%" 290 15.63 28.90 23.8% 3.29 17.25 3225 584 132 350 875 957" 118 6.20 12.46
Odenwaelder

cv. Portstewart V11 20.86"" 301 16.05 28.15 22.1€ 242 18.00 2750 5.88™ 109 350 850 8.98% 148 6.62 12.32
cv. Premo V12 20.3%9" 279 14.08 25.65 2188k 266 17.00 27.25 5684% 130 325 850 7.9 1.05 6.43 10.54
cv. S24 V13 21.9%%d 289 1580 28.70 22.%fY 3.23 14.75 28.75 8.0%4 226 450 1925 8.8 117 696 12.61
cv. Sarsfield V14 21.08%9 235 1583 25.73 20.88K™M® 183 17.50 25.00 4.70I 090 275 650 8.7% 121 505 11.74
cv. Shandon V15 20499 281 14.05 26.88 21.88%"k 28> 1650 26.75 7.4% 1.34 500 1050 9.7%°9" 137 7.08 13.47
cv. Talbot V16  21.2%t 560 15.68 25.20 22.10""k 208 16.00 26.25 58 117 3.00 800 9.7%Y" 146 6.47 13.74
IGroup: | = Irish ecotype/A= Northern Europe grou = Southern Europgroup,® = Eastern Europe group, VL®lium perenneariety; °X: arithmetic meanSD:

standard deviatiofmin: minimum value’max maximum value, Means{ followed by a common letter are not significantlffetent at p<0.05 with the Ryan-Einot-

Gabriel-Welsch test.
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Table 3.4.2 Summary statistics (mean, standard deviation, mum and maximum) for each population for the vegetaquantitative
characters height at ear emergence, height 30afteysear emergence, length of flag leaf and wadtfhag leaf.

Population Group'® Height at ear emergence Height 30 days afterraargence Length of flag leaf Width of flag leaf
Number
X SD min' max X SD  min max X SD min max X SD min max

IRL-OP-02337 11 32.29 241 2725 37.75 4229 246 3650 47.25 1504150 12.00 1875 3.99 0.65 275 5.75
IRL-OP-02059 |2 32.60 2.66 27.00 39.25 38.10 2.10 33.09 43.03 1494151 11.75 18.00 3.850.79 275 5.75
IRL-OP-02007 I3 32.57 2.76 26.75 38.75 4256 255 38.00 49.00 15.681.57 11.25 18.00 4.60 0.61 2.75 5.75
IRL-OP-02011 |4 33.1%9 1.83 29.75 38.25 4271 233 3850 47.25 15.081.67 11.00 19.25 4.680.59 2.75 5.50
IRL-OP-02015 5 32.39 270 26.50 37.25 4232 244 3825 4825 15361.18 12.00 17.00 3.89 0.78 2.25 5.50
IRL-OP-02048 | 6 32.36 1.93 28.75 35.75 4248 234 38.75 47.75 1451170 11.25 18.25 3.950.77 225 5.25
IRL-OP-02192 |7 32.77 2.37 2850 39.25 4230 1.95 3825 47.25 14.741.42 11.00 17.00 4.60 0.65 2.75 5.25
IRL-OP-02312 18 32.98 2.31 2850 39.00 4242 215 38.00 4875 14.9861.23 13.00 1825 3.880.77 225 5.25
IRL-OP-02064 10 31.65 2.66 2575 37.75 41.76 2.03 38.25 46.25 14.801.69 12.00 1825 4.640.77 250 5.75
IRL-OP-02078 111 32.42 1.87 28.00 3525 4187 265 3575 46.75 1489132 12.00 17.75 4.I9058 3.00 5.25
IRL-OP-02230 112 32.41 228 28.00 3750 42080 221 38.00 47.00 1543151 12.00 1875 3.830.78 250 5.75
IRL-OP-02128 113 32.68 2.44 28.00 39.25 43.13 237 3850 47.00 1585158 12.75 19.00 3.92 0.77 2.25 5.50
IRL-OP-02538 |14 33.12 274 2725 3850 4230 221 3825 48.00 1531149 10.25 1875 4.180.77 2.00 6.00
IRL-OP-02274 |15 32.80 2.81 27.25 37.00 4251 246 38.00 46.00 15391.29 11.00 17.25 4.69 0.70 2.75 5.50
IRL-OP-02442 117 32.51 2.60 26.00 37.25 4248 228 36.75 4750 1480156 1150 17.50 3.850.73 2.75 5.50
IRL-OP-02444 118 32.47 2.26 28.25 37.25 43.10 243 3775 47.75 151857 11.75 1850 3.910.69 3.00 5.50
IRL-OP-02068 119 32.54 229 28.00 37.00 4254 217 38.25 48.00 15313159 11.75 18.25 4.360.59 3.00 5.75
IRL-OP-02241 | 20 33.71 2.26 28.25 3850 4246 226 37.00 48.00 15.691.63 1250 18.00 4.24 0.69 3.00 5.75
IRL-OP-02419 121 32.57 2.37 27.00 36.00 41.77 250 36,50 46.25 14.721.48 11.00 17.75 4.650.67 250 5.50
IRL-OP-02258 | 22 32.35 1.91 2875 3750 4233 220 38.00 46.25 1482150 1150 1950 3.94 0.68 2.75 5.50
IRL-OP-02272 |23 32.74 230 27.75 36.75 4191 2.03 38.00 4575 15491.37 12.00 17.75 4.67 0.62 275 5.00
IRL-OP-02250 | 24 32.91 294 27.00 39.00 4213 255 3750 46.50 14.831.48 1050 17.75 3.89 0.75 225 5.25
IRL-OP-02267 | 25 32.77 220 27.25 37.00 4295 266 37.75 47.75 1489198 11.25 1950 3.980.65 2.75 5.50
IRL-OP-02269 | 26 32.57 232 27.25 37.00 4286 213 38.00 47.00 14.801.54 1150 1850 3.950.64 250 5.25
IRL-OP-02173 | 27 31.86 2.09 2750 3525 4281 2.06 38.75 46.25 1481170 10.75 1850 4.64 058 3.00 5.25
IRL-OP-02483 | 28 32.36 1.89 28.25 36.75 4189 246 36.75 47.25 15.0691.46 11.25 1850 4.140.75 3.00 5.75
IRL-OP-02018 I 30 32.88 256 28.00 38.75 4279 1.84 38.25 47.25 1533168 1250 19.75 3.880.76 2.25 5.25
16-7-62-2 Nordic A5 32.47 224 28.00 36.75 43.16 2.03 3725 47.75 15317153 1225 18.25 4.200.70 2.25 5.75
No 10 Spain W15 3296 252 28.25 38.25 4224 243 37.00 47.00 15.231.18 13.00 1750 3.810.71 225 5.25
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3408 Italy W16 3216 2.33 27.50 37.00 42.44 236 37.00 4950 153666 11.75 18.25 4.62 0.69 250 5.25
3013 Romania W18 3238 214 27.75 36.25 42.87 222 3725 4725 14849 11.75 1850 3.980.68 2.25 5.50
3199 Romania Podoloni ®m19 3254 1.84 2850 37.00 42.34 256 37.25 4725 148674 11.75 18.75 3.830.66 250 5.00
920 Bulgaria W20 32.37 255 26.50 37.75 42.67 240 3750 46.75 14.8862 1250 1850 4.140.73 2.75 5.50
IV-51-161 Hungary @32 32.09 2.43 27.75 38.25 4187 212 3650 4650 14.8931.67 12.00 1950 4.170.75 250 5.75
cv. Aurora V1 32284 249 2550 38.00 4232 242 3700 4725 14989146 1250 18.00 3.89 0.68 2.50 5.50
cv. Barlenna V2 3254 222 2750 38.25 4281 255 36.00 47.75 151149 12.00 18.00 4.150.66 2.75 5.75
cv. Cancan V3 32.f2 1.94 2850 37.50 42.67 209 38.25 4725 15.1B46 10.75 18.25 3.97 0.66 2.50 5.50
cv. Cashel V4 32.48 251 26.75 38.00 4219 198 38.00 46.75 15.651.70 1150 18.75 4.62 0.90 250 6.00
cv. Fennema V5 32.76 2.07 27.25 37.75 42.46 267 37.25 47.75 148446 11.75 17.75 4.16 081 225 5.75
cv. Greengold V6 32.73 2.47 26.75 3750 4256 226 3750 48.00 14.721.44 1150 16.75 4.32067 275 5.25
cv. Magician V7 32.60 2.65 27.50 38.25 42.99 255 3750 48.00 14.6r54 11.25 1750 4.190.74 3.00 5.75
cv. Millenium V8 32.33 2.24 28.00 37.00 42.34 2.32 38.00 46.25 151153 12.25 1850 4.210.74 250 5.75
cv. Navan V9 3254 1.76 28.25 36.75 43.24 215 39.25 4750 14.8237 1250 18.25 4.69 0.69 2.75 5.50
cv. Odenwaelder V10 33.22258 27.25 38.25 42.70 2.07 39.00 47.25 149152 11.25 18.00 4.100.73 2.75 5.75
cv. Portstewart V11 3274 271 27.00 38.00 4242 250 36.00 4750 15211.69 11.00 1825 3.850.72 250 5.50
cv. Premo V12 3250 1.78 2875 36.25 4234 260 3550 47.00 1536154 1250 18.25 3.840.71 3.00 5.75
cv. S24 V13 33.11 2.15 28.00 37.25 42.82 2.00 3750 4650 151670 12.00 18.75 3.940.75 2.25 5.50
cv. Sarsfield V14 32.68 268 26.50 37.00 4221 255 36.25 4650 1455153 11.00 18.00 3.98 0.62 3.00 5.25
cv. Shandon V15 32.34 242 28.00 36.25 42.74 241 37.75 4725 148613 11.25 1950 3.910.56 3.00 5.25
cv. Talbot V16 3221 245 27.00 37.50 42.64 243 3775 48.00 149742 1150 18.25 4.140.70 2.75 6.00
'Group: | = Irish ecotype/A= Northern Europe grou = Southern Europgroup,® = Eastern Europe group 6, VLslium perenneariety; “X: arithmetic meam:SD:

standard deviatiofmin: minimum value’max maximum value, Meanj followed by a common letter are not significantlffetent at p<0.05 with the Ryan-Einot-

Gabriel-Welsch test.
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Table 3.4.3Summary statistics (mean, standard deviation, mum and maximum) for each population for the gaalie characters spring

growth, summer growth and date of ear emergence.

Group  Spring Growth Summer Growth Ear Emergence
X2 SD’ min® max X SD min max X SD min max
IRL-OP-02337 1 g 237 0 9 7 161 4 9 55 281 50 60
IRL-OP-02059 12 grod 1.82 2 9 ¢ 158 4 9 5% 474 44 59
IRL-OP-02007 13 &« 251 2 9 g 185 3 9 59 229 55 63
IRL-OP-02011 14 g 208 2 9 15 2 7 4% 139 39 43
IRL-OP-02015 |5 Zmpe 163 2 7 136 2 6 38 154 36 40
IRL-OP-02048 le  Hmmor 179 1 9 R 1.03 2 5 48 356 41 53
IRL-OP-02192 17 gl 134 2 8 g 167 4 9 4% 266 39 46
IRL-OP-02312 |8  QKmoe 159 2 9 gcd 213 3 9 59" 3.07 47 56
IRL-OP-02064 110 Hmwor 144 2 9 g 141 2 6 59" 237 47 54
IRL-OP-02078 111 %™ 190 0 9 g 147 4 8 49 157 39 44
IRL-OP-02230 112 gk 188 2 9 g 184 3 8 48 373 43 54
IRL-OP-02128 113 3™ 157 2 9 183 2 7 45 196 36 43
IRL-OP-02538 114 g™ 186 0 9 179 2 7 49 168 39 44
IRL-OP-02274 |15 B 218 3 9 g 182 3 9 49 168 39 44
IRL-OP-02442 |17  «mno 9871 2 9 g 1.39 5 9 38 136 36 40
IRL-OP-02444 118 ¥ 1.79 2 9 Ve 1.76 4 9 58 323 53 64
IRL-OP-02068 [19 Km0 510 2 9 52 201 2 8 4% 172 41 47
IRL-OP-02241 [20 «mno 949 3 9 gt 172 3 8 4% 281 43 51
IRL-OP-02419 121 ®&«<e" 202 1 9 g 200 4 9 48" 377 39 51
IRL-OP-02258 [22 e 519 2 9 o 173 4 9 4% 139 39 44
IRL-OP-02272 123 #& 231 2 9 g¢ 218 2 9 5% 377 47 59
IRL-OP-02250 124 ¥ 157 3 9 PC 166 4 9 4% 237 39 47
IRL-OP-02267 125 &< 201 3 9 g 157 4 9 5¢ 173 47 53
IRL-OP-02269 126 4mor 189 1 9 ¥ 1.09 1 4 48" 411 35 48
IRL-OP-02173 127 g 155 3 9 & 168 4 9 58 201 55 61
IRL-OP-02483 128 ¥ 193 0 9 M 185 2 7 38 143 36 40
IRL-OP-02018 130 K 153 2 9 t 160 3 8 62 399 54 67
16-7-62-2 Nordic A5 gUkmno 940 3 9 B 147 3 7 4%° 168 40 45
No 10 Spain m15 4™ 231 0 9 g 131 3 7 48" 39 39 51
3408 Italy mie 3o 1.40 1 8 ¥m 105 1 4 3% 431 30 40
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3013 Romania m18 5 139 2 9 g9 136 3 7 55 1.89 53 58
3199 Romania Podoloni m19  4"m° 703 3 8 g9 139 3 7 56 155 53 57
920 Bulgaria m20 7 1.84 3 9 7 136 5 9 4% 217 46 53
IV-51-161 Hungary @32 ghkm 127 2 9 g 151 3 7 48" 186 43 48
cv. Aurora vi 1 053 1 4 ™ 101 1 4 23 241 19 27
cv. Barlenna va2 B 057 3 5 % 109 2 5 48 226 45 51
cv. Cancan v3 i1 014 1 2 1 047 1 2 62 3.16 59 69
cv. Cashel va 1.88 1 9 5 149 1 5 48" 336 39 50
cv. Fennema vs & 1.28 1 7 s 107 1 4 48" 167 43 48
cv. Greengold Ve 2 096 1 5 o111 1 4 58 221 55 61
cv. Magician vy 1 074 1 5 2m 074 1 3 4% 284 39 47
cv. Millenium ve 1 062 1 4 2" 050 1 2 61 163 59 64
cv. Navan v & 135 2 8 ¥ 132 2 6 62 136 59 63
cv. Odenwaelder vio % 1.07 1 5 ] 1.02 1 4 58 3.63 51 63
cv. Portstewart Vil % 158 1 9 m 121 1 4 62 197 61 67
cv. Premo Vi BM™M 171 0 9 g9 145 3 7 59 1.07 51 54
cv. S24 V13 §° 1.23 1 6 R} 107 1 4 4% 131 40 44
cv. Sarsfield vi 2 083 0 4 m 111 1 4 67 174 65 70
cv. Shandon vis % 1.13 1 5 ] 153 1 5 58 3.14 53 63
cv. Talbot vie §¢ 1.21 1 8 ym o112 1 4 54 209 51 57
'Group: | = Irish ecotype/A= Northern Europe group® = Southern Europgroup,® = Eastern Europe group 6, VLslium perennevariety;

2X: arithmetic mean®SD: standard deviatiofimin: minimum value >max maximum valueMeans K) followed by a common letter are not significantly
different at £0.05 with the Ryan-Einot-Gabriel-Welsch test.
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Character summaries per group (overall, cultivadiploid cultivars, tetraploid

cultivars, ecotypes, Irish ecotypes, European gmsy

The character rachis length had an overall mea20086cm, while the mean of
ecotypes was lower at 19.73cm, and the mean afardtwas 21.62cm (Table 3.4.4).
This difference was highly significant with p < 010(Table 3.4.5). Within ecotypes,
the difference between Irish (mean: 19.45cm) ancbfigan (mean: 20.77cm) was
highly significant at p < 0.0001. Within cultivarthe difference between diploid
cultivars (mean: 21.46cm) and tetraploid cultivarean: 22cm) was significant at p
< 0.05.

The character spikelets per spike had an overadinnoé 21.19, while the mean of
ecotypes was lower at 20.65, and the mean of emttiwas 22.26 (Table 3.4.4). This
difference was highly significant with p < 0.001afile 3.4.5). Within ecotypes, the
difference between Irish (mean: 20.38) and Europgaean: 21.66) was highly
significant with p < 0.0001. Within cultivars, tliference between diploid cultivars
(mean: 22.73) and tetraploid cultivars (mean: 2Wwa$ highly significant with p <

0.0001.

The character florets per spikelet had an overaamof 6.05, while the mean of
ecotypes was lower at 5.96, and the mean of cudtiveas 6.23 (Table 3.4.4). This
difference was significant at p < 0.05 (Table 3.4Within ecotypes, the difference
between Irish (mean: 5.83) and European (mean) @48 highly significant with p <

0.0001. Within cultivars, the difference betweeplaid cultivars (mean: 6.37) and
tetraploid cultivars (mean: 5.94) was highly sigraht with p < 0.001.

The character glume length had an overall mean.22m, while the mean of
ecotypes was lower at 9.12mm, and the mean ofvaudtiwvas 9.43mm (Table 3.4.4).
This difference was highly significant with p < 010(Table 3.4.5). Within ecotypes,
the difference between Irish (mean: 9.35mm) andopesn (mean: 8.23mm) was
highly significant with p < 0.0001. Within cultivey the difference between diploid
cultivars (mean: 9.2mm) and tetraploid cultivareém: 9.47) was highly significant (
p < 0.0001).
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The character date of ear emergence had an owezat of 48.96 days after Aprif'l
while the mean of ecotypes was earlier at 47.0% a@dier April £, and the mean of
cultivars was 52.89 days after Aprif'I(Table 3.4.4). This difference was not
significant (Table 3.4.5). Within ecotypes, thefeliénce between Irish (mean: 47.09
days after April I) and European (mean: 46.97 days after Apt) was highly
significant (p < 0.0001). Within cultivars, the fdifence between diploid cultivars
(mean: 50.41 days after Aprifjland tetraploid cultivars (mean: 58.37 days after
April 1% was highly significant (p < 0.0001).

The character spring growth had an overall meah 18, while the mean of ecotypes
was lower at 4.93, and cultivars showed bettengpgrowth with a mean 2.39 (Table
3.4.4). This difference was highly significant (p0<0001) (Table 3.4.5). Within
ecotypes, the difference between Irish (mean: 4a29@) European (mean: 4.67) was
less pronounced but significant (p < 0.05). Withuitivars, the difference between
diploid cultivars (mean: 2.62) and tetraploid otdtis (mean: 1.89) was highly
significant (p < 0.0001).

The character summer growth had an overall mead.®f, while the mean of
ecotypes was lower at 5.08, and the mean of cudtiveas 2.70 (Table 3.4.4). This
difference was highly significant (p < 0.0001) (Ta&al3.4.5). Within ecotypes, the
difference between Irish (mean: 5.51) and Européaean: 4.89) was highly
significant (p < 0.0001). Within cultivars, the fdifence between diploid cultivars

(mean: 2.79) and tetraploid cultivars (mean: 21883 significant (p < 0.05).

The remaining characters, height at ear emergeoverdll mean 32.52cm, Table
3.4.4), height 30 days after ear emergence (overadin 42.43cm), length of flag leaf
(overall mean 15cm) and width of flag leaf (4.02mmhowed no significant
differences between groups of populations (Tabde53.with the exception of height
30 days after ear emergence with showed a signifiga< 0.05) difference between
ecotypes (mean: 42.35) and cultivars (mean: 42&&), length of flag leaf which
showed a significant difference (p < 0.05) betwegploid (mean: 15.02cm) and
tetraploid (mean: 14.77cm) cultivars.
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Variation in the characters (standard deviationabld 3.4.4) was highest in the
production characters, spring growth (54.39%) amdrmeer growth (49.67%), and in
the reproductive character florets per spikelet.52%). It was lowest in the
generative characters, height at ear emergencé&%j,2height 30 days after ear
emergence (5.63%) and length of flag leaf (4.33%)e other characters had
intermediate variation, that is, rachis length §B?6), spikelets per spike (14.74%),
width of flag leaf (17.41%), and date of ear emaoge (18.83%).
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Table 3.4.40verall and group means and standard deviationpaientheses) for the characters: rachis lengtkelsts per spike, florets per
spikelet, glume length, height at ear emergenaghh80 days after ear emergence, length of flag leidth of flag leaf, date of ear emergence,

spring growth, and summer growth.

Rachis Spikelets Florets per Glume  Height at ear Height 30 days Length of Width of Date of ear Spring  Summer

length  per spike spikelet length emergence after ear flag leaf flag leaf emergence growth growth
emergence

Overall 20.36 21.19 6.05 9.22 32.52 42.43 15.00 4.02 48.96 4.10 4,51
(3.59) (3.23) (1.79) (1.72) (2.36) (2.39) (1.54) (0.70) (9.22) (2.23) (2.24)

Cultivars 21.62 22.26 6.23 9.43 32.55 42.58 14.94 4.05 52.89 2.39 2.70
(3.40) (3.16) (1.78) (1.87) (2.33) (2.33) (1.56) (0.72) (11.17) (1.47) (1.42)

Diploid 21.46 22.73 6.36 9.20 32.53 42.55 15.02 4.02 50.41 2.62 2.79
(3.16) (3.16) 1.77) (1.50) (2.34) (2.32) (1.60) (0.72) (11.40) (1.54) (1.46)

Tetraploid 22.00 21.20 5.94 9.95 32.57 42.63 14.77 4.10 58.38 1.89 2.50
(3.87) (2.93) (1.75) (2.44) (2.32) (2.36) (1.47) (0.69) (8.35) (1.18) (1.31)

Ecotypes 19.73 20.65 5.96 9.12 3251 42.35 15.03 4.00 47.07 4.93 5.38
(3.52) (3.12) (1.79) (1.63) (2.37) (2.41) (1.53) (0.70) (7.42) (2.06) (2.03)

Irish 19.45 20.38 5.83 9.35 32.55 42.31 15.03 3.99 47.09 4.99 5.51
(3.29) (2.86) (1.79) (1.57) (2.39) (2.44) (1.52) (0.69) (7.50) (2.09) (2.05)

European 20.77 21.66 6.48 8.23 32.39 42.50 15.06 4.02 46.97 4.67 4.89
(4.12) (3.79) (1.72) (1.56) (2.29) (2.31) (1.55) (0.72) (7.10) (1.90) (1.90)
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Table 3.4.5Results of t-tests and Mann-Whitney U tests betwgr@ups of observations for the characters: raemgth, spikelets per spike,
florets per spikelet, glume length, height at eaergence, height 30 days after ear emergencehlefdiag leaf, width of flag leaf, date of ear

emergence, spring growth, and summer growth.

Rachis Spikelets  Florets per Glume Height at ear Height 30 days Length of Width of Date of ear Spring Summer

length  perspiké spikelet  lengti  emergence  after ear flag leaf  flag emergence  growtht  growth
emergence leaf

Cultivated <0.0001 <0.0001 <0.005 <0.0001 N/S <0.05 NS NS G@mLo <0.0001 <0.0001
varietiesversus
ecotypes
Irish ecotypes <0.0001 <0.0001 <0.0001 <0.0001 NS NS NS NS N/S 050. <0.0001
versusEuropean
ecotypes
Diploid cultivars  <0.05 <0.0001 <0.001 <0.0001 NS NS <0.05 NS <0.0001 <0.0001 <0.05
versustetraploid
cultivars

*NS: Non significant; Differences between groups tested with t-te®#ferences between groups tested with Mann-Whitdegsts.
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3.4.2 Data analysis

Normality tests for characters

Histograms were constructed for each characteridplay the distribution of their
variability (Figures 3.4.1 and Figure 3.4.2). Thetdgrams for rachis length, length
of flag leaf, width of flag leaf, height at ear elpence and height at 30 days after ear
emergence had a normal distribution appearancea (ibell-shaped curve). The
histograms for the other characters appeared skd®&ed, either to the left (spikelets
per spike, and date of ear emergence) or to the afthe bell curve (florets per

spikelet, glume length, spring growth and summenvgn).

Probability plots were constructed for each chamaasing the Kolmogorov-Smirnov
test statistic (Figures 3.4.3 and 3.4.4). Rachgtle, length of flag leaf, width of flag
leaf, height at ear emergence and height at 30 dfigs ear emergence followed a
straight line in these plots indicating normal disition. The other characters
deviated from a straight line in the tails of thistdbutions, indicating that these

characters may not be normally distributed.

The indications from the histograms and probabiikyts were confirmed using the
Kolmogorov-Smirnov test statistic (Table 3.4.6).character is deemed normally
distributed if the value of the Kolmogorov test tistiic is smaller than the

corresponding p-value.
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Figure 3.4.1 Histograms with fitted normal distribution curvésr the following

characters: A: Rachis length, B: Spikelets perespik Florets per spikelet, D: Glume

length, E: Length of flag leaf, F: Width of flagalie G: Date of ear emergence, H:

Height at ear emergence, |. Height 30 days aftereegergence. Y-axis: Frequency.

X-axis: value of character of interest.
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Figure 3.4.2 Histograms with fitted normal distribution curvésr the following

characters: A: Spring growth, B: Summer growth.XfsaFrequency. X-axis: value of

character.
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Figure 3.4.3Probability plots

using the Kolmogorov-Smirnovttésr the following

characters: A: Rachis length (cm), B: Spikelets gp@ke, C: Florets per spikelet, D:

Glume length (mm), E: Length of flag leaf (cm),Width of flag leaf (mm), G: Date

of ear emergence, H: Height at ear emergence,ighti80 days after ear emergence.

Y-axis: Percentage. X-axis: character value ofrege
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Figure 3.4.4Probability plots using the Kolmogorov-Smirnovttésr the following

characters: A: Spring growth, B: Summer growth. X¥sa Percentage. X-axis:

character value of interest.
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Table 3.4.6Kolmogorov-Smirnov statistics and p-values forreabaracter.

Charater Kolmogorov-Smirnov p-value
statistic
Rachis length 0.020 0.032
Spikelets per spike* 0.022 0.015
Florets per spikelet* 0.074 <0.010
Glume length* 0.036 <0.010
Length of flag leaf 0.013 >0.150
Width of flag leaf 0.015 >0.150
Date of ear emergence* 0.055 <0.010
Height at ear emergence 0.013 >0.150
Height 30 days after ear 0.018 0.063
emergence
Spring growth* 0.056 <0.010
Summer growth* 0.045 <0.010

*Non-normally distributed characters

For the character spikelets per spike, outliersewemoved from the data, a histogram
and normality plot were constructed and normakists repeated. The character now
appeared normally distributed in both the histogf&igure 3.4.5) and the normality
plot (Figure 3.4.6). The indications from the hggtom and probability plot were
confirmed using the Kolmogorov-Smirnov test statis{Kolmogorov-Smirnov
statistic: 0.018, p-value: 0.074).
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Figure 3.4.5 Histogram with fitted normal distribution curvesrfthe character
spikelets per spike. Y-axis: Frequency. X-axisueabf character.
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Figure 3.4.6 Probability plots using the Kolmogorov-Smirnovttésr the character

spikelets per spike. Y-axis: Percentage. X-axigratter value of interest.

Data transformation for non-normal distributed chaters

(1) Log transformation

Data from the non-normally distributed charactisets per spikelet, glume length,
date of ear emergence, spring growth and summertigravere transformed using a
log transformation. Histograms with fitted normalktdbutions were constructed
(Figure 3.4.7). The histograms for data of the ti@psformed characters, florets per
spikelet and glume length, appeared to be norndiliiributed. The data of other
characters were still either skewed to the leftddd ear emergence) or did not have

enough values in the tails of the distributiongi(spgrowth and summer growth).

Probability plots were constructed for each chamaasing the Kolmogorov-Smirnov
test statistic (Figure 3.4.8). Log transformed datahe characters florets per spikelet
and glume length followed a straight line in thel@ability plots. The characters date
of ear emergence, spring growth and summer growdlre vgtill deviating from a
straight line in the tails of the distributionsdioations of normality in the plots were

confirmed with the Kolmogorov-Smirnov test statigfiable 3.4.7).
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Figure 3.4.7 Histograms with fitted normal distribution curvies the following log
transformed data of characters: A: florets perapik B: glume length (mm), C: date
of ear emergence, D: spring growth, E: summer dgrowtaxis: Frequency. X-axis:

Data for log transformed character of interest.
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Figure 3.4.8 Probability plots using the Kolmogorov-Smirnov tteéfer the log
transformed data of characters: A: florets perapik B: glume length (mm), C: date
of ear emergence, D: spring growth, E: summer drowtaxis: percentage. X-axis:
character value of interest.
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Table 3.4.7Kolmogorov-Smirnov statistics and p-values fortebng transformed

character.

Character Kolmogorov-Smirnovp-value
statistic

Florets per spikelet 0.019 0.047

Glume length 0.021 0.047

Date of ear emergence* 0.053 <0.010

Spring growth* 0.053 <0.010

Summer growth* 0.069 <0.010

*Non-normal characters

Square root, reciprocal or natural log transfororai did not transform any of the

four remaining non-normally distributed charactersormality (Appendix 8.7).

(2) Johnson transformation

Johnson transformations were unable to transforem rdmaining characters to
normality. For the character date of ear emergehcewas possibly because the data
followed a binomial distribution. For spring andnsmer growth, this was probably

because there were no data at the upper and loweraé the distribution.

Correlations between pairs of characters

Pearson’s correlation coefficients were calculated each pair of normally
distributed characters, and Spearman rank comelaiefficients were calculated for
each pair of non-normally distributed characterb{€3.4.8). Three correlations had
significant positive correlation coefficients withore than 0.4 (rachis lengtlersus
spikelets per spike, rachis lengtbrsusflorets per spikelet, and rachis lengirsus
glume length). There were also weaker significatifve correlations (spikelets per
spike versusflorets per spikelet, spikelets per spikersusdate of ear emergence,
florets per spikeleversusglume length and spring growtrersussummer growth)
and weaker significant negative correlations (radeingthversusspring growth,
rachis lengthversus summer growth, and florets per spikelatrsus date of ear
emergence). For the pairs of characters with thengést significant correlations,
scatterplots were constructed (Figure 3.4.9). Thiero characters which had
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significant correlation coefficients had either Wwepositive correlations or weak

negative correlations.
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Table 3.4.8Pearson and Spearman correlation coefficientgparadues (in brackets) for each pair of characters.

Rachis  Spikelets Florets per Glume Length of Width of Ear Height at Height 30 days  Spring
length per spike  spikelef lengtt? flag leaf  flag leaf emergenck ear after growti
emergence ear emergence
Spikelets per spike 0.556
(<0.0001)
Florets per spikelBt 0.402 0.166
(<0.0001) (<0.0001)
Glume length 0.444 0.009 0.308
(<0.0001) (0.675) (<0.0001)
Length of flag leaf 0.007 -0.005 0.015 0.004
(0.743) (0.811) (0.492) (0.864)
Width of flag leaf 0.053 -0.003 0.038 0.068 -0.035
(0.013) (0.991) (0.073) (0.001) (0.101)
Ear emergenée 0.1104 0.133 -0.142 -0.0635  -0.023 -0.015
(<0.0001) (<0.0001) (<0.0001) (0.003) (0.281) (0.476)
Height at ear emergence 0.018 0.002 0.025 0.048 0.033 0.013 -0.023
(0.403) (0.931) (0.237) (0.022) (0.118) (0.552) (0.290)
Height 30 days after ear 0.019 0.003 0.016 0.008 -0.012 0.002 0.021 0.009
emergence (0.361) (0.901) (0.450) (0.719) (0.561) (0.907) (0.324) (0.679)
Spring growth -0.133 -0.167 -0.040 -0.061 0.002 0.004 -0.066 -0.006 -0.009
(<0.0001) (<0.0001) (0.060) (0.004) (0.912) (0.848) (0.001) (0.786) (0.689)
Summer growth -0.155 -0.143 -0.076 -0.020 0.002 -0.044 -0.092 0.009 -0.033 0.492
(<0.0001) (<0.0001) (0.004) (0.355)  (0.911) (0.040) (<0.0001) (0.669) (0.117) (<0.0001)

4Data were correlated via Spearman correlafibata were log transformed to normality. P-valuss llnan 0.05 are highlighted in bold text
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Figure 3.4.9 Scatterplots showing correlations between theofahg pairs of
characters: A: spikelets per spikersusrachis length, B: florets per spikelet (log
transformed datayersusrachis length and C: glume length (log transforndetk)

versusrachis length.

Linear regression analysis

Linear regression analysis was performed for tipaes of characters which showed
the strongest significant correlations:

1. Rachis length (Xyersusspikelets per spike (Y,).

2. Rachis length (Xyersusflorets per spikelet (Y, log transformed).

3. Rachis length (Xyersusglume length (Y, log transformed).

The histograms of the residuals (Figure 3.4.108wh pair of characters appeared to
be approximately normally distributed, and the nality plots (Figure 3.4.11) for
each character followed a straight line. The sgaities of the residualgersusthe X
values (Figure 3.4.12) showed the values were gveaohttered. These findings
indicated that the assumptions for the residualseweet for these three pairs of

characters.
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Figure 3.4.10Histograms of the residuals for the following pagf characters: A:
Rachis lengthversusspikelets per spike, B: Rachis lengtérsusflorets per spikelet

(log transformed data), C: Rachis leng#rsusglume length (log transformed).
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Figure 3.4.11Probability plots of the residuals for the followji pairs of characters:
A: Rachis lengthversusspikelets per spike, B: Rachis lengibrsusflorets per
spikelet (log transformed data), C: Rachis lengtrsus glume length (log

transformed data).

Figure 3.4.12 Scatterplots of residualersusX values for the following pairs of
characters: A: Rachis lengtiersusspikelets per spike, B: Rachis leng#rsusflorets
per spikelet (log transformed data), C:. Rachis tlengersus glume length (log

transformed data).
1. Rachis lengthrersusspikelets per spike.

The regression equation (Equation 3.4.1) showedahaachis length increased, the
number of spikelets per spike increased and thalyes in Table 3.4.9 indicate that
the coefficient values in this equation were sigaifit at p<0.001. The Rvalue
indicated that 29.6% of the variation in spikelp& spike was accounted for by the
relationship with rachis length. Theé Rdjusted value (29.5%) was very close to the
R? value so the sample size did not have an effecthenpercentage of variation
explained. Table 3.4.10 indicates that tfevBlue was significant to p < 0.0001. The
scatterplot of rachis lengthersusspikelets per spike (Figure 3.4.13) with the dltte
regression line and prediction interval indicatieat tthe fit of the regression line is
very good. The majority of the points on the scatte fall within the 95% prediction

interval (-0.kx<16.5) for the regression equation.
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Y =-1172+0.4662X

Equation 3.4.1Regression equation for rachis lengérsusspikelets per spike.

Table 3.4.9 Coefficients, standard errors, t values and p eslfor the regression
equation of rachis lengtrersusspikelets per spike.

Predictor Coefficient  Standard error of t p

the coefficient
Constant -3.222 0.103 -31.24  0.0001
Rachis length 0.158 0.005 31.68 0.0001

Table 3.4.10ANOVA table for regression equation of rachis legmngersusspikelets

per spike.
Source Degrees of Sums of Mean squares  F statistic p
freedom squares

Regression 1 6339.36339.28 929.97 0.0001
Residual error 2214 15092.(5.82
Total 2215 21431.3
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Figure 3.4.13Scatterplot of rachis lengtrersusspikelets per spike with regression

line (-), 95% confidence interval (-----), and éitt 95% prediction interval (--—-- ).
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2. Rachis lengtlversusflorets per spikelet (log transformed data).

The regression equation (Equation 3.4.2) showedahaachis length increased, the
log transformed number of florets per spikelet @ased and the p values in Table
3.4.11 indicate that the coefficient values in #ggiation were significant at p<0.001.
The pattern was similar with untransformed dataa(d®ot shown). The Rvalue
indicated that 16.2% of the variation in log trameied florets per spikelet was
accounted for by the relationship with rachis lengthe R adjusted value was the
same as the Rvalue so the sample size did not have an effedherpercentage of
variation explained. Table 3.4.12 indicates that B value was significant to p <
0.0001. The scatterplot of rachis lengtérsuslog transformed florets per spikelet
(Figure 3.4.14) with the fitted regression line gmddiction interval indicates that the
fit of the regression line is very good. The mdjodf the points on the scatterplot fall

within the 95% prediction interval (0.46x¥<0.833) for the regression equation.

Y =0.494+ 0.0134X
Equation 3.4.2Regression equation for rachis lengérsusflorets per spikelet (log

transformed data).

Table 3.4.11Coefficients, standard errors, t values and pasfor the regression

equation of rachis lengtiersusflorets per spikelet (log transformed data).

Predictor Coefficient ~ Standard error of the coédint t p
Constant 0.494 0.013 36.76  0.0001
Rachis length  0.013 0.001 20.67 0.0001

Table 3.4.12ANOVA table for the regression equation of radbisgthversusflorets

per spikelet (log transformed data).

Source Degrees of Sums of Mean squares F statistic p
freedom squares

Regression 1 5.1455.145 427.29 0.0001

Residual error 2212 26.633).012

Total 2213 31.777
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Figure 3.4.14Scatterplot of rachis lengtrersusflorets per spikelet (log transformed
data) with regression line (-), 95% confidence naé (-----), and fitted 95%

prediction interval (--—--).
3. Rachis lengtkersusglume length (log transformed data).

The regression equation (Equation 3.4.3) showedahaachis length increased, the
log transformed glume length increased and thelyesan Table 3.4.13 indicate that
the coefficient values in this equation were sigaifit at p<0.001. The Rvalue
indicated that 19.7% of the variation in log tramwsied glume length was accounted
for by the relationship with rachis length. Thé &ljusted value (19.6%) was almost
the same as the’Ralue so the sample size did not have an effeth@percentage of
variation explained. Table 3.4.14 indicates that B value was significant to p <
0.0001. The scatterplot of rachis lengirsusglume length (Figure 3.4.15) with the
fitted regression line and prediction interval cates that the fit of the regression line
is very good. The majority of the points on thetwalot fall within the 95%

prediction interval (0.709x<0.99) for the regression equation.
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Y =0.758+ 0.00979X
Equation 3.4.3Regression equation for rachis lengérsusglume length (log

transformed data).

Table 3.4.13Coefficients, standard errors, t values and pasfor the regression

equation of rachis lengtiersusglume length (log transformed data).

Predictor Coefficient ~ Standard error of the coédint t p
Constant 0.758 0.009 87.65  0.0001
Glume length  0.010 0.000 23.43  0.0001
(log

transformed)

Table 3.4.14ANOVA table for the regression equation of radbisgthversusglume

length (log transformed data).

Source Degrees of Sums of Mean squares F statistic p
freedom squares
Regression 1 2.7792.779 549.1 0.0001
Residual error 2241 11.3410.005
Total 2242 14.119
L
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Figure 3.4.15Scatterplot of rachis lengtlersusglume length (log transformed data)
with regression line (-), 95% confidence intervai-f), and fitted 95% prediction

interval (--—--).
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Stepwise regression analysis
Stepwise regression analysis was performed foetbe¢s of characters.

1. Spikelets per spikeersusrachis length, florets per spikelet (log transfechtata)

and glume length (log transformed data).

The regression equation (Equation 3.4.4) indic#éibetl as both rachis length and log
transformed glume length increased, the numbepikEkets per spike increased and
the values in Table 3.4.15 indicated that theseeglere significant (p<0.0001). The
pattern was similar with untransformed data (datashown). The Rvalue indicated
that 35.97% (Radjusted: 35.91%) of the variation in spikelets ggke is accounted
for by the relationship between spikelets per spék® rachis length and log

transformed glume length.

Spikeletgperspike= 2035+ 0.569Rachidength) -11.20( Glumelength)

Equation 3.4.4Regression equation for spikelets per spesusrachis length and

glume length (log transformed).

Table 3.4.15Table of values for stepwise regression analysispikelets per spike

versusrachis length, florets per spikelet (log transfedn and glume length (log

transformed).

Variable Coefficient t p
Constant 20.35

Rachis length 0.57 35.03 0.0001
Glume length (log transformed) -11.2015.12 0.0001

2. Florets per spikelet (log transformeayrsusrachis length, and glume length (log

transformed).

The regression equation (Equation 3.4.5) indic#éibetl as both rachis length and log
transformed glume length increased, the numberogf ttansformed florets per
spikelet increased and the values in Table 3.4ntiicated that these values were

significant (p<0.0001). The pattern was similarhwiintransformed data (data not
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shown). The Rvalue indicated that 19.02% {Rdjusted: 18.94%) of the variation in
log transformed florets per spikelet is accountadbly the relationship between log

transformed florets per spikelet and rachis leragith log transformed glume length.

Floretsperspikelet= 0.3066+ 0.011Rachidength) + 0.251Glumelength)

Equation 3.4.5Regression equation for florets per spikelet {fagpsformedyersus

rachis length and glume length (log transformed).

Table 3.4.16Table of values for stepwise regression analysikets per spikelet
(log transformedyersusrachis length and glume length (log transformed).

Variable Coefficient t p
Constant 0.307

Rachis length 0.011 15.66.0001
Glume length (log transformed) 0.251 7.89.0001

3. Glume length (log transformedgrsusrachis length, spikelets per spike and florets

per spikelets (log transformed).

The regression equation (Equation 3.4.6) indicthtedl as rachis length, spikelets per
spike and log transformed florets per spikeleteased, log transformed glume length
increased and the values in Table 3.4.17 indictitatithese values were significant
(p<0.0001). The pattern was similar with untransfed data (data not shown). The
R? value indicated that 28.40% {Rdjusted: 28.30%) of the variation in log
transformed glume length is accounted for by thaticmship between rachis length,

spikelets per spike and log transformed floretsspékelet.

Glumelength=0.812+ 0.014Rachidength) - 0.008Spikeletgperspike) + 0.096Floretsperspikele)

Equation 3.4.6Regression equation for glume length (log tramstat)versusrachis

length, spikelets per spike and florets per sptkdbg transformed).
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Table 3.4.17Table of values for stepwise regression analylsteepair of characters
glume length (log transformed dateg@rsusrachis length, spikelets per spike and

florets per spikelets (log transformed data).

Variable Coefficient t p
Constant 0.812

Rachis length 0.012 23.57 0.0001
Spikelets per spike -0.008 -14.74 0.0001
Florets per spikelet (log transformed) 0.096 7.19 0.0001

Principal components analysis

The first three eigenvalues (Table 3.4.18) of trerphological PCA explained more
than 50% of the variation in the dataset, withfiret eigenvalue explaining 27.29%,
the second eigenvalue explaining 14.96% and thel teigenvalue explaining a
further 11.87%. The remainder of the variation veaplained by the next eight
eigenvalues. When the eigenvectors were plottethfofirst two dimensions (Figure
3.4.16) a good separation was found between theand, which were mostly in the
two right hand quadrants of the diagram, and theypac material (in the left two
quadrants). When the first dimension was plottediresg the third, and the fourth
dimension, a similar split was seen, but when theosd dimension was plotted
against the third and fourth dimensions, a simdplit was not seen. This would
indicate that it was the first dimension which wagstly splitting the varieties from
the ecotypes. After canonical variates analysis,stores for each character (Table
3.4.19) showed the relative importance of eachattar to separation in the PCA at
the first axis and indicated that the charactechisalength, spikelets per spike, spring
growth, summer growth and date of ear emergence tiner main characters which

caused the split between ecotypes and cultivars.
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Table 3.4.18Eigenvalues and percentage of the variation inntlbephological data

explained by each dimension.

Axis Eigenvalue  Percentage variance Cumulative percentage

explained variance explained
1 1.47 27.29 27.29
2 0.80 14.96 42.24
3 0.63 11.87 54.11
4 0.61 11.47 65.58
5 0.49 9.15 74.73
6 0.45 8.35 83.08
7 0.33 6.14 89.22
8 0.30 5.66 94.88
9 0.16 3.04 97.92
10 0.06 1.19 99.10
11 0.05 0.90 100.00

2.42 T T T
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-2.96 -1.10 \W\ 261 447

Figure 3.4.16 Principal components analysis diagram in two disnams for
morphological data showing separation between eestyand cultivars. X axis:
Dimension 1, Y axis: Dimension 21: Irish ecotype,o: European ecotypeA:
Cultivar, A : Tetraploid cultivar. Numbers of the pigtions are given in Appendix
8.1. Dimension 1 explained 27.29% of the variateomd dimension 2 explained
14.96% of the variation.
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Table 3.4.19Scores for each character for the first dimensiacth® principal

components analysis for the morphological data.

Character Score
Rachis length 0.599
Spikelets per spike 0.500
Florets per spikelet 0.072
Glume length 0.086
Height at ear emergence 0.011
Height 30 days after ear emergence -0.201
Length of flag leaf -0.019
Width of flag leaf 0.011
Spring growth -0.812
Summer growth -0.867
Date of ear emergence 1.940

Eigenvectors and eigenvalues were calculated ferctioroplast genetic distance
matrix. The percentage accounted for by each egeavwas determined (Table
3.4.20). The first four dimensions explained mdrant 80% of the variation, with the

first dimension explaining 34.05% of the variatidhe second dimension explaining

25.51%, the third dimension explaining 13.93% dma&l fourth dimension explaining

11.91% of the variation. In comparison with thenpipal components analysis for

morphological data (Figure 3.4.16), the diagramwshg the first dimension plotted

against the second dimension (Figure 3.4.17) didappear to show such a clear

distinction between ecotypes and cultivars or preaay other meaningful groupings.

When the grouping from the UPGMA dendrogram in Gea@ (Figure 2.4.10) were

overlaid on the morphological principal componetitggram, no clear distinction was

seen between ecotypes and varieties. However,ultigacs were more in the right

hand quadrants. Similar patterns were seen wherfirdtedimension was plotted

against the other dimensions.
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Table 3.4.20Eigenvalues and percentage of the variation irckih@roplast DNA

dataset explained by each axis.

Axis Eigenvalue  Percentage variance Cumulative percentage

explained variance explained
1 1.04 34.05 34.05
2 0.72 25.51 57.56
3 0.43 13.93 71.49
4 0.36 11.91 83.40
5 0.24 7.69 91.09
6 0.17 5.45 96.54
7 0.10 3.26 99.80
8 0.03 0.20 100.00
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Figure 3.4.17 Principal components analysis diagram in two disnams for
chloroplast data. X axis: Dimension 1, Y axis: Dme®n 2.0: Irish ecotype,o:
European ecotypé\: Cultivar, A : Tetraploid cultivar. Numbers of thepulations are
given in Appendix 8.1. Dimension 1 explained 34.08Pthe variation and dimension

2 explained 25.51% of the variation.
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Dendrogram

The UPGMA dendrogram based on Euclidean distarfeéigsire 3.4.18) consisted of
two major groups (I and IlI, Figure 3.4.18). Thesffimajor group was split into two
subgroups (la and Ib, Figure 3.4.18). The firstgsabp (la) consisted of eight
cultivars. The second subgroup (Ib) consisted xfesbtypes and five cultivars. The
second major group (ll) consisted of all the otbeotypes and the three remaining
cultivars (Premo, Barlenna, and Greengold). Theas moderate bootstrap support

for some of the branches of the tree.

b %

117 4

0.04 0.09 0.15 021 0.26
Euclidean distance

Figure 3.4.18 Unrooted dendrogram for morphological data showsngilarities
between populations, constructed using the unwethlgair group method with
arithmetic means (UPGMA) method (Sneath & Sokal73)9as implemented in
NTSYSpc V2.2 (Rohlf, 2005), based on the Eucliddstance measure. Numbers on
the branches are percentage bootstrap values tgtheraNTSYSpc V2.2 (Rohlf,
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2005). Different symbols represent a geographicaligs A = Northern Europe B
= Southern Europ® = Eastern Europe, | = Ireland, V = Cultivas,  =traploid

cultivar.

The UPGMA dendrogram based on the genetic distaratex of the cpDNA (Figure
3.4.19) can be divided into two major groups (I did The first major group
consisted of all the Irish ecotypes, all the cualts/with the exception of Talbot and
Barlenna, and a single European ecotype (3199 Riarfardoloni). The second major
group (I) consisted of all the remaining Europeaotypes and the cultivars Talbot
and Barlenna. There was little consistency betwden dendrogram based on

morphological distance and the dendrogram baseghlonoplast genetic distance.

[b< 10

mi——— 40

0.00 0.05 0.10 0.14 0.19
Nei's (1972) Genetic Distance Coefficient

Figure 3.4.19Unrooted dendrogram for chloroplast data showinglarities between
populations, constructed using the unweighted geasup method with arithmetic
means (UPGMA) method (Sneath & Sokal, 1973) asemphted in NTSYSpc V2.2
(Ronhlf, 2005), based on Nei's 1972 genetic distaneasure of the cpDNA. Numbers
on the branches are percentage bootstrap valuesaged in NTSYSpc V2.2 (Rohlf,
2005). Different symbols represent a geographicaligs A = Northern Europe B
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= Southern Europ® = Eastern Europe, | = Ireland, V = Cultivas,  =traéploid

cultivar.

Mantel test

A loose correlation between geographic distance Eundlidean distance was found
for 28 populations (r = 0.324). This value was smnificant at p <0.05 (p=0.07).
This would indicate that there was little or no aasation between geographic
distance and Euclidean morphological distance. dsdocorrelation was also found
between Euclidean distance and genetic distantkeeofpDNA (r = 0.244) and this
value was also not significant at p <0.05. Thigassistent with PCA and UPGMA
dendrogram results that also failed to show anyaalsvgeographical structuring.

ANOVA analysis

For all characters, with the exception of height@t emergence, height 30 days after
ear emergence, length of flag leaf and width of fleaf; most variation was found
among populations (Table 3.4.21), with most vasiatamong populations found for
the characters date of ear emergence (41.36%hgsgrowth (40.86%) and summer
growth (49.42%). The characters rachis length, edptk per spike and florets per
spikelet showed similar levels of among populat@niation (30.19%, 29.12% and
32.27%, respectively). Less variation was seen é@atmpopulations for glume length
(24.55%) and height 30 days after ear emergen®@®%®. No significant variation
between populations was seen for height at earganee, length of flag leaf and
width of flag leaf. Most within population variatiowas seen in height at ear
emergence (50.59%), height 30 days after ear emeeg@0.23%), length of flag leaf
(55.97%), and width of flag leaf (50.92%), with twvéhrs generally having higher
within population variation than ecotypes, except lieight at ear emergence. Less
within-population variation was seen for rachisgén (6.75%), spikelets per spike
(7.41%), florets per spikelet (6.26%) and glumegtbn(8.34%). With the exception of
florets per spikelet, cultivars had higher withiopplation variation than ecotypes.
The least within population variation was seen atedof ear emergence (0.25%),
spring growth (3.21%) and summer growth (2.40%)thiMi population variation in

all characters for both cultivars and ecotypes veag similar.
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Ryan-Einot-Gabriel-Welsch tests results (Table 13.4howed that the significant
differences between population groups for rachrgytle were generally between
ecotypes and cultivars. The class groupings shothetl generally the cultivars
grouped together with higher means than the ecstypenilar results were seen for
spikelets per spike. For florets per spikelet, Ppean ecotypes and cultivars grouped
together with higher means than the Irish ecotyfégnificant differences between
populations for the character glume length werenijdetween 3408 Italy and 3013
Romania Podoloni and the rest of the populationih \Wess obvious groupings
between cultivars and ecotypes. There were nofgignt differences between any of
the pairs of populations for height at ear emergeftength of flag leaf and width of
flag leaf (Table 3.4.2). The variation between dapons for height 30 days after ear
emergence was between the ecotype IRL-OP-0205% Glad most of the other
populations. For date of ear emergence, there wigraficant differences between
almost all of the pairs of populations (Table 3)4There were no clear groupings of
populations as shown by the grouping of mean ctas$s® spring growth and summer
growth, most of the variation was caused by difiees between ecotypes and
cultivars. For spring and summer, most of the quedygrouped together with worse

mean growth scores than the cultivars.

For comparisons between cultivars and ecotypest wasgtion was seen in spring
growth (23.08%), summer growth (27.34%), date afesaergence (10.17%), rachis
length (6.13%) and spikelets per spike (5.33%). éowariation was seen between
cultivars and ecotypes for the characters florets gpikelet (0.48%), glume length
(0.74%), and height 30 days after ear emergend®%t). The remaining characters
(height at ear emergence, length of flag leaf amdthwof flag leaf did not show
significant variation between cultivars and ecog/p®ifferences were positive
between cultivars and ecotypes for the characeakis length, spikelets per spike,
florets per spikelet, glume length, height 30 dafger ear emergence, and date of ear
emergence, while there were negative differencésdssn cultivars and ecotypes for

spring growth and summer growth.

Most variation in comparisons between diploid aeilaploid cultivars was seen for

date of ear emergence (12.14%), spring growth #)33lume length (3.12) and
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florets per spikelet (2.79%). Lower variation waes between diploid and tetraploid
cultivars for the characters rachis length (0.5%%g length of flag leaf (0.53%). The
remaining characters (spikelets per spike, heighdaa emergence, height 30 days
after ear emergence, width of flag leaf and sumgrewth) had no significant
variation in comparisons between diploid and tetiapcultivars. Positive differences
between diploid and tetraploid cultivars were séenthe characters florets per
spikelet, length of flag leaf, and spring growthile negative differences were seen
for the characters rachis length, glume length,datd of ear emergence.

Between Irish and European ecotypes, most variasiageen for the character glume
length (8.65%). Less variation was seen betweesh land European ecotypes for
rachis length (2.31%), spikelets per spike (3.0086)ets per spikelet (2.67%) and

spring growth (0.28%). No significant differenceer& seen between Irish and
European ecotypes for the characters height atreargence, height 30 days after ear
emergence, length of flag leaf, width of flag leafid date of ear emergence. Positive
differences were seen between Irish and Europeatyps for the characters rachis
length, spikelets per spike, and florets per spikedhile negative differences were

seen for the characters glume length, spring granthsummer growth.
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Table 3.4.210ne-way ANOVA analysis results with percentage leetvgroup variation, p-value, and difference betwgreups for each of

the characters: rachis length, spikelets per sfliets per spike, glume length, height at earrgerce, height 30 days after ear emergence,

length of flag leaf, width of flag leaf, date ofreamergence, spring growth and summer growth.

Comparison Rachis Spikelets Florets Glume Heightat Height30 Length Width Date of Spring  Summer
length per per length  ear days after offlag offlag ear growth  growth
spike spikelet emergence ear leaf leaf emergence
emergence
Overall Cultivar 6.13% 5.33% 0.48% 0.74% 0% 0.19% 0.08% 0.11% 10.17% 23.08% 27.34%
versus <0.0001 <0.0001 <0.05 <0.001 N& <0.05 NS NS <0.0001 <0.0001 <0.0001
Ecotype 1.89%® 0.55* 0.02* 0.01* 0.03 0.22* -0.09 0.05 0.76* -1.23* -1.69*
Cultivars Diploid 0.55% 0.44% 2.79% 3.12% 0% 0.02% 0.53% 0.22% 12.14% 5.33% 0.25%
Versus <0.05 <0.0001 <0.001 <0.0001 NS NS <0.05 NS <0.0001 <0.0001 <0.05
tetraploid -0.55* 0.10 0.16* -0.03*  -0.04 -0.08 0.25* -0.07 -1.07* 0.35* 0.15
Ecotypes Irishversus 2.31%  3.00% 2.67% 8.65% 0.09% 0% 0% 0.03% 0.04% 0.28% 1.85%
European <0.0001 <0.0001 <0.0001 <0.0001 NS NS NS NS NS <0.05 <0.0001
1.31* 0.46* 0.05* -0.06* -0.17 0.19 0.03 0.03 -0.04 -0.16*  -0.41*
Among Overall 30.19% 29.12% 32.27% 24.55% 1.97% 6.90% 212% 2.51% 41.36% 40.86% 49.42%
populations <0.0001 <0.0001 <0.0001 <0.0001 NS <0.0001 NS NS <0.0001 <0.0001 <0.0001
Within Overall 6.75% 7.41% 6.26% 8.34% 50.59% 30.23% 55.97% 50.92% 0.25% 3.21% 2.40%
populations <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
Cultivars 7.22% 7.91% 2.19% 11.86% 49.75% 54.38% 54.87% 49.23% 0.10% 2.98% 3.49%
<0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 N/S <0.0001 <0.0001
Diploid 18.26% 16.32% 2.45% 17.02% 40.53% 61.40% 69.74% 49.11% 0.10% 3.23% 3.84%
<0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 N/S <0.0001 <0.0001
Tetraploid 2.74%  3.94% 1.34% 12.49% 84.85% 40.36% 50.23% 54.79% 0.10% 2.78% 2.37%
<0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 N/S <0.0001 <0.0001
Ecotypes 5.65%  5.86% 6.76% 5.73% 52.48% 18.20% 47.94% 45.64% 0.34% 7.05%  3.90%
<0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 N/S <0.0001 <0.0001
Irish 9.32%  9.25% 8.51% 8.43% 54.25% 46.41% 49.74% 15.57% 7.68% 479% 0.34%
<0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 N/S
European 2.39%  2.90% 3.76% 6.318% 48.77% 51.25% 32.62% 54.54% 4.52% 1.96% 0.28%
<0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 N/S

aNS: non-significant™ Differences between groups are significant
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3.5 Discussion

3.5.1 Morphological diversity

Different levels of variation were seen acrossdiiferent characters both within and
among populations. Among populations, vegetativaratters (height at ear
emergence, height 30 days after ear emergencehlendlag leaf and width of flag
leaf) showed the least variation. Within individupbpulations, the vegetative
characters height at ear emergence, height 30aftgrsear emergence, and length of
flag leaf, showed the lowest ranges of variatioowiver, overall within population
variation is the highest in the characters heigl#aa emergence, height 30 days after
ear emergence, length of flag leaf and width af feeaf. While low levels of variation
would be expected for the cultivated material, vheonsistency of these characters
have been selected for during breeding programiigiker levels of variation should
be expected in populations of the ecotypic matefiaé higher level of overall within
population variation could explain this. Reproduetcharacters showed higher levels
of variation among populations. Moderate levelg.(&.34% for glume length) of
within population variation were also seen for pglrctive characters. Similar results
were seen for both ecotypes and cultivars in theysbf Dutch populations (Van
Treurenet al. 2005, ranging from 12.7% to 31% in ecotypes, amgjing from 10.4%
to 21.6% in cultivars), as well as in studies ofrpimlogical variations in cultivars
alone (Gilliland et al. 2000; Roldan-Ruizet al. 2001). High levels of among
population variation were seen for date of ear gemee, that is, among population
variation accounted for 41.36% of the variationeskied (Table 3.4.21). However,
very low levels of within population variation weseen for date of ear emergence
(measured from standard deviations in Table 3.AB%ing from 2.06% (in cultivar
Premo) to 12.3% (in ecotype 3408 lItaly). Also véow overall within population
variation was found for date of ear emergence @abt.21) (0.25%). High levels of
among population variation in date of ear emergemeee also seen in other studies
(Gilliland et al. 2000; Roldan-Ruizt al. 2001, Van Treureret al. 2005). The low
level of within population variation combined witthe high among population
variation in date of ear emergence for both ecatygrel cultivars could be as a result
of adaptation to environmental factors such as d=ygth, temperature and

precipitation that may influence fithess via amowtftseed set (in the case of
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ecotypes) and as a result of selection for optim@ge potential during breeding (in
the case of cultivars). A lot of the variation ipriag and summer growth was seen
within population (Table 3.4.21) and in the ecogpand these ecotypes would be
adapted to local environmental conditions and seeharied growth in spring and

summer.

Similar results have been seen in other studiegl@Nal960; Loos, 1994; Kollikeet
al. 1999; Gillilandet al.2000; Roldan-Ruizt al.2001; Van Treureet al. 2005). For
instance, Kollikeret al. (1999) found that 80% of the overall variationLinperenne
was accounted for by variation among populatiomsné& of the ecotypes which had
better values (significantly and positively diffatein the reproductive characters or
which were similar to the better cultivars have plogential to be used to breed new

varieties.

There was also a wide range of diversity betwedferént groups of populations
(ecotypes, both Irish and European; and cultiiaosh diploid and tetraploid) (Table
3.4.21). The largest range of diversity betweerugsowas seen in the characters
spring growth, summer growth, date of ear emergencéests (Table 3.4.5)
confirmed the differences in groups in the mostalde characters (rachis length,
spikelets per spike, florets per spikelet, glumegth, date of ear emergence, spring
growth and summer growth) and the lack of diffeemnbetween groups in the least
variable characters (length of flag leaf, widthflaiy leaf, height at ear emergence).
For differences between cultivars and ecotypesprimduction characters (spring
growth, summer growth) higher amounts of variativare recorded for between
group variation (Table 3.4.21), while more moderataounts of between group
variation were seen for date of ear emergencejgé@mgth and spikelets per spike. In
the production characters, the cultivars had higlaéres for these characters than the
ecotypes, indicating that the potential of the pgetgroup as a whole for breeding of

these production characters is limited and less the cultivars.

3.5.2 Separation of populations

More variation was seen between ecotypes and atdtithan either between diploid

and tetraploid cultivars, or between Irish and BPpean ecotypes (Table 3.4.21).
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Ecotypes and cultivars were separated from eacér dtbth by PCA and UPGMA

analyses. Similar separations of ecotypes andvaudtiwere seen in studies of Dutch
ecotypes (Loos, 1994; Van Treurehal. 2005). CVA scores for the PCA analysis
(Table 3.4.19) showed that date of ear emergepecmgsgrowth and summer growth,
and to a lesser extent, height 30 days after eamrgance, spikelets per spike and
rachis length are the characters that contributst rte the separation. Populations
with later date of ear emergence, good spring amdnger growth, longer rachis

length, more spikelets and lower height after eaergence grouped together, which
was in agreement with Loos (1994). Van Treueeal. (2005) also found that date of
ear emergence, rachis length, and spikelets péee speparated ecotypes from
cultivars. This is a reflection of the breedingtbrg of cultivars, which would

normally be selected for later heading date, armbggrowth in the growing season.
Based on these results, cultivars which would exadht be selected for commercial

breeding would be expected to have more spikelatsgike and longer rachis length.

The fact that these characters separated ecotygaschltivars is in agreement with
what might be expected from the processes thatesh#eir characteristics. In the
case of ecotypes these characters would have beelded by adaptive evolution to
produce locally adapted ecotypes; in the case lbivars the characters would have
been influenced by evolutionary history of theirogenitors but also by recent
breeding efforts where characters have been sdletteartificial selection. While
ecotypes and cultivars were separated from eachr,offloidy level differences
between populations did not account for the groggiseen (Figure 3.4.16, Figure
3.4.18). This could be considered surprising bexdataploids irL. perennehave
been shown to have increased leaf and plant simgiy&ma, 2005) relative to
diploids. In this study, leaf length and such chtees were the least variable
characters and did not contribute to any split lkeetwany populations. While height
at ear emergence showed more variation in tet@pl@rieties than in diploid
varieties (Table 3.4.21), the fact that only fivapplations of the total of 33 analysed
were tetraploid may have contributed to the faat this variation did not contribute

to a visual splitting of populations.

The lack of geographical structure in the morphmlalgdata was shown by the

Mantel test, which gave a very poor correlationwgetn Euclidean distance of the
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morphological data and geographical distance betwie populations (r = 0.324),
and also by the PCA and UPGMA analysis which showed clustering of
geographically close populations. The lack of gapgrcal pattern was seen in other
studies, both at the country level (Loos, 1994; Maeurenet al. 2005) and at the
European level (Fernands al. 1997). While morphological characters were able to
separate European and Dutch populations (Loos, )199dtch populations from
different geographical regions were not distingaksb. Similar results for Dutch
ecotypes were seen by Van Treurenal. (2005). In a wider European context,
Fernandoet al. (1997) did not show any geographical pattern am@ogopeanL.
perenneecotypes using morphological data. This lack ofggaphical structuring of
populations was also seen in the cpDNA data (sept€h2) and could be a result of
the rapid spread df. perenneacross Europe with agriculture and also becauseext
and pollen mediated geneflolwolium perennds also an allogamous species and its
obligate outbreeding would enhance geneflow oveggphical distance and reduce

population substructuring.

There was little consistency between the cpDNA mnwiphological data results for
either the PCA or UPGMA analysis. While the PCA abGMA data for
morphology separated the European and Irish ecstfieen the varieties (Figures
3.4.16 and 3.4.18), the PCA and UPGMA analysishef ¢pDNA data showed a
separation of Irish ecotypes and cultivars fromEueopean ecotypes (Figures 3.4.17
and 3.4.19). Mantel testing also showed a very poorelation between Euclidean
distance and genetic distance determined with pigNA markers (r=0.244). Such
differences between the different genetic diversigasures could be expected from
their different modes of evolution. Morphologicdharacters such as date of ear
emergence, and reproductive characters could beceeghto separate ecotypes from
cultivars because breeding objectives for cultivacld give different results (e.g.
later flowering) from ecotypes allowed to adaplacal environments and competitive
stresses. Artificial selection has caused convemen morphological form that
masks patterns of morphological variation deterchingy natural evolutionary
processes of adaptation and geneflow. CpDNA dataldvbave resulted from a
different process of evolution where cultivars dexived from the same maternal

lines. Most morphological characters in contrastilddoe determined biparentally.

163



3.5.3 Relationships between characters.

Positive relationships were seen between rachigtheand reproductive characters
(spikelets per spike, florets per spikelet, andrgulength) in both correlation and
regression analyses. While it would seem intuitivat with increased rachis length,
the number of spikelets increase (because thesamigly more space available for
spikelets), this would not explain the positiveateinship between rachis length and
florets per spikelet, and between rachis lengthginohe length. Numbers of spikelets
and numbers of florets are directly related toardscence branching processes. The
more branching within a rachis the more spikeletd e produced; the more
branching within a spikelet the more florets wik produced, unless reproductive
structures fail to develop from these branches. |&vhuantitative trait loci (QTL)
studies in sorghum (Browat al. 2006), have found a low correlation between the
number of primary and secondary inflorescence vesicQTL studies in rice (let

al. 2006) found moderate correlation between primaxy secondary branch number
and also between number of branches at both oamfepsanching and numbers of
spikelets. This suggests that in rice, regulatibbranching is related at all orders of
branching. Similar correlations were seen in thiglg, i.e. the moderately significant
correlations between rachis length, spikelets péwes and florets per spikelet. This
could indicate that regulation of branchinglin perennecould be controlled in a
similar way to rice. QTL studies undertaken by Bnogt al. (2006) in sorghum and
by Upadyayulaet al.(2006) in maize suggest that allelic variation @mgs controlling
branch lengthramosagenein maize) causes morphological variation in infemence
branch length within a species. Such allelic vaain L. perennecould account for
the high levels of variation seen between the difie populations and groups of
populations oL. perennan this study. Interestingly themosagene is not expressed
in the branch meristem but in the position markhmgstart of the bract subtending the
branch (Bortiriet al.2006) and its DNA sequence is conserved amongridssegs that
have been studied to date. The fact thatrdmosagene is expressed in the tissue
where the glume begins may explain the relationbbipveen rachis length and glume
length seen in these analyses. This is becauseathesagene product controls
branch length and primary and secondary branchésarevels of theamosagene

product would be expected to produce a relationshigpranch length between

164



primary (rachis) and secondary branches (spikalad)thus between spikelet and the
length of its parts. Other genes have also beenlicated in the control of
inflorescence structure (Kellogg, 2007). A full dyuof these genes iholium is
required to investigate the contribution of thesenes toLolium inflorescence
morphology but the results of this morphologicaldst have helped determine basic
patterns of morphological diversity and correlasiamm which these developmental

genetic studies can be based.

While the relationship between rachis length anchimer of spikelets per spike, and
also rachis length with numbers of florets per sf@k may be important for breeding
increased seed production, seed size is also aortamp factor. Eliagt al. (2003)

found that only 0.33% of caryopses which were kss one third the size of the
palea had the ability to germinate, as opposed2#b 8f seeds which were greater
than one third the size of the palea being act8eed size and viability would be

valuable characters to assess in further studies.

Flowering time is important for forage and seeddyiend for forage quality and
persistence ifh. perenngHumphreys & Eagles, 1988; Laidlaw, 2005). Swantigch
flower much later, or which have reduced number$lafering tillers, have better
forage quality across the growing season becauygenlicontent is increased in
flowering stems, decreasing digestibility and vaétéup animal intake (Laidlaw, 2005).
This relationship between flowering date and yjgbdential was seen in this analysis
where there was a low significant negative corr@habetween date of ear emergence
and both spring and summer growth (Table 3.4.8)d#&te of ear emergence became
later, spring and summer growth improved. Persistes also associated with later
flowering plants (Takasalet al. 1989). However, later/reduced flowering results in
lower seed yield and so for breeding a trade offstmae made between earlier
flowering with higher seed vyield (necessary fortigar development) and later
flowering (necessary for agricultural quality) almver seed vyield. In this data set,
many of the cultivars (with the exception of a namlbf early-flowering cultivars)
were later-flowering than the ecotypes. Ecotypesdeean date of ear emergence of
May 17" with a range from May's for 3408 Italy to June *ifor IRL-OP-02018
Wicklow. Cultivars had a mean date of ear emergasfcMay 23 and (with the

exception of Aurora which had the extremely eardyedof ear emergence of April
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23% ranged from May 12for S24 to June'sfor Sarsfield. Van Treureet al.(2005)

found a difference of ten days in the mean dateasf emergence between Dutch
ecotypes and cultivars. Loos (1994) also found thdtivars were generally later
flowering than the Dutch ecotypes. This is an thason of contrast between variation
generated by adaptive variation in natural popaoieti (where, for example, earlier
flowering could convey a competitive advantage emis of earlier seed set) and
variation artificially selected by breeders (whd, example later flowering may be

preferable).

When regression analysis was performed, strongtipesgielationships were found
between numbers of spikelets per spike, numbetfipralts per spikelet, glume length
and rachis length. As spikelets per spike were sitgnvn to be related to florets per
spikelet in the stepwise regression analysis, sal@mgth has the potential to be used
as a predictor for reproductive performance. Adisaength and spikelets per spike
are characters which would be convenient to measuithe field, the prediction
model could be used easily by breeders as a smieatiethod for reproductive
characters in breeding programmes. The charactexcbis length is already used in
DUS testing under UPOV guidelines. While such a ehdds not been proposed for
L. perenne, panicle elongation was seen as the bgstags of seed number in
sorghum (Geriket al. 2004). While high numbers of spikelets per spike rux
necessarily equate with higher seed yields, studége® shown that high seed yield
come from plants with larger heads (Brown, 1980s0Aseed number per unit area
was found to be closely associated with the nurbdporet sites per unit area in tall
fescue by Youngt al.(1998).
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3.6 Conclusion

This study has quantified morphological and cpDNiation in Lolium perenne,
discussed the ability of these data to discriminptpulations and groups of
populations and discussed correlations betweeracteas and the possible genetic
control of such characters. These results will ghllg valuable to botanists and
breeders who need to understand and manipulatetatege and reproductive
characters iLolium. Future studies should examine seed set and thesdevolved

in controlling inflorescence architecture.
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Chapter 4

Variation in water soluble carbohydrate (WSC), dry matter and crude protein

content in a collection ofLolium perenne L. ecotypes and commercial varieties.

4.1 Introduction

4.1.1 Water soluble carbohydrate: definition amdcttre

Water soluble carbohydrates (WSCs) are storageamlele which are soluble in cold
water and include mono-, di-, oligo- and some patgharides (Jafagt al. 2003a).
They mainly include, sucrose, reduced sugars (sgcfructose and glucose, Figure
4.1.1), and fructans (Ding & Yang, 2007). Fructaare made by about 15% of
flowering plants representing about 40,000 spe(@=srns, 2003) and are the most
prevalent type of WSC in the grasses (Patisal. 2001a). Fructans are fructose
polymers derived from sucrose (Figure 4.1.2) andem several different forms: (i)
linear inulin: the simplest fructans, which cons$t3(1-2)-linked fructose residues;
present in the Asterales order of angiospermsjn(i)in neo-series: these have two
B(1-2)-linked fructose chains attached to the swerstsirter unit and are present in
members of the angiosperm Liliaceae family; (iigvian-type: a linea(2-6)-linked
fructose polymer, present in the Poaceae; and@mminansf(2-6)-linked fructose
residues withp(1-2) branches, also present in the Poaceae (RitferBSmeekens,
2003). Lolium species mainly accumulate fructans of the moreptexngraminan
type (Paviset al. 2001a). These fructans can be linear, branchectamigin internal

or terminal glucose residues (Pagtsal. 2001a).
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Figure 4.1.1Chemical structure of carbohydrates. (a) glucfi®efructose, and (c)
sucrose. (Hand drawn from Thain & Hickman, (2004).
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Figure 4.1.2Examples of different types of fructans. The saer(a dimer of glucose

and fructose) on which the fructans are built igieted. Enzymes creating the
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linkages are indicated. (a) Inulin (b) Neo-seriemilin (c) Levan (phlein) (d)
Graminan. Ritsema & Smeekens (2003). See Chalreeral. (2005) for more

examples.

WSCs are synthesised and stored in the vacuolbstbfphotosynthetic and storage
cells (Cairns, 2003). They are usually found in bizse of leaves (but can also be
found in leaf blades) and are mobilized when plamés re-growing after defoliation
(Chalmerset al. 2005). It has been suggested that fructans faelithe uploading of
sucrose from the phloem and thus maintain the gpjate osmotic potential to ensure
cell enlargement in the base of the leaf duringdilé elongation phase (Paws al.
2001b). They have also been associated with tateramabiotic stresses such as cold
and drought (Chalmeet al. 2005).

4.1.2 Synthesis of WSC

Fixed carbon is produced by photosynthesis in thieroplast from where it is
exported to the cytoplasm for sucrose synthesisuitilated sucrose is exported to
the apoplast or the vacuole for fructan synthesidhydrolized to produce fructose
and glucose. At least eight enzymes are known tdrabthe balance of fructan,
fructose and glucose accumulation in the vacuol@esennial ryegrass, including
fructosyltransferases, invertases and hydrolases¢ki et al. 2006). The addition of
a fructose residue to any of the primary alcoholugs of sucrose by the enzyme 1-
SST (sucrose:sucrose 1-fructosyltransferase) wolimf one of three possible
trisaccharides (1-kestose, 6-kestose, and 6G-l@stoEhese trisaccharides are
precursors for all fructans with a higher degreafmerization. In_. perenngonly
1-kestose and 6G-kestose are present in signifaraounts (Pavist al. 2001a). The
fructan profile ofL. perenndas complex and so far only hypothetical pathwaggeh
been proposed. Chalmeert al. (2005) have proposed a possible metabolomic

pathway for fructans ih. perenngFigure 4.1.3).
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Figure 4.1.3 Proposed pathway of fructan metabolism Lin perenne 1-SST:
sucrose:sucrose 1-fructosyltransferase, 6G-FFTuésge fructosyltransferase, INV:
invertase, 1-FEH: 1-fructan exohydrolase, 1-FFT: uctan:fructan 1-
fructosyltransferase, 6-FEH: 6-fructan exohydrolageFFT: fructan:fructan 6-
fructosyltransferase, 6-SFT: sucrose:fructan 6tésytransferase. Chalmeet al.
(2005).

According to this proposed pathway, members ofithéin series of fructans are
produced by the addition of a fructose residue fremerose to another sucrose
molecule, catalysed by the enzyme 1-SST, formikgstose. Then 1-FFT catalyses
the addition of fructose units to 1-kestose to poedfructans of varying lengths. To
produce fructans of the inulin neo-series, the ereypG-FFT facilitates the transfer
of a fructose unit from 1-kestose to the glucosi ahsucrose to form 6G-kestose
(Shiomi, 1989). 6G-kestose is then elongated byatthdition of fructose subunits,
catalysed by 1-FFT d#(2-1) linkages. Where fructose units are addedGekéstose

at p(2-6) linkages, levan neoseries are formed. This giathe pathway is catalysed
by with 6-FFT or 6-SFT. However, the absence olidgiise (whose presence is
associated with the presence of 6-SFT) indicates @FFT is the more likely

candidate. Degradation of fructans occurs by themamf fructan exohydrolases,
which cleave the3(2-1) andp(2-6) linkages, while the resulting sucrose molesul

can then be further degraded to fructose and ghubgsinvertases (Chalmees al.
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2005). Fructosyltransferases have also been imptica the degradation of fructans
(Paviset al. 2001b), while conversely, fructan exohydrolasegehaeen implicated in
fructan biosynthesis (Bancat al. 1992). With respect to genetic control, genes
involved in fructose metabolism, such as invertgeres, have been mapped using
quantitative trait loci (QTL) mapping, and have begrincipally associated with

linkage group 6 ir.. perenngTurneret al.2006).

4.1.3 Uses of WSC: plants, humans and animals

WSCs have several uses in plants. They are accteduturing photosynthesis and
are then utilised when photosynthesis levels ave (ice. at night, or in the roots).
They are also used for re-growth after cutting toxdhe growth of tillers and seeds
(Humphreys, 2005). They facilitate the uploadingsatrose from the phloem and
also help maintain osmotic potential. This maintex@aof osmotic potential may
protect the cell membranes under stress (suchldsocarought). They also ensure
cell enlargement in the cell elongation zone dugngwth (Paviset al. 2001b). WSC
synthesis lowers sucrose concentration in the aall prevents sugar-induced
feedback inhibition of photosynthesis (Pollock, 8P8

Fructans have been used since the 1930'’s in té$ignoan kidney function (Vijn &
Smeekens, 1999). More recently, fructans (spedyi@aulins) have been recognised
as beneficial food ingredients. In food, fructame soluble fibres which can not be
digested by humans. However, they can be prefatgnfiermented by beneficial
bowel bacteria, so that pathological bacteria berdess abundant (Ritsema &
Smeekens, 2003).

WSC is completely digestible by ruminants and ieirtlprimary source of readily
available energy (Turneet al. 2001). As well as being a source of metabolomic
energy, WSC also provides a source of carbon skedefor general biosynthesis
(Miller et al. 2001). WSC provides a source of readily fermemtahlgar for the
growth of rumen microbes, which can then efficigrdbnvert nitrogen to protein in
the gut. High WSC grasses have been shown to sem@amal performance, increase
growth rates, and boost milk and meat producticeegt al. 2003). High WSC grass

fed to ruminants also increases nitrogen secratethe milk, while decreasing
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nitrogen secreted in the urine and so can havdiyp®gnvironmental effects (Miller
et al. 2001). As a result of the benefitsltoperennatself and to ruminants of higher
concentrations of WSC, this character is a targetbfeeding programmes. WSC
content inL. perennehas been measured in populations of ecotypes dtidacsl in
several studies (e.g. in Ireland: Jaftrial. 2003a, and in Australia: Fulkerse al.
2003).

4.1.4 Crude protein and dry matter

Crude protein and dry matter are also importantagtiars inL. perenne particularly

in relation to WSC content. It has been shown esly that crude protein and dry
matter tend to have an inverse relationship thaesaeasonally (Pontes al. 2007).
During periods of vegetative growth, crude protieivels are low while dry matter
contents are high (Pontes al. 2007). During flowering time, crude protein cortten
increases as the number of flowering stems increeskdry matter contents increase.
Crude protein is a source of amino acids for miggaaisms in the ruminant gut that
participate in digestion of WSO herefore, maintaining an advantageous balance of

crude protein and dry matter is an important goabfass breeders.

Dry matter is an important measure of yield in grand has been an important
character for grass breeders hoping to produceowepr varieties of.. perenneAs
with WSC content, it is important to characterisade protein and dry matter in
collections of ecotypic material in order to prawidasic information of novel

material for breeding programmes.
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4.2 Aims

The aim of this chapter was to investigate divgrsitlrish Lolium perenneccessions
in comparison to cultivars with respect to a numiebiochemical characters, over
the growing season, including fructose, glucostl t&/SC, crude protein and dry

matter production. Specific objectives were to:

(1) measure the variability of various carbohydrates; ohatter and protein
production in a broad range of ecotypes, cultivard cultivars of different

ploidy,

(2) test if variation in any of these characters areretated and to seek

explanation for such correlations,

(3) record changes in WSC and other variables ovesgheon (5 cutting times),

(4) assess whether different categories aium accessions (such as cultivars, or

ecotypes) respond differentially during the growsggson, and

(5) test if multivariate PCA analysis can separateivag, ecotypes and cultivars
of differing ploidy based on biochemical data arftetiher such a separation is
maintained over each cutting period. To investigatéch factors contribute

most to the PCA variation.
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4.3 Materials and methods

4.3.1 Selection of samples for analysis

A total of 1,320 individuals from a selection of B8lium perenneaccessions were
used to investigate WSC concentration (Appendiy.8lhese accessions were also
used in the work reported in Chapters 2 and 3 tedtigate chloroplast DNA
diversity and population genetic structure and goaft as well as morphological
diversity. Forty individuals per accession wereestdd for analysis. Ten individuals
of an accession were pooled together at a timesdoce the large number of samples
to test. This gave four samples per accessiontahdb 132 samples per cutting time
point.

4.3.2 Growth of plant material

Seeds were grown, and plants transferred to tlhek iieOak Park, Carlow in 2003 as
described in Chapter 2. Plants were laid out infigdd as spaced plants in 2m x 4.5m
blocks with 5 plants in each row, 0.5m apart. Theeee a total of 10 plants per row.
Blocks were spaced 1m apart from each other in vt blocks. After each cutting

time point, nitrogen fertiliser at a rate of 80kagAvas applied to the plants.

4.3.3 Collection of plant material

At five time points throughout the growing season2D04 (May 2, June &, July
13" August 3% and October 28, four pooled samples of ten individuals each per
population were collected. All samples were coédobn one day at the same time for
each cutting point. After collection, the fresh glai of samples was recorded, and the
samples subsequently dried for 48 hours at 70°@. idgight of each sample was
recorded. Dry matter contents in % were calculditeoh fresh and dry weight data.
The following climate parameters were collectedhfriine weather station at Oak Park
for the two weeks before each cutting point: meamfall, irradiance, mean

temperature.
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4.3.4 Extraction and analysis of WSC and crudegimot

Dried samples were ground to pass through a 1.0onees using a Retsch impeller-
type mill. Approximately 1g of this material wasapéd overnight in a drying oven at
70°C to ensure that all moisture was removed frbm $amples. Water soluble
carbohydrates were extracted from each sample tisenghethod described by Jafari
et al. (2003b). After extraction, samples were filterbtbtigh 0.4am filters. Samples

were analysed with high performance liquid chrorgeaphy (HPLC) using a two-

stage pump (Waters 45M), an amino reverse phasenco{250 x 4.6 mm) heated at
30 degree Celsius and a refractive index dete&ioinfadzu RID6-Apt a flow rate of

1.5mL per minute. The sample injection volume wa@giLand the mobile phase was
a degassed 80% aqueous acetonitrile solution. f&altetandards (0.25% fructose,
0.21% glucose) were included in the analysis. Hezights were used to quantify

detected carbohydrates (equations 4.3.1 and 4.3.2).

Fructoseconcentrabn = 1{ Samplepeak 1 ]
e

StandargeakWeightof sampl

Equation 4.3.1Fructose concentration (in %).

Glucoseconcentrdbn = 4( Samplepeak 1 j
e

StandargeakWeightof sampl

Equation 4.3.2Glucose concentration (in %).

Water soluble carbohydrate was calculated by aditiedructose and glucose values.
Nitrogen was estimated using a LECO 228 (LECO Catpan, St Joseph, MI, USA)
nitrogen determinator by combustion at 1050 degésdsius and collection of gases
which were expressed as a percentage. Crude pmdsicalculated as N x 6.25 (g/kg
dry matter, Jafaret al.2003b).

4.3.5 Data analysis

All data analysis for basic statistics, data transftions, correlation analysis and

regression analyses were performed using Minital#®sin 15 Statistical Software
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(Minitab Incorporated, 2000). All other analysesravperformed using the Statistical
Analysis System (2002-2003) (version 9.1, SAS tastiinc., Cary, NC, USA).
Arithmetic means, standard deviations, season yiaftl ranges of yield across the
season were calculated for each character for paphlation, overall, for ecotypes,
and for commercial varieties. Season yields weleutaed by converting percentage
values of each character at each cut to their dfiggmatter values and adding each
amount to determine a season Yyield. Scatterplot® wenstructed to display the
ranges at each cut for each character, as welbrathé ratio fructose:glucose. The
adjusted Tukey test (Equation 4.3.3; Tukey, 195&nker, 1956) was used to test if
the means of each type (cultivar, ecotype) at eathvere significantly different. The
adjusted Tukey test was also used to test if thansi@f different types (ecotypes,
cultivars, diploid cultivars, tetraploid cultivarg)ere significantly different from each

other.

XI
|
XI

i

Equation 4.3.3Tukey test statistic, g, whepe= group mean, n = number of samples,

and § = mean square error. The Tukey-Kramer adjustmentsed for unbalanced

comparisons. The two means are considered signilicdifferent if ‘Eij ‘ > q(a; k,v),

where q(a;k,0) is thea level critical value of a studentized range dsition of k

independent normal random variables withlegrees of freedom.

Normality tests

Histograms and probability plots were constructed aormality tests for each
character at each cutting point and over all cugsewperformed as described in
section 3.3.4.

Data transformation for non-normal distributed chaters

Where data were determined not to be normally idigied, data transformation was
performed and the tests for normality as describesection 3.3.4 were repeated. The
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following transformations were attempted: log tfanwmation, square root

transformation, reciprocal transformation and reltlog transformation.

For the characters which were not normally disteduafter data transformation,
Johnson’s transformations were performed as destrib section 3.3.4. Equations
4.3.4 to Equation 4.3.8 (Box 4.3.1) were the spedibhnson transformation functions
used in these analyses. Histograms and probalpilitts were constructed and the
normality of the transformed data was then analygsedescribed in section 3.3.4.

Box 4.3.1

S, = 0474459+ 162974 ArcSine X~ 2116
1.89821

Equation 4.3.4Transformation function for dry matter (cut 1) béttypeS,.

S, =0.853917+ 1.5239(Arc8ine€i6595j]

224729

Equation 4.3.5Transformation function for fructose (cut 2) of tiype S,.

S, =101167+ 2.0105(Arc8in{wD

511533
Equation 4.3.6Transformation function for WSC (cut 2) of the ty@e

S, =-7.23381+ 2.0562{|0910(MD

284142-X

Equation 4.3.7Transformation function for crude protein (cut 4}le typeSs.

S, = 0514939+ 134721 ArcSing X~ 27207
1.30074

Equation 4.3.8Transformation function for crude protein (cut }twe typeS,.
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Correlations between characters and cuts

Pearson correlation coefficients were calculatedetch pair of normally distributed
characters and cutting points as described in@e8ti3.4. Spearman rank correlations

were performed for those characters which werenagnally transformed.

Principal components analysis

Principal components analysis (PCA) was perforn@defich cut on the population
means data using NTSYSpc V2.2 software (Rohlf, 20&&d according to the

procedure outlined in Chapter 3. Where a separatiomccessions was seen, a
canonical variates analysis was performed on thia imlaorder to determine which

characters influenced the separation of accessionsach dimension using the
modules POOLVC and CVA.

ANOVA analysis

Data for each character (log transformed fructghegose, log transformed WSC, dry
matter and crude protein) were analysed using PROXED of the Statistical
Analysis System (2002-2003) (version 9.1, SAS fusdi Inc., Cary, NC, USA) in
order to determine the influence of type (ecotypecuoltivar), cut, or type*cut
interactions on the variation in the dataset. Maainsub-samples for each accession
were calculated. The type of accession (ecotypmulbivar) was distributed randomly
across the site. Repeated measurements on indivadgassions within each type

were treated as correlated observations.

An unstructured covariance model was fitted to ead@racter (Equation 4.3.9) with
type, cut and type*cut as fixed effects. Weatherabdes (irradiance, rainfall, mean
temperature) for each cutting point were addedhéoniodel as covariates. The fit of a
set of different covariance models was tested uskhgesidual log likelihood,

Akaike’s Information Criterion (AIC; Akaike, 1974)and Schwarz’s Bayesian
Criterion (BIC; Schwarz, 1978). The significancetbé fit of the model was tested
with the null model likelihood ratio test. The sifitance of each of the fixed effects

was tested with Type 3 hypotheses. T-tests of iffees of least squares means were
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used to determine if the means were significaniffigiient from each other using the

Tukey-Kramer test (Kramer, 1956) to adjust for nplét comparisons.

Y=u+C+T+C*T +e
Equation 4.3.9Model tested by ANOVA analysis, wheYecharacter of interest, u:
overall mean; C: cufl: type (ecotype or cultivarl;*T: cut*type interaction, ane

error term.
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4.4 Results

4.4.1 Data description

Dry matter (%), WSC (%) and crude protein valueg (#&re calculated for 132
pooled samples at each of the five cutting timeniso(Appendix 8.8). Summary
statistics (mean, standard deviations, season walil ranges of the yield) were
calculated for each character (Tables 4.4.1, 4423 and 4.4.4, Figure 4.4.1).
Tukey tests were performed to test if group meaerevgignificantly different from

each other (Tables 4.4.4, 4.4.5).

Fructose

The third cutting point had the overall highest méaictose content (8.92%; Table
4.4.4) with the fourth cut having the lowest overakan fructose content (4.63%
(Table 4.4.4). Standard deviations ranged from in2be fourth cut (Table 4.4.1) to
3.74 in the third cut. The first cut had a mearctoge content of 8.85% (Table 4.4.4),
and values ranged from 4.8% (in ecotype IRL-OP-@24&ble 4.4.1, Figure 4.4.1) to
8.85% (in ecotype IRL-OP-02258). Standard deviaticanged from 0.39 (in ecotype
IRL-OP-02337 Table 4.4.1) to 3.7 (in ecotype IRL-OFD18). An individual sample
with exceptional fructose content was a sample freootype IRL-OP-02538
(15.77%, Appendix 8.8). The second cut had a meandse content of 6.34% (Table
4.4.4) and values ranged from 4.3% (in cultivars8eld; Table 4.4.1, Figure 4.4.1) to
6.34% (in cultivar Shandon). Standard deviatiomgea from 0.53 (in ecotype IRL-
OP-02068; Table 4.4.1, Figure 4.4.1) to 4.47 (iatgoe IRL-OP-02015). Individual
samples with exceptional fructose contents werepsesrirom ecotypes IRL-OP-2015
(10.76%, Appendix 8.8), IRL-OP-2018 (10.57%) and-4BP-0419 (11.29%) and
from cultivar Shandon (10.70%). The third cut hathean fructose content of 8.92%
(Table 4.4.4) and values ranged from 5.42% (inygIRL-OP-02059; Table 4.4.1,
Figure 4.4.1) to 15.8% (in ecotype IRL-OP-02018andard deviations ranged from
0.6 (in cultivar Greengold; Table 4.4.1) to 5.5 €eotype IRL-OP-02274). Individual
samples with exceptional fructose contents weredamples from ecotype IRL-OP-
02018(18.97%, 17.55%, Appendix 8.8), and a samatd érom ecotypes IRL-OP-
02128 (16.82%) and IRL-OP-02419 (16.85%). The fowdt had a mean fructose
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content of 4.63% (Table 4.4.4) and values rangenh f8.43% (in ecotype IRL-OP-
02258; Table 4.4.1, Figure 4.4.1) to 6.8% (in epetyRL-OP-02173). Standard
deviations ranged from 0.13 (in cultivar Odenwagldable 4.4.1) to 1.93 (in cultivar
Greengold). An individual sample with exceptionalctose content was a sample
from ecotype IRL-OP-02173 (7.91%, Appendix 8.8nhdfly, the fifth cut had a mean
fructose content of 7.53% (Table 4.4.4), with valuanging from 4.95% (in ecotype
IRL-OP-02483; Table 4.4.1, Figure 4.4.1) to 11.5f0cltivar Greengold). Standard
deviations ranged from 0.12 (in ecotype IRL-OP-(R2Zable 4.4.1) to 1.85 (in
ecotype IRL-OP-02274). Individual samples with gxtamnal fructose contents were
samples from ecotype IRL-OP-02274 (11.11%, Appergl®) and from cultivar
Greengold (11.80%). In general cultivars had highean fructose contents compared
to ecotypes at the first, second and fourth cutbi@ 4.4.4), but the mean fructose
contents were not significantly different from eaather (Table 4.4.5). Cultivars had
higher standard deviations than ecotypes in tisé dind fifth cut (Table 4.4.4). Within
cultivars, tetraploid cultivars had higher mearctase contents than diploid cultivars
at cuts one, four and five (Table 4.4.4) but theseans were not significantly
different from each other (Table 4.4.5). Tetraplaidtivars had higher standard
deviations than diploid cultivars in the fourth afiith cuts (Table 4.4.4). Over the
whole season, the mean season yield of fructose 38227g/kg (Table 4.4.4),
ranging from 301.6g/kg (in ecotype IRL-OP-02483)blEa4.4.1) to 457.4g/kg (in
ecotype IRL-OP-02018). Ecotypes had a mean seastwhof fructose of 360.99g/kg
(Table 4.4.4), while the mean season vyield of eals was slightly higher at
365.22¢g/kg. Within cultivars, tetraploid cultivatsad higher mean season yield
(368.68g/kg; Table 4.4.4) than diploid cultivar®61376g/kg). An individual with
exceptional season yield for fructose was a sarfple ecotype IRL-OP-02018
(551.48g/kg, Appendix 8.8).

Glucose

The fifth cutting point had the highest mean glecasntent (4.50%; Table 4.4.4)
with the fourth cut having the lowest overall megincose content (3.57%). Standard
deviations ranged from 1.07 (Table 4.4.1) in thstfcut to 1.81 in the third cut. The
first cut had a mean glucose content of 3.98% @db#.4), and values ranged from
2.02% (in ecotype IRL-OP-02483; Table 4.4.1, Figaré.1) to 5.47% (in cultivar
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Millenium). Standard deviations ranged from 0.31dultivar Cancan; Table 4.4.1) to
1.74 (in cultivar Navan). An individual sample wikceptional glucose content was a
sample from cultivar Navan (6.89%, Appendix 8.8heTsecond cut had a mean
glucose content of 4.39% (Table 4.4.4) and valaeged from 3.04% (in ecotype
IRL-OP-02480; Table 4.4.1, Figure 4.4.1) to 5.94% IRL-OP-02018). Standard
deviations ranged from 0.1 (in ecotype IRL-OP-020Table 4.4.1) to 2.57 (in
ecotype IRL-OP-02015). The third cut had a mearaga content of 4.40% (Table
4.4.4) and values ranged from 1.91% (in ecotype-@®R-02059, Table 4.4.1, Figure
4.4.1) to 6.4% (in ecotype IRL-OP-02018). Standdediations ranged from 0.42 (in
cultivar Portstewart, Table 4.4.1) to 4.57 (in gpat IRL-OP-2007). Individual
samples with exceptional glucose contents were kmmipom ecotypes IRL-OP-
02007 (12.34%, Appendix 8.8) and IRL-OP-02258 (2%% The fourth cut had a
mean glucose content of 3.57% (Table 4.4.4) andegaranged from 2.40% (in
ecotype IRL-OP-02419; Table 4.4.1, Figure 4.4.15856% (in cultivar Greengold).
Standard deviations ranged from 0.14 (in ecotyge @®-02480, Table 4.4.1) to 2.44
(in cultivar Greengold). Individual samples withceptional glucose contents were
two samples from cultivar Greengold (7.72%, 9.43¢pendix 8.8). Finally, the fifth
cut had a mean glucose content of 4.57% (Tablely.%ith values ranging from
2.26% (in ecotype IRL-OP-02483; Table 4.4.1, Figdré.1) to 6.55% (in cultivar
Greengold). Standard deviations ranged from O.h6c(iltivar Portstewart, Table
4.4.1) to 1.34 (in ecotype IRL-OP-02064). Cultivdrad higher mean glucose
contents than ecotypes at all cuts except the dgeftable 4.4.4) however, none of
these differences were significant (Table 4.4.5ylti¢ars had higher standard
deviations than ecotypes in the first, fourth anfth fcut (Table 4.4.4). Within
cultivars, tetraploid cultivars had higher meancglke contents than diploid cultivars
at cuts one, three and five and had equal meamggucontents at cut three (Table
4.4.4) but again, none of these differences weageifstant. Tetraploid cultivars had
higher standard deviations than diploid cultivarsalh cuts (Table 4.4.4). Over the
whole season, the mean season yield of glucos@®829g/kg (Table 4.4.4), ranging
from 169g/kg (in ecotype IRL-OP-02483, Table 4.4tb) 257g/kg (in cultivar
Greengold; in Table 4.4.1). Ecotypes had a mearsosegield of glucose of
206.56g/kg (Table 4.4.4), while the mean seasadd giecultivars was slightly higher
at 212.28g/kg (Table 4.4.4). Within cultivars, #gtioid cultivars had higher mean
season vyield (217.78g/kg; Table 4.4.4) than diploidtivars (206.78g/kg; Table
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4.4.4). Individuals with exceptional season yiefds glucose were samples from
ecotype IRL-OP-02258 (298.45g/kg, Appendix 8.8) drmm cultivar Greengold
(298.20).

WSC

The third cutting point had the highest mean WSateat (13.33%; Table 4.4.4) with
the fourth cut having the lowest overall mean WS@htent (8.20%). Standard
deviations ranged from 2.19 (Table 4.4.4) in thertlo cut to 5.18 in the third cut. The
first cut had a mean WSC content of 12.83% (Tabde4d, and values ranged from
6.81% (in ecotype IRL-OP-02483; Table 4.4.2, Figlie1) to 17% (in ecotype IRL-
OP-02258). Standard deviations ranged from 0.52¢wtype IRL-OP-02337; Table
4.4.2) to 5.35 (in ecotype IRL-OP-02018). Individleamples with exceptional WSC
contents were samples from ecotype IRL-OP-025384@%, Appendix 8.8) and

from cultivar Navan (21.25). The second cut had eamWSC content of 10.73%
(Table 4.4.4) and values ranged from 7.54% (inhnadtSarsfield; Table 4.4.2, Figure
4.4.1) to 14.42% (in IRL-OP-02018). Standard deéeret ranged from 0.47 (in

ecotype IRL-OP-02011; Table 4.4.2) to 7.03 (in gpetIRL-OP-02015). Individual

samples with exceptional WSC contents were sanipes ecotypes IRL-OP-02015
(16.65%, 17.27%, Appendix 8.8), IRL-OP-02018 (1%&3IRL-OP-02419 (17.35%)

and from cultivar Shandon (16.92%). The third cad a mean WSC content of
13.33% (Table 4.4.4) and values ranged from 7.58%e¢otype IRL-OP-02059;

Table 4.4.2, Figure 4.4.1) to 22.19% (in ecotypk-B¥-02018). Standard deviations
ranged from 1.1 (in ecotype IRL-OP-02059; Table2).40 8.75 (in ecotype IRL-OP-
02007). Individual samples with exceptional WSC teots were samples from
ecotypes IRL-OP-02007 (27.19%, Appendix 8.8), IRR-QR018 (21.21%, 24.49%,
25.78%), IRL-OP-02128 (23.07%) and IRL-OP-02419%2%). The fourth cut had a
mean WSC content of 8.20% (Table 4.4.4) and valaleged from 6.05% (in ecotype
IRL-OP-02128; Table 4.4.2, Figure 4.4.1) to 11.79% ecotype IRL-OP-02173).

Standard deviations ranged from 0.3 (in ecotype-@R-02048, Table 4.4.2) to 4.37
(in cultivar Greengold). Finally, the fifth cut haad mean WSC content of 12.03%
(Table 4.4.4), with values ranging from 7.21% (icotype IRL-OP-02483; Table

4.4.2, Figure 4.4.1) to 18.05% (in cultivar GreddyjoStandard deviations ranged
from 0.26 (in cultivar Cashel; Table 4.4.2) to 3.(08 ecotype IRL-OP-02274).
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Cultivars had higher mean WSC contents than ecetgpehe first, third, fourth and
fifth cuts (Table 4.4.4), however none of thesded#nces were significant (Table
4.4.5). Cultivars had higher standard deviatiomstbcotypes in the first, fourth and
fifth cut (Table 4.4.4). Within cultivars, tetrapdocultivars had higher mean WSC
contents than diploid cultivars at cuts one, faud &ve (Table 4.4.4) but again these
differences were not significant. Tetraploid cudtis had higher standard deviations
than diploid cultivars at all cuts with the exceptiof the third cut (Table 4.4.4). Over
the whole season, the mean season yield of WSC5&@$6g/kg (Table 4.4.4),
ranging from 470.8g/kg (in ecotype IRL-OP-02483blEa4.4.2) to 703.5g/kg (in
ecotype IRL-OP-02018; Table 4.4.2). Ecotypes hadean season yield of WSC of
567.53g/kg (Table 4.4.4), while the mean seasofid yoé cultivars was higher at
577.53g/kg (Table 4.4.4). Within cultivars, tetmigl cultivars had higher mean
season vyield (586.48g/kg; Table 4.4.4) than diploidtivars (568.58g/kg; Table
4.4.4). Individuals with exceptional season yields WSC were samples from
ecotypes IRL-OP-02018 (818.10g/kg, Appendix 8.8)d anRL-OP-02258
(752.27g/kg).

Dry matter

The third cutting point had the highest overall melny matter content (26.98g/kg;
Table 4.4.4) with the fifth cut having the lowestecall mean dry matter content
(18.569g/kg). Standard deviations ranged from 1Table 4.4.4) in the first cut to 2.18
in the fourth cut. The first cut had a mean dry teratontent of 20.48g/kg (Table
4.4.4), and values ranged from 17.03g/kg (in cafttivagician; Table 4.4.3, Figure
4.4.1) to 22.38g/kg (in ecotype IRL-OP-02241). 8td deviations ranged from 0.17
(in ecotype IRL-OP-02059, Table 4.4.3) to 5.66 ¢eotype IRL-OP-02538). The
second cut had a mean dry matter content of 25%@8able 4.4.4) and values
ranged from 21.25g/kg (in cultivar Sarsfield; Ta#ld.3, Figure 4.4.1) to 28.73g/kg
(in ecotype IRL-OP-02078). Standard deviations eahdrom 0.21 (in cultivar

Cancan; Table 4.4.3) to 1.63 (in ecotype IRL-OP8®)2The third cut had a mean
dry matter content of 26.98g/kg (Table 4.4.4) aatues ranged from 22.5g/kg (in
cultivar Sarsfield; Table 4.4.3, Figure 4.4.1) @3Yy/kg (in ecotype IRL-OP-02538).
Standard deviations ranged from 0.22 (in cultivavah; Table 4.4.3) to 1.77 (in
ecotype IRL-OP-02128). The fourth cut had a meannaatter content of 22.51g/kg
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(Table 4.4.4) and values ranged from 17.4g/kg (iftivar Sarsfield; Table 4.4.3,
Figure 4.4.1) to 26.43g/kg (in ecotype IRL-OP-02443tandard deviations ranged
from 0.22 (in ecotype IRL-OP-02230; Table 4.4.3)2@d1 (in ecotype IRL-OP-
02128). Finally, the fifth cut had a mean dry mattentent of 18.56g/kg (Table
4.4.4), with values ranging from 15.33g/kg (in ot Sarsfield; Table 4.4.3, Figure
4.4.1) to 21.48g/kg (in ecotype IRL-OP-02258). 8tad deviations ranged from 0.27
(in cultivar Cashel; Table 4.4.3) to 2.18 (in cudti Cancan). Cultivars had lower
mean dry matter contents than ecotypes at eadfTahble 4.4.4) and these differences
were significant at each cut with the exceptioithef fifth (Table 4.4.5). Cultivars had
higher standard deviations than ecotypes in therskchird and fourth cut (Table
4.4.4). Within cultivars, tetraploid cultivars hémver mean dry matter contents than
diploid cultivars at each cut (Table 4.4.4) andsthdifferences were significant at the
third and fourth cuts (Table 4.4.5). Tetraploidtmars had higher standard deviations
than diploid cultivars at the first, fourth andtfifcut (Table 4.4.4). Over the whole
season, the mean season yield of dry matter wa$3d/Rg (Table 4.4.4), ranging
from 93.88g/kg (in cultivar Sarsfield; Table 4.418)125.14g/kg (in ecotype IRL-OP-
02258). Ecotypes had a mean season yield of driemait 117.129g/kg (Table 4.4.4),
while the mean season yield of cultivars was lowaerl05.60g/kg (Table 4.4.4).
Within cultivars, tetraploid cultivars had lower areseason yield (100.76g/kg, Table
4.4.4) than diploid cultivars (110.44g/kg).

Crude protein

Accessions at the fifth cutting point had the hgfhemean crude protein content
(26.41g/kg; Table 4.4.4) with the third cut havitige lowest overall mean crude
protein content (19.28g/kg). Standard deviationgyea from 0.98 in the third cut
(Table 4.4.4) to 2.59 in the fourth cut. The ficst had a mean crude protein content
of 24.19g/kg (Table 4.4.4), and values ranged f&in¥9g/kg (in ecotype IRL-OP-
02015; Table 4.4.3, Figure 4.4.1) to 27.04g/kge@otype IRL-OP-02272). Standard
deviations ranged from 0.24 (in cultivar Shandoapl€ 4.4.3) to 4.21 (in cultivar
Magician). An individual sample with exceptionalide protein content was a sample
from cultivar Magician (31.32g/kg, Appendix 8.8hd second cut had a mean crude
protein content of 21.30g/kg (Table 4.4.4) and galuanged from 18.88g/kg (in
ecotype IRL-OP-02442; Table 4.4.3, Figure 4.4.124d5g/kg (in cultivar Sarsfield).
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Standard deviations ranged from 0.32 (in ecotyje @®-02059; Table 4.4.3) to 2.91
(in ecotype IRL-OP-02011). An individual sample lwigxceptional crude protein
content was a sample from ecotype IRL-OP-020111@8kg, Appendix 8.8). The
third cut had a mean crude protein content of 1I9KB (Table 4.4.4) and values
ranged from 18.44g/kg (in IRL-OP-02538; Table 4,.4gure 4.4.1) to 20.85g/kg (in
ecotype IRL-OP-02064). Standard deviations rangech f0.1 (in ecotype IRL-OP-
02483; Table 4.4.3) to 2.07 (in cultivar Magicianpdividual samples with
exceptional crude protein contents were samplem ferotypes IRL-OP-02064
(23.27g/kg, Appendix 8.8) and IRL-OP-02480 (21.k9y/ and from cultivars
Magician (22.42g/kg) and Sarsfield (21.54g/kg). Tharth cut had a mean crude
protein content of 23.69g/kg (Table 4.4.4) and &aluanged from 16.67g/kg (in
cultivar Navan; Table 4.4.3, Figure 4.4.1) to 29/&¢ (in cultivar Cashel). Standard
deviations ranged from 0.22 (in ecotype IRL-OP-@2%able 4.4.3) to 9.36 (in
cultivar Navan). Finally, the fifth cut had a meamide protein content of 26.41g/kg,
(Table 4.4.4) with values ranging from 24.44g/kg éicotype IRL-OP-02018; Table
4.4.3, Figure 4.4.1) to 28.35g/kg (in ecotype IRB-02483). Standard deviations
ranged from 0.29 (in ecotype IRL-OP-02230; Tabk3).to 3.21 (in ecotype IRL-
OP-02064). Individual samples with exceptional erpdotein contents were samples
from ecotype IRL-OP-02059 (29.79g/kg, Appendix 8.8nd from cultivar
Odenwaelder (30.18g/kg). Cultivars had lower meamde& protein contents than
ecotypes at the first, fourth and fifth cut (Taldld.4) but none of these differences
were significant (Table 4.4.5). Cultivars had lowéandard deviations than ecotypes
at all cuts with the exception of the fourth cutalfle 4.4.4) Within cultivars,
tetraploid cultivars had lower mean crude proteantents than diploid cultivars at
each cut except the third cut (Table 4.4.4), buhenof these differences were
significant (Table 4.4.5). Tetraploid cultivars hadyher standard deviations than
diploid cultivars at all cuts (Table 4.4.4). Ové&etwhole season, the mean season
yield of crude protein was 114.90g/kg (Table 4.4rnging from 105.2g/kg (in
cultivar Navan; Table 4.4.3) to 120.84g/kg (in gpat IRL-OP-02068). Ecotypes had
a mean season yield of crude protein of 115.24¢lable 4.4.4), while the mean
season vyield of cultivars was lower at 114.12g/kgble 4.4.4). Within cultivars,
tetraploid cultivars had lower mean season vyieltl1(43g/kg; Table 4.4.4) than
diploid cultivars (116.81g/kg).
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Table 4.4.1Means and standard deviations, season yield anidhomm and maximum of yields across five cuts forregapulation for the

characters fructose and glucose.

Accession name Fructose Glucose
Cutl Cut2 Cut3 Cut4 Cutbs Season Minimum and Cutl Cut2 Cut3 Cut4 Cutb5 Season Minimum and
Yield maximum of Yield maximum of
(%) (%) (%) (%) (%) (g/kg) yield (%) (%) (%) (%) (%) (g/ka) yield’
(9/kg) (9/kg)

IRL-OP-02337 6.69 5.72 8.85 5.02 7.44 337.20 29132.77 3.28 3.82 455 3.02 2.54 172.10 16-65.97
Carlow (0.39) (2.07) (3.24) (1.46) (0.87) (0.42)(1.30) (0.93) (0.91) (0.75)
IRL-OP-02059 791 4.98 5.42 4.95 7.99 31250 2.1t 3.38 341 1091 3.76 5.90 183.60 16-67.17
Clare (2.65) (1.68) (0.67) (1.21) (0.94) (1.20)(0.88) (1.05) (1.04) (0.73)
IRL-OP-02007 8.74 7.25 9.49 4.23 9.01 387.20 27138.43 3.73 465 5.76 2.86 6.40 234.00 18.133.43
Cork (3.28) (0.90) (4.91) (1.08)  (0.30) (1.39) 0.72) (4.57) (0.78) (0.43)
IRL-OP-02011 9.21  6.50 7.36 3.90 6.38 33350 3512u4.38 451 434  3.70 3.03 4.80 203.80 24.33.95
Cork (1.11) (0.54) (3.41) (0.40) (1.16) (0.56) 0.10) (0.47) (0.42) (0.39)
IRL-OP-02015 9.09 6.50 6.71 5.69 5.54 335.30 2418B.67 2.99 437  3.77 4.04 2.77 179.40 18-66.83
Cork (2.20) (4.47) (359) (1.42) (0.42) (0.43) 2.57) (1.46) (1.21) (0.76)
IRL-OP-02048 8.10 6.00 9.32 5.20 5.76 343.80 3612457 4.11 514 4.01 3.34 3.49 200.90 26-63.26
Cork (1.46) (1.61) (3.94) (0.22) (0.59) (0.33) 1.56) (1.62) (0.23) (0.42)
IRL-OP-02192 7.08 7.35 9.85 4.67 7.88 368.30 3510%6.25 3.44 5.14  4.89 3.34 4.26 210.70 26.64.63
Cork (1.84) (0.57) (1.94) (1.068) (0.81) (0.46) 0.68) (1.45) (0.51) (1.00)
IRL-OP-02064 6.04 5.64 7.49 5.03 8.18 323.80 22um.78 3.66 450  3.17 3.65 4.56 195.40 23.63.76
Galway (0.73) (1.63) (4.45) (1.12) (1.60) (0.43)(1.52) (1.60) (0.78) (1.34)
IRL-OP-02078 10.36 6.47 8.11 5.77 6.20 369.10 47105.16 417 425 397 4.71 3.69 207.90 25'53.36
Galway (3.23) (0.77) (3.71) (0.77)  (0.40) (1.14)(0.44) (1.25) (0.62) (0.22)
IRL-OP-02230 9.70 5.66 8.25 5.06 7.22 358.90 F419B.15 4.75 3.76  4.08 4.15 4.39 211.30 23.89.00
Galway (1.16) (2.06) (2.75) (0.70)  (0.56) (0.55)(1.19) (1.56) (0.36) (0.46)
IRL-OP-02128 11.05 6.92 13.11 3.61 7.40 420.90 F6168.19 3.79 525 5.30 2.44 3.80 205.80 20-62.52
Kerry (1.28) (1.94) (3.29) (0.92)  (1.30) (0.54)(1.44) (0.77) (0.49) (0.77)
IRL-OP-02538 11.85 6.35 7.09 4.37 7.95 376.10 761%3.67 4.75 395 352 3.37 5.42 210.10 206-88.56
Laois (2.77) (2.94) (3.26) (1.80) (1.04) (0.90)(1.68) (1.55) (1.12) (0.31)
IRL-OP-02274 10.23 6.31 6.36 4.50 8.43 358.30 16144.87 3.76 450 3.25 3.26 5.09 198.60 16.69.44
Limerick (2.98) (1.86) (5.45) (1.23) (1.85) (@0 (1.32) (1.51) (1.01) (1.25)
IRL-OP-02480 10.39 4.73 10.14  4.45 6.87 365.80 4#812.37 4.91 3.04 496 3.76 4.62 212.90 23.62.87
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Limerick
IRL-OP-02442
Mayo
IRL-OP-02068
Offaly
IRL-OP-02241
Offaly
IRL-OP-02419
Roscommon
IRL-OP-02258
Tipperary
IRL-OP-02272
Tipperary
IRL-OP-02173
Waterford
IRL-OP-02483
Wexford
IRL-OP-02018
Wicklow

cv. Cancan

cv. Cashel

cv. Greengold
cv. Magician

cv. Millenium

cv. Navan

cv. Odenwaelder
cv. Portstewart

cv. Sarsfield

(1.40)
10.71
(3.33)
6.42
(1.21)
10.02
(2.85)
9.58
(1.91)
12.25
(1.15)
5.34
(2.19)
9.83
(1.21)
4.80
(1.40)
8.85
(3.70)
7.69
(0.73)
5.29
(1.99)
11.56
(1.16)
8.14
(2.12)
11.40
(2.36)
11.41
(3.36)
8.44
(3.34)
10.17
(1.49)
7.93

(2.13)
4.59
(1.38)
7.94
(0.53)
6.69
(1.28)
7.42

(2.98)
5.62
(1.87)
6.37
(2.31)
7.76
(1.26)
7.67
(0.63)
8.48
(1.41)
7.09
(1.97)
5.93
(2.05)
5.54
(1.16)
6.08
(1.94)
4.77
(1.70)
5.68
(1.83)
5.02
(0.66)
7.10
(1.23)
4.33

(3.18)
8.58
(4.47)
7.44
(3.55)
10.60
(3.83)
12.91

(4.19)
6.49
(4.06)
9.39
(4.28)
5.67
(0.76)
8.73
(2.59)
15.79
(3.50)
7.77
(3.87)
9.15
(2.26)
5.56
(0.61)
12.05
(1.78)
8.58
(2.77)
7.54
(1.57)
6.82
(2.22)
12.50
(1.02)
8.16

(0.38)
4.52
(1.10)
4.77
(1.31)
4.69
(1.74)
3.79
(1.37)
3.42
(1.25)
5.41
(1.72)
6.80
(0.75)
4.01
(1.30)
3.80
(0.32)
5.32
(1.27)
3.50
(0.92)
4.70
(1.93)
4.36
(0.52)
4.05
(0.95)
4.70
(1.55)
4.72
(0.13)
3.46
(0.55)
5.17

(0.49)
6.58
(1.24)
6.70
(1.10)
7.29
(0.12)
6.72
(1.32)
7.72
(0.41)
7.13
(0.80)
8.14
(0.66)
4.95
(0.24)
8.82
(0.84)
7.47
(1.53)
6.79
(0.19)
11.50
(0.30)
5.60
(1.34)
10.05
(0.58)
8.93
(1.77)
7.73
(1.31)
9.67
(0.86)
6.55

349.80

332.70

392.90

404.20

355.00

336.40

382.00

301.60

457.40

353.40

306.60

388.60

362.30

388.50

382.60

327.30

29148.57
28102 .57
72180.72
22168.47
25185.73
23186.73
50188.41
Z6108.53
34189.98
42185.04
22112.66
53326.91
33185.56
028132.63
28183.58

864322.13

429.001.2%-138.84

321.40

31109.48

(6)3 (0.86) (1.31)
391 358 411
(0.59) 1.56) (1.72)
358 523 351
(0.81) (0.63)  (1.68)
435 480 552
(1.48) (0.98) (1.36)
424 470 503
86D. (1.24) (1.15)
476 361 6.37
6. (1.09) (4.37)
3.38 442 416
48). (158) (1.72)
474 535 392
50. (0.62) (1.56)
202 518 440
(0.46 (0.28) (1.65)
444 594 640
(1)65 (0.50) (0.62)
3.27 453  3.69
(0.31)  (0.84(1.92)
2.96 424  4.42
(1.00)  (Q.71(0.80)
501  4.06 3.41
(0.42)  (0.86(1.51)
377 472 504
(0.48)  (1.46(0.98)
547  3.46  3.57
(0.73)  (0.99(1.60)
491 443 548
(1.74)  ().57(1.74)
3.84 333 373
(1.09)  (0.22(1.54)
465 445 580
(0.66)  (0.73(0.42)
3.60 320  4.69

(0.14)
3.47
(0.77)
4.22
(1.29)
3.58
(1.16)
2.40
(0.70)
3.60
(1.50)
4.26
(1.35)
4.99
(0.34)
3.07
(0.99)
2.88
(0.65)
3.32
(0.67)
2.99
(0.69)
6.71
(2.44)
3.20
(0.27)
3.15
(0.87)
3.41
(0.97)
3.93
(0.65)
3.07
(0.55)
3.50

(0.17)
2.70
(0.57)
452
(0.36)
4.44
(0.27)
454
(0.33)
5.06
(0.63)
4.33
(0.62)
5.52
(0.40)
2.26
(0.31)
4.94
(0.24)
3.51
(1.22)
4.62
(0.16)
6.55
(0.56)
3.13
(1.02)
5.76
(0.23)
5.68
(0.82)
5.78
(0.43)
5.59
(0.16)
2.98

177.70

210.60

226.90

209.10

234.00

205.50

245.20

169.30

246.00

183.20

192.30

257.40

198.60

214.10

239.10

206.10

235.60

179.70

27:60.87
22:89.99
18:%8.49
18:80.62
158:649.47
17:62.52
25:62.55
15:60.98
19'950.4G
18:86.64
19:80.09
17:94.2¢
16:89.73
19:6%.68
22:90.59
22:82.3F
26:68.77

23.09.35
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(1.18) (1.62) (3.19) (1.07) (1.44) (0.59)  (1.45(1.88) (0.43) (0.42)
cv. Shandon 572 8.83 1159 5.28 7.83 39250 332523 3.25 550 4.81 3.32 4.79 216.70 19:82.25
(1.88) (2.04) (3.03) (1.26) (0.65) (1.17) (9.06(1.03) (0.57) (0.49)

*Numbers in superscript indicate which cut the mmam or maximum range value occurred.
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Table 4.4.2Summary statistics (mean and standard deviatieasan yield and range

of yield across cuts for each population for tharebter water soluble carbohydrate.

Accession name WSC
Cutl Cut2 Cut3 Cutd4d Cut5 Season Minimum and
Yield maximum of
(%) (%) (%) (%) (%) (g/kg) yield"
(9/kg)
IRL-OP-02337 9.97 954 1340 8.04 9.98 509.30 45.693.16
Carlow (0.52) (3.33) (3.93) (2.34) (1.18)
IRL-OP-02059 11.29 8.39 7.32 8.71 13.88 495.90 40181.64
Clare (3.80) (2.56) (1.10) (2.24) (1.60)
IRL-OP-02007 12.47 1190 1525 7.09 1541 621.20 .56®71.86
Cork (4.66) (1.53) (8.75) (1.73) (0.64)
IRL-OP-02011 13.72 10.85 11.06 6.93 11.18 537.40 .44963.43
Cork (1.59) (0.47) (3.63) (0.74) (1.49)
IRL-OP-02015 12.07 10.87 1048 9.73 8.31 51460 3@fB172.56
Cork (257) (7.03) (4.42) (2.63) (1.03)
IRL-OP-02048 1221 1115 13.33 854 9.26 54490 3801.56
Cork (1.73) (3.17) (5.51) (0.30) (0.92)
IRL-OP-02192 1051 1249 1474 800 12.13 578.70 .8¥B178.09
Cork (2.26) (1.19) (2.82) (1.56) (1.72)
IRL-OP-02064 9.70 10.14 10.66 8.69 12.75 519.40 0%a96.43
Galway (1.05) (3.12) (6.04) (1.80) (2.94)
IRL-OP-02078 1454 10.72 12.08 10.47 9.89 577.00 .48385.54
Galway (4.36) (1.03) (4.91) (1.38) (0.58)
IRL-OP-02230 1445 942 1233 920 1162 57020 4&767.18
Galway (1.67) (3.24) (4.28) (1.05) (1.02)
IRL-OP-02128 1484 1217 1841 6.05 11.20 626.70 .44e30.7F
Kerry (1.82) (3.38) (4.06) (1.28) (1.96)
IRL-OP-02538 16,59 10.30 10.62 7.74 13.37 586.20 94821494
Laois (3.61) (4.59) (4.75) (2.91) (1.33)
IRL-OP-02274 13.99 10.81 9.61 7.75 1353 556.90 8¥1195.73
Limerick (4.04) (3.11) (6.89) (2.24) (3.09)
IRL-OP-02480 1530 7.76 1510 8.21 11.48 57850 8&a80.39
Limerick (1.74) (2.97) (4.41) (0.40) (0.54)
IRL-OP-02442 1462 817 12.69  7.99 9.28 527.50 £4195.58
Mayo (3.92) (2.90) (6.14) (1.80) (1.77)
IRL-OP-02068 10.00 13.17 1095 899 1122 543.30 .4Bu81.56
Offaly (2.00) (0.90) (5.22) (2.57) (1.40)
IRL-OP-02241 1437 1149 16.12 828 11.73 619.90 .3&191.1§
Offaly (4.25) (2.23) (5.16) (2.88) (0.36)
IRL-OP-02419 13.82 1212 1795 6.19 11.26 613.40 .4d@25.8G
Roscommon (2.73) (4.19) (5.31) (2.04) (1.63)
IRL-OP-02258 17.00 923 1285 7.02 12.78 588.80 9747243.19
Tipperary (1.67) (2.93) (8.32) (2.36) (0.84)
IRL-OP-02272 872 10.79 1355 967 1146 541.90 1241192.36
Tipperary (3.60) (3.88) (5.96) (3.06) (1.28)
IRL-OP-02173 1457 1311 959 11.79 13.66 627.20 .85465.17
Waterford (1.73) (1.87) (1.50) (0.79) (1.02)
IRL-OP-02483 6.81 12.85 13.13 7.08 7.21  470.80 &0168.50
Wexford (1.86) (0.91) (4.16) (2.23) (0.36)
IRL-OP-02018 13.29 14.42 2219 6.69 13.76 70350 .8BL57.67
Wicklow (5.35) (1.90) (3.79) (0.83) (1.01)
cv. Cancan 1095 1162 1146 865 10.99 536.70 46900.68
(1.01) (2.75) (5.79) (1.91) (2.70)
cv. Cashel 8.25 10.18 1357 6.49 1141 499.00 44866.17
(2.97) (2.57) (2.98) (1.60) (0.26)
cv. Greengold 1657 9.60 897 11.42 18.05 646.10 .680187.53
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cv. Magician

cv. Millenium

cv. Navan

cv. Odenwaelder
cv. Portstewart
cv. Sarsfield

cv. Shandon

(1.49)
11.91
(2.41)
16.87
(2.81)
16.31
(5.07)
12.28
(4.39)
14.82
(2.05)
11.53
(1.71)
8.97
(3.02)

(1.99)
10.80
(3.40)
8.23
(2.66)
10.10
(3.37)
8.35
(0.88)
11.54
(1.42)
7.54
(3.07)
14.33
(3.06)

(2.00)
17.09
(2.53)
12.15
(4.11)
13.02
(1.91)
10.55
(3.72)
18.31
(1.19)
12.85
(4.94)
16.40
(4.04)

(4.37)
7.56
(0.73)
7.20
(1.64)
8.11
(2.52)
8.65
(0.61)
6.53
(1.09)
8.67
(1.32)
8.60
(1.78)

(0.81)
8.74 561.00 869193.04
(2.31)
15.81 602.60 .055192.48
(0.66)
14.61 621.50 5053.53
(2.54)
13.50 533.30 66.67-170.09
(1.72)
15.27 664.70 59.55-197.63
(0.98)
9.53 501.20 1%3179.45
(1.85)

12.62 609.20 05287.08
(0.95)

*Numbers in superscript indicate which cut the mmam or maximum range value

occurred.
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Table 4.4.3Means and standard deviations, season yield anidomm and maximum of yield across five cuts for epopulation for the

characters dry matter and crude protein.

Accession name Dry matter Crude protein

Cutl Cut2 Cut3 Cut4 Cutb5 Overall Minimum Cutl Cut 2 Cut 3 Cut4 Cut5 Season Minimum

mean and yield and
(9/kg) (g/kg) (g/kg) (g/kg) (g/kg) (9/kg) maximum  (g/kg)  (g/kg) (g/kg) (g/kg) (g/kg) (g/kg)  maximum of
of yield yield
(9/kg) (9/kg)

IRL-OP-02337 20.20 2428 26.48 2340 16.60 22.19 91879 26.65 22.37 19.88 2239 26.36 117.65 1338p67
Carlow (0.75) (1.20) (1.64) (2.05) (0.58) (3.74) 0.72) (1.71) (0.76)  (2.05) (0.74)
IRL-OP-02059 21.65 26.13 27.28 2328 2110 23.89 .4xA8 24.03  19.72 18.80 2469 26.54 113.78 16379
Clare (0.17) (0.96) (0.81) (0.83) (0.90) (2.59) 28 (0.32) (1.59) (1.29) (2.27)
IRL-OP-02007 20.48 2563 27.40 23.00 20.65 2343 3@B5 2420 20.02 18.69 2483 2598 113.72 1%¥&%53
Cork (0.51) (1.07) (1.06) (0.85) (1.19) (2.93) on.  (0.45) (1.31) (0.68) (0.42)
IRL-OP-02011 19.83 25.65 26.58 21.65 18.85 2251 .22 2458 21.77 19.70 25.02 26.44 11751 132806
Cork (0.51) (1.13) (1.60) (1.06) (0.58) (3.31) 60D. (2.91) (0.63) (1.28) (1.36)
IRL-OP-02015 20.28 27.40 28.98 23.05 16.00 23.14 4HF 2149 22.29 19.80 24.66 27.71 11595 13z®19
Cork (0.85) (1.20) (0.55) (0.62) (0.45) (4.89) 6®). (0.46) (0.60)  (0.44) (0.48)
IRL-OP-02048 20.05 26.25 26.73 22.70 17.60 22.67 .4PB.3 26.03 21.10 19.64 2469 26.63 118.09 132”50
Cork (0.73) (1.32) (1.73) (0.96) (1.53) (3.79) 1@.  (1.31) (1.00) (1.85) (2.28)
IRL-OP-02192 20.43 2490 27.00 2518 17.70 23.04 &1 2631 20.36 18.85 23.16 26.04 114.72 132290
Cork (1.17) (1.49) (1.73) (1.21) (0.70) (3.71) 1.  (1.04) (0.55) (0.67) (1.96)
IRL-OP-02064 20.60 2490 2620 2398 16.85 2251 .89 2503 22.77 20.85 2450 2491 118.06 19%Z®04
Galway (0.47) (0.35) (0.50) (1.80) (0.93) (3.57) 3.10) (0.64) (1.71) (1.22) (3.21)
IRL-OP-02078 21.80 28.73 2858 24.18 1928 2451 .85 2198 2027 19.79 2454 26,57 113.15 17%3%6.96
Galway (0.77) (0.54) (0.91) (0.72) (0.59) (3.87) 0.77) (1.97) (0.53) (0.80) (0.39)
IRL-OP-02230 22.00 26,58 2835 2270 19.00 23.73 .66 2315 19.72 18.61 2497 26.37 112.82 137®66
Galway (0.27) (0.75) (1.11) (0.22) (0.32) (3.48) 0.69) (0.71) (0.99) (1.59) (0.29)
IRL-OP-02128 21.78 26.68 28.28 23.33 18.05 23.62 °-3077 24.02 22.04 18.60 24.32 2580 114.78 17°%46.90
Kerry (0.68) (0.81) (1.77) (2.41) (0.82) (3.94) 4D  (1.09) (1.01) (1.37) (0.88)
IRL-OP-02538 18.85 27.00 29.60 2353 20.63 2392 443.F 2219 1939 1844 23.73 26.37 110.12 18%@6.76
Laois (5.66) (1.54) (0.88) (0.57) (0.73) (4.71) 08 (1.48) (0.43) (1.15) (0.48)
IRL-OP-02274 21.03 2553 27.80 2250 19.95 2336 °- 2286  19.32 18.98 2386 2577 110.79 1373%54
Limerick (0.49) (0.79) (1.58) (0.93) (0.68) (3.10) (1.31)  (0.70) (0.42) (2.46) (0.94)
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IRL-OP-02480
Limerick
IRL-OP-02442
Mayo
IRL-OP-02068
Offaly
IRL-OP-02241
Offaly
IRL-OP-02419
Roscommon
IRL-OP-02258
Tipperary
IRL-OP-02272
Tipperary
IRL-OP-02173
Waterford
IRL-OP-02483
Wexford
IRL-OP-02018
Wicklow

cv. Cancan

cv. Cashel

cv. Greengold
cv. Magician

cv. Millenium

cv. Navan

cv. Odenwaelder

cv. Portstewart

20.95
(0.76)
21.88
(0.60)
20.80
(1.81)
22.38
(1.25)
22.18
(0.75)
22.03
(1.30)
21.25
(0.34)
21.08
(0.32)
20.13
(0.53)
21.78
(1.56)
19.03
(0.36)
19.98
(0.51)
18.95
(0.61)
17.03
(0.70)
19.80
(0.90)
20.00
(0.37)
20.23
(0.68)
19.98
(0.19)

26.18
(1.49)
27.88
(1.60)
24.68
(0.81)
26.45
(1.61)
27.48
(0.69)
27.15
(1.63)
24.60
(0.23)
24.80
(0.67)
24.15
(0.89)
26.35
(1.04)
21.43
(0.21)
24.03
(0.50)
22.75
(0.65)
22.28
(0.35)
21.28
(0.55)
22.23
(0.28)
25.38
(0.75)
22.95
(1.35)

26.53
(0.54)
29.05
(0.77)
26.15
(0.26)
27.35
(1.50)
28.63
(1.15)
29.43
(0.49)
27.05
(0.70)
27.83
(0.77)
26.28
(0.54)
28.45
(1.18)
26.10
(0.47)
26.45
(1.12)
25.38
(0.68)
24.70
(0.53)
24.15
(0.39)
23.90
(0.22)
26.98
(0.95)
25.43
(0.85)

22.20
(0.69)
26.43
(0.62)
24.18
(0.39)
23.10
(1.27)
25.10
(0.70)
25.05
(1.30)
23.50
(1.00)
22.90
(1.18)
21.73
(0.66)
2458
(1.00)
20.90
(1.41)
20.33
(0.72)
19.78
(0.59)
18.63
(0.31)
18.80
(0.45)
20.00
(0.26)
22.00
(0.50)
21.83
(0.24)

18.80
(0.29)
17.30
(0.53)
18.30
(0.29)
20.30
(1.22)
19.33
(1.39)
21.48
(1.14)
19.70
(1.20)
20.78
(0.87)
16.43
(0.76)
18.95
(0.53)
18.95
(2.18)
17.50
(0.27)
18.28
(0.48)
15.93
(0.61)
17.30
(0.39)
18.73
(0.96)
20.40
(0.68)
18.23
(0.28)

22.93
(3.17)
2451
(4.53)
22.82
(3.05)
23.92
(2.95)
24.54
(3.61)
25.03
(3.28)
23.22
(2.72)
23.48
(2.77)
21.74
(3.52)
24.02
(3.58)
21.28
(2.87
21.66
(3.32)
21.03
(2.78)
19.71
(3.41)
20.27
(2.45)
20.97
(1.95)

518 .6
1.9
OY6.5
211 4
7°R.9
8109
ok s
8°18.8
L1559

5°18.6

g
7.626.3
21267
6.8124.7

SNy

23.00 19.4-27.8

(2.86)

21.68 17.9-26.3

(2.62)

2348  20.77
(1.02)  (1.35)
2403  18.88
8@  (0.85)
2630  22.66
1.55)  (1.91)
23.16  20.19
0.83) (2.49)
2530 21.04
(0.80)  (0.73)
2343  18.92
(0.67)  (0.64)
27.04  23.32
(1.05)  (1.10)
2521  21.69
(1.23) (1.38)
2585 2357
(1.19)  (1.94)
2498  20.82
(0.89) (1.28)
2412 2353
(1.19) 0.94)
26.12  22.84
(0.40) (0.93)
23.33  20.70
(0.86) (0.52)
2501  21.65
(4.21) (0.74)
2199  20.71
(0.75) (0.49)
2361  20.25
(1.01) (0.93)
23.02  21.81
(1.33) (2.46)
22.68  22.08

(0.53) (1.04)

20.52
(0.95)
18.76
(0.43)
19.60
(0.54)
19.74
(0.30)
19.37
(0.41)
18.48
(0.50)
18.63
(0.97)
18.64
(0.40)
19.44
(0.10)
18.96
(0.93)
18.62
(0.77)
19.18
(1.21)
19.39
(0.49)
19.37
(2.07)
19.12
(0.72)
19.30
(0.41)
20.35
(0.46)
19.44
(0.46)

23.63
(1.54)
24.31
(1.77)
24.81
(2.06)
24.30
(1.07)
23.24
(1.94)
25.33
(0.22)
23.82
(2.12)
2458
(1.63)
23.20
(2.33)
23.08
(1.35)
22.10
(2.22)
25.64
(2.31)
21.92
(1.25)
23.58
(2.27)
21.70
(2.24)
16.67
(9.33)
25.19
(2.22)
23.60
(1.09)

26.72
(0.64)
26.12
(0.66)
27.47
(0.98)
26.59
(0.76)
26.66
(2.14)
25.81
(0.63)
27.16
(0.75)
27.05
(0.80)
28.35
(0.69)
24.44
(2.94)
26.47
(0.69)
27.05
(0.54)
25.13
(1.06)
27.41
(0.89)
24.49
(1.10)
25.37
(1.08)
28.17
(1.51)
26.03
(0.66)

115.12

1121

120.84

113.98

115.61

111.97

119.97

117.17

120.41

112.28

114.84

120.83

110.47

117.02

108.01

105.2

118.54

113.83

152452
17%29.96
132056
172059
137849
172660
172055
18073
1323207
17%787.72
178216
17%437.6T
1823559
18%m®1.32
187100
183852
153518

18%36.56
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cv. Sarsfield 17.40 2125 2250 17.40 1533 18.78 4.822.¢ 2433  24.05 20.01 21.36 26.68 190514
(0.64) (0.84) (0.42) (0.27) (0.62) (2.79) (1.02) (1.03) (1.08) (1.02) (0.56)

cv. Shandon 20.03 2478 28.83 22.05 1840 2282 1294 2325 22.45 18.88 24.36 27.05 18zn84
(0.56) (1.28) (0.54) (0.57) (0.24) (3.83) (0.24) (0.64) (0.44) (1.56) (0.59)

*Numbers in superscript indicate which cut the mmam or maximum range value occurred.

Table 4.4.40verall and group means, standard deviations easos yields for the characters: dry matter, feetglucose, WSC and crude

protein. Values with common superscript lettersraesignificantly different at p<0.05.

Type Cut Dry matter Fructose Glucose WSC Crude protein
(9/kg) (%) (%) (%) (9/kg)
Mean SD Mean SD Mean SD Mean SD Mean SD
Overall 1 20.48 1.67 8.85 275 3.98 1.07 12.83 3.73 1@4. 1.88
2 25.08 2.14 6.34 1.96 4.39 1.24 10.73 3.12 .3@1 1.82
3 26.98 1.87 8.92 3.74 4.40 1.81 13.33 5.18 .289 0.98
4 22.51 2.18 4.63 1.25 3.57 1.12 8.20 219 6@3. 259
5 18.56 1.75 7.53 1.61 4.50 1.25 12.03 2.69 .416 1.45
Season yield 113.63 7.24 36227 36.08 208.29 22.470.56 54.27 114.90 3.65
Ecotype 1 21.02 155 8.88 276 3.98° 104 128¥% 365 24.3%" 1.89
2 26.06 154 648 195 448 1.27 10.98  3.16 21.06F 1.85
3 27.65 1.46 8.87 400 438" 194 13.2%° 555 19.28' 0.98
4 23.53 151 468 127 35% 1.00 8.17 2.14 24.18" 154
5 18.88% 174 7.2%* 131 438 1.19 11.78¢  3.15 26.4% 1.50
Seasonyield 117.12 411 36099 3592 206.56 21.3b7.53 53.00 115.24 3.04
Cultivar 1 19.24 1.22 877 2.89 4.0 1.16 12.88°C 3,97 23.7%"  1.80
2 22.83 156 6.04 1.95 418 1.15 10.2¥“  3.01 22.01% 154
3 25.44 1.81 9.08 3.09 4.49° 148 13.58°  4.24 19.38' 0.96
4 20.17%¢ 1.61 458 119 3.68* 1.37 8.18 2.30 22.6%"  3.90
5 17.96¢ 1.61 82%* 200 4.8%4 1.33 1217«  2.78 26.38 1.35
Season yield  105.60 6.51 365.22 38.22 212.28 25.8¥7.53 59.40 114.12 4.86
Diploid cultivar 1 19.85 0.61 7.46 260 3.59 1.01 11.05 354 823. 2.00
2 23.71 1.66 6.80 1.99 441 0.98 11.21 2.87 582 1.36
3 26.76 1.39 957 3.25 4.49 1.38 14.05 455 299 0.89
4 21.42 1.00 4.46 1.18 3.33 0.65 7.79 169 14. 2.15
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5 18.70 1.36  7.90 1.34 4.86 1.00 12.76 2.10 .926 1.07
Seasonyield 110.44 3.84 361.76 49.41 206.78 20.5358.58 67.07 116.81 2.85
Tetraploid cultivar 1 18.64 1.38 10.09 260 4.55 1.12 14.64 3.61 .623 2.10
2 21.96 0.79 5.28 1.62 3.97 1.29 9.26 2.89 4721. 1.56
3 24.13 1.07 853 290 4.49 1.62 13.02 3.95 .449 1.05
4 18.92 1.02 4.60 122 3.99 1.79 8.59 2.68 0421. 4.63
5 17.11 146 852 248 4.82 1.62 13.35 4.05 .8R5 1.39
Seasonyield  100.76 4.70 368.68 28,55 217.78 31.(HB6.48 56.93 11143 5.19
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Table 4.4.5Significance of t-tests between groups of obsemnat(cultivarssersus

ecotypes, diploid cultivargersustetraploid cultivars) for the characters: dry reatt

fructose, glucose, WSC and crude protein content.

Cut Dry matter  Fructose  Glucose WSC

Crude protein

Cultivar vs. ecotype 1 0.0015 N/S N/S N/S N/S
Cultivar vs. ecotype 2 <0.0001 N/S N/S N/S N/S
Cultivar vs. ecotype 3 0.0040 N/S N/S N/S N/S
Cultivar vs. ecotype 4 <0.0001 N/S N/S N/S N/S
Cultivar vs. ecotype 5 N/S N/S N/S N/S N/S
Diploid cultivar vs. 1 N/S N/S N/S N/S N/S
tetraploid cultivar
Diploid cultivar vs. 2 N/S N/S N/S N/S N/S
tetraploid cultivar
Diploid cultivar vs. 3 0.0103 N/S N/S N/S N/S
tetraploid cultivar
Diploid cultivar vs. 4 0.0212 N/S N/S N/S N/S
tetraploid cultivar
Diploid cultivar vs. 5 N/S N/S N/S N/S N/S
tetraploid cultivar
N/S: non significant
All Tetraploid Diploid
5o individuals Ecot'ypes Cultivars  cultivars cultivars
15 ; : : . I
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Figure 4.4.1Scatterplots for the characters:

ructose, glucwseC, ratio

fructose/glucose, dry matter and crude proteinywatg character values (y-axis)
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overall, for ecotypes, cultivars, tetraploid cudtig, and diploid cultivars, at each cut

(x-axis).

4.4.2 Data analysis

Normality tests for characters at each cutting poin

Histograms to display the normal or non-normalrthstion of the characters were
constructed for each character at each cutting pasnwell as over all cuts (Figure
4.4.2). The histograms for the majority of charestead a normal distribution
appearance (in a bell-shaped curve). The histogfantee other characters were
skewed, either to the left (dry matter, cut 1; W8@,2; crude protein, cut 4; crude
protein, cut 5; fructose overall, and crude protaiarall) or to the right of the bell
curve (crude protein, cut 1; fructose, cut 2; foset, glucose and WSC, cut 3; glucose,

cut 4; and fructose, cut 5).

Probability plots were constructed for each charaat each cutting point and over all
cuts using the Kolmogorov-Smirnov test statistig(ife 4.4.3). Fructose, glucose and
WSC (cut 1), glucose, dry matter and crude progeim 2), dry matter and crude
protein (cut 3), fructose, WSC and dry matter @uglucose, WSC, dry matter (cut
5), glucose overall, WSC overall and dry matterralléollowed a straight line in
these plots indicating normal distribution. Theestbharacters deviated from a
straight line in the tails of the distributionsgioating that these characters may not
have been normally distributed. The indicationsrfiie histograms and probability
plots were confirmed using the Kolmogorov-Smirnesttstatistics (Table 4.4.6). A
character was deemed to be normally distributéueifvalue of the Kolmogorov test

statistics is smaller than the corresponding pe/alu
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Fructose Glucose WSC Dry matter Crude protein

Cut 1
Cut 3
Cut 4

Cuts

All cuts -

Figure 4.4.2Histograms with fitted normal distribution curvies the characters
fructose, glucose, WSC, dry matter and crude praeeach cutting point and over

all cutting points. Y-axis: Frequency. X-axis: valaf character of interest.

Fructose Glucose WSC Drv matter Crude protem
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Figure 4.4.3Probability plots using the Kolmogorov-Smirnovttis the characters

/
/
Cutﬂi /
/

fructose, glucose, WSC, dry matter and crude praeeach cutting point and over

all cutting points. Y-axis: Percentage. X-axis:uebf character of interest.
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Table 4.4.6Kolmogorov-Smirnov statistics and p-values forreabaracter at each

cutting point and over all cutting points.

Character Kolmogorov-Smirnovp-value
statistic

Fructose cut 1 0.042 >0.150
Glucose cut 1 0.058 >0.150
WSC cut 1 0.037 >0.150
Dry matter cut 1* 0.096 <0.010
Crude protein cut 1* 0.079 0.047
Fructose cut 2* 0.087 0.023
Glucose cut 2 0.060 >0.150
WSC cut 2* 0.089 0.013
Dry matter cut 2 0.064 >0.150
Crude protein cut 2 0.054 >0.150
Fructose cut 3* 0.147 <0.010
Glucose cut 3* 0.085 0.031
WSC cut 3* 0.126 <0.010
Dry matter cut 3 0.049 >0.150
Crude protein cut 3 0.058 >0.150
Fructose cut 4 0.064 >0.150
Glucose cut 4* 0.084 0.031
WSC cut 4 0.055 >0.150
Dry matter cut 4 0.063 >0.150
Crude protein cut 4* 0.093 <0.010
Fructose cut 5* 0.080 0.042
Glucose cut 5 0.070 0.113
WSC cut 5 0.072 0.095
Dry matter cut 5 0.038 >0.150
Crude protein cut 5* 0.093 <0.010
Fructose overall* 0.084 <0.01
Glucose overall 0.031 0.113
WSC overall 0.049 0.050
Dry matter overall 0.053 0.061
Crude protein overall*  0.067 <0.01

*Non-normally distributed characters

Data transformation for non-normal distributed chaters

(1) Log transformation

Data from the non-normally distributed characteesemransformed using a log
transformation. Histograms with fitted normal distitions were constructed (Figure

4.4.4). The histograms for the characters crudeeprgcut 1), glucose (cut 4),
fructose (cut 5), fructose overall and crude proteierall were normally distributed.
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The data of the other characters were all skewédetéeft. Probability plots were
constructed for each character using the Kolmog&anrnov test statistic (Figure
4.4.5). Log transformed data for the characterdeprotein (cut 1), glucose (cut 4),
fructose (cut 5), fructose overall and crude proteierall followed a straight line in
the probability plots. The other characters weitedsviating from a straight line in
the tails of the distributions. Indications of naity in the plots were confirmed with

the Kolmogorov-Smirnov test statistic (Table 4.4.7)

Figure 4.4.4Histograms with fitted normal distribution curvies the following log
transformed data of characters: A: Dry matter ¢WB:1Crude protein cut 1, C:
Fructose cut 2, D: WSC cut 2, E: Fructose cut Zlecose cut 3, G: WSC cut 3, H:
Glucose cut 4, I: Crude protein cut 4, J: Fructmgeb, K: Crude protein cut 5, L:
Fructose overall, M: Crude protein overall. Y-axsequency. X-axis: Value of log

transformed character of interest.
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Figure 4.4.5Probability plots using the Kolmogorov-Smirnovttés the log
transformed data of characters: A: Dry matter ¢WB:1Crude protein cut 1, C:
Fructose cut 2, D: WSC cut 2, E: Fructose cut Zlbcose cut 3, G: WSC cut 3, H:
Glucose cut 4, I: Crude protein cut 4, J: Fructmgeb, K: Crude protein cut 5, L:
Fructose overall, M: Crude protein overall. Y-aypsrcentage. X-axis: value of

character of interest.

Table 4.4.7Kolmogorov-Smirnov statistics and p-values fortebg transformed

character.
Character Kolmogorov-Smirnovp-value
statistic
Dry matter cut 1* 0.129 <0.010
Crude protein cut 1 0.066 >0.150
Fructose cut 2* 0.150 <0.010
WSC cut 2* 0.146 <0.010
Fructose cut 3* 0.130 <0.010
Glucose cut 3* 0.151 <0.010
WSC cut 3* 0.126 <0.010
Glucose cut 4 0.040 >0.150
Crude protein cut 4*  0.107 <0.010
Fructose cut 5 0.056 >0.150
Crude protein cut 5*  0.105 <0.010
Fructose 0.033 0.079
CP 0.068 0.070

*Non-normal characters

Square root, reciprocal or natural log transfororaidid not transform the eight

remaining characters to normality (Appendix 8.8).



(2) Johnson transformation

Johnson'’s transformations did not transform the¥ahg characters to normality:
fructose cut 3, glucose cut 3 and WSC cut 3. Jatiasmansformation functions were
successfully determined for the five remaining mammally distributed characters
(dry matter cut 1, fructose cut 2, WSC cut 2, crpdeein cut 4, crude protein cut 5)
and the data were transformed according to Equaddh4 to Equation 4.3.8.
Histograms for the five Johnson transformed charaatere constructed (Figure
4.4.6). All characters followed an approximatelymal distribution. Probability plots
were constructed for each transformed characteguke Anderson-Darling statistic
(Figure 4.4.6). Each character followed an apprataty straight line. The normality
of the Johnson transformed characters was confibhgete low Anderson-Darling
statistics (Table 4.4.8).

¥ . o5 | Hi S It )
h ! 1 ™
| . M = | 9
EEwe il 1 B Bl i == LUV S LN V) e | 0 01E0 0 ANE I o - i £ b Rl

A 3 B > C ;
Figure 4.4.6Histograms and probability plots with fitted nornatribution curves
for the following Johnson transformed data of chta®s: A: Dry matter cut 1, B:
Fructose cut 2, C: WSC cut 2, D: Crude proteindgUE: Crude protein cut 5. Y-axis:

Frequency (histograms)/percentage (probabilitysplof-axis: Data for Johnson

transformed character of interest.

Table 4.4.8Anderson-Darling statistics and p-values for easimndon transformed

character.

Character Anderson-Darling statistic  p-value
Dry matter cut 1 0.323 0.524
Fructose cut 2 0.919 0.019
WSC cut 2 0.927 0.019
Crude protein cut 4 0.757 0.048
Crude protein cut 5 0.260 0.708
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Correlations between characters and cuts

Pearson and Spearman rank correlation coefficigats calculated for each pair of
characters (Table 4.4.9). For data which were waity normally distributed, or
transformed to normality, Pearson’s correlation wsed, while for data which could
not be transformed to normality, Spearman’s ramketation was used (indicated in
Table 4.4.9). Correlation coefficients betweena@itinuctose or glucose and WSC in
the same cut were not performed, as the data ve¢lieagependent. Within cut 1, all
correlations were significant, with the single gxtoen of the correlation of crude
protein and dry matter. Fructose and glucose sh@ansttbng positive and highly
significant correlation of 0.84 (p<0.0001). Dry restshowed weak but highly
significant positive correlations with fructoseugbse and WSC (0.29, p<0.001; 0.19,
p<0.05; 0.27, p<0.001). Crude protein had moderagative but highly significant
correlations with fructose, glucose and WSC (-0-831, -0.48; all p<0.0001).
Within cuts 2, 3 and 4, only two correlations irtleavere significant, strong positive
correlations between fructose and glucose (0.89, @.76, all p<0.0001), and
moderate negative correlations between dry matteiceude protein (-0.49,
p<0.0001; -0.35, p<0.0001; -0.25, p<0.001). Wittun five, all correlations were
significant, with positive correlations betweendiose and glucose (0.78, p<0.0001),
between dry matter and fructose, glucose and WS37,(0.6, 0.47, all p<0.0001),
and negative correlations between crude proteirdaypdhatter, fructose, glucose and
WSC (-0.56, p<0.0001; -0.35, p<0.0001; -0.5, p<01060.2, p<0.05). Between
different cuts, most correlations are non-significd/alues recorded within cuts 1 at
the beginning of the vegetation period and cutthatend of the vegetation period
showed the most significant correlations, with pesicorrelations between fructose,
glucose, WSC and dry matter, and negative coraglatbetween crude protein and

the other characters.
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Table 4.4.9Correlations (Pearson and Spearman rank) anddigeiificance levels between each pair of characteesach cut

Cutl Cut 2 Cut 3 Cut 4 Cut5
a b d €
F G WSC® DM CP F G WSC DM CP £t ct wsct DM CP F G WSC DM CP F G WSC DM
F
G 0.84
*kk
WSC  N/A"  NA
DM 0.29 0.19 0.27
*% * *%
CP -0.563 -0.31 -0.48 N/St
*kk *kk *kk
F N/S N/S N/S N/S N/S
G N/S N/S N/S N/S 0.20 0.88
* *kk
WSC N/S N/S N/S N/S N/S N/A N/A
DM 0.22 N/S 0.18 0.72 N/S N/S N/S N/S
* * *kk
CP -0.48 -0.34 -045 -0.38 0.28 NIS N/S N/S -0.49
*kk *kk *kk *kk *% *kk
FT N/S N/S N/S N/S N/S 0.19 N/S 0.19 N/S N/S
* *
GT N/S N/S N/S N/S N/S N/S N/S N/S N/S N/S 0.77
*kk
N/S N/S N/S N/S N/S 0.18 N/S 0.18 N/S N/S N/A N/A
wsct . N
DM N/S N/S N/S 0.62 N/S 0.27 0.17 0.24 0.80 -0.38 N/S N/S N/S
*kk *% * *% *kk *kk
CP N/S N/S N/S N/S N/S N/S N/S N/S N/S 0.26 N/S N/S N/S -0.35
*% *kk
F N/S N/S N/S N/S N/S N/S N/S N/S N/S N/S N/S N/S N/S N/S
G N/S 0.20 NIS N/S N/S N/S N/S N/S N/S N/S -0.17 N/S N/S N/S N/S 0.76
* * *kk
WSC N/S N/S N/S N/S N/S N/S N/S N/S N/S N/S N/S N/S N/S N/S N/A N/A
DM N/S N/S N/S 0.65 N/S 0.22 019 0.22 075 -0.34 NIS N/S N/S 0.74 N/S N/S N/S N/S
*kk *% * * *kk *kk *kk
CP -0.18 -0.18 -0.18 0.23 N/S N/S N/S N/S 0.35 NI/S N/S N/S N/S 0.27 N/S N/S N/S N/S -
* * * *% *kk *% 025
*%
F 0.25 0.36 0.29 N/S N/S N/S N/S N/S -0.23 -0.20 N/S N/S N/S N/S N/S N/S N/S N/S N/S N/S
*% *kk *% *% *
G 0.24 0.36 0.28 N/S N/S N/S N/S N/S N/S -0.29 N/S N/S N/S N/S N/S N/S N/S N/S N/S N/S 0.78

*k

*kk

*%

*%k
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wWsC 027 039 031 N/S N/S N/S N/S N/S -0.20 -0.25 NIS N/S N/S N/S N/S N/S N/S  N/S N/S  N/s N/A N/A
*% *%

*k%k *kk *
DM 0.27 0.26 0.27 0.42 N/S N/S N/S N/S 0.36 -0.43 N/S N/S N/S 0.44 -0.32 N/S N/S  N/S 0.36 0.21 0.37 0.60 0.47
** ** *% *kk *kk *kk *k%k *kk *k%k * *k%k *kk *kk
CP -0.40 -0.38 -0.41 -0.20 NIS N/S N/S N/S N/S 0.30 N/S N/S N/S N/S 0.19 NI/S N/S N/S N/S 020 -056 035 -050 -0.20
*kk *kk *kk * *kk * * *kk *kk *kk *

%F: Fructose®G: GIucoseFWSC:*Water soluble carbohydrat®M: Dry matter;°CP: Crude protein; t: for non-normally distributdthracters
Spearman correlations were used/A: not applicable, correlation not performed dadack of independence among characters; £N/S: not
significant; *p<0.05, **p<0.01, **p<0.001.
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Principal components analysis

The first eigenvalue (Table 4.4.10) of the printigamponents analysis (PCA) on all
data for the first cut explained 81.33% of the &@oin of the dataset, while the
remainder of the variation was explained by thet he® eigenvalues. When the
eigenvectors were plotted for the first two dimensi (Figure 4.4.7) a separation was
seen between the cultivars on the right hand didleeodiagram, with the majority of
the ecotypes (with the exception of IRL-OP-0206%1,-OP-02011, IRL-OP-0 2048,
IRL-OP-02064, IRL-OP-02068, IRL-OP-02192, IRL-OP2G2, IRL-OP-02337,
IRL-OP-02483) being found in the other quadrantfserAcanonical variates analysis,
the scores for each character (Table 4.4.11) showeecklative importance of each
character to the separation seen in the PCA ifirdteaxis and indicated that fructose
and dry matter content were the main charactehsanting the split between

ecotypes and cultivars.

The first eigenvalue (Table 4.4.10) of the printig@amponents analysis for the
second cut explained 97.47% of the variation ofdsi@set and the remainder of the
variation was explained by the next two eigenvaliéisen the eigenvectors were
plotted for the first two dimensions (Figure 4.4a73eparation was seen between the
tetraploid cultivars on the left hand side of thegdam, with the majority of the
ecotypes (with the exception of IRL-OP-02337, IRP-02064, IRL-OP-02068, IRL-
OP-2272 and IRL-OP-2483) found on the right hade sif the diagram. The
canonical variates analysis (Table 4.4.11) showatlthe dry matter and crude
protein contents were the main characters influenthe split between ecotypes and

cultivars at the second cutting time point.

The first eigenvalue (Table 4.4.10) of the printig@amponents analysis for the third
cut explained 97.98% of the variation of the datasel the remainder of the variation
was explained by the next three eigenvalues. Wiereigenvectors were plotted for
the first two dimensions (Figure 4.4.7) a separati@as seen between the tetraploid
cultivars on the left hand side of the diagramhwfite majority of the diploid
accessions (with the exception of IRL-OP-02064 i&id OP-02480) being found on
the right hand side of the diagram. The canoniaaktes analysis (Table 4.4.11)
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showed that dry matter and crude protein were thi® characters influencing the

split between tetraploid and diploid accessions.

The first eigenvalue (Table 4.4.10) of the printig@amponents analysis for the fourth
cut explained 91.30%. of the variation of the dettathe remainder of the variation
was explained by the next two eigenvalues. Wheritpenvectors were plotted for
the first two dimensions (Figure 4.4.7 a separatvas seen between the tetraploid
cultivars on the bottom right hand side of the daag, with the rest of the accessions
being found in the rest of the diagram. The carainiariates analysis (Table 4.4.11)
showed that dry matter, and to a lesser extertidse, and crude protein were the

main characters influencing the split between quedyand cultivars.

The first two eigenvalues (Table 4.4.10) of thexpipal components analysis for the
fifth cut explained nearly all of the variation thie dataset, with the first eigenvalue
explaining 89.09% and the second eigenvalue exptpim further 10.66% of the
variation. The remainder of the variation was exd by the final eigenvalue. When
the eigenvectors were plotted for the first two @insions (Figure 4.4.7) no separation

was seen between any groups of accessions.

Overall, there is no unifying pattern to the datahe PCA. Within the first four cuts,
accessions with high dry matter content had lowdenprotein contents. Within cuts
one, three and four, cultivars (particularly tetoggh cultivars) had high dry matter
contents and low crude protein contents, and veeeasfor cut two. Fructose and

glucose only appeared to influence the PCA in ogt o
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Table 4.4.10Eigenvalues from principal components analysis@ardentage of the variation explained by each d#ioa for each cut.

Cutl Cut 2 Cut 3 Cut4 Cut5
Axis AXis AXis Axis AXis
1 2 3 1 2 3 1 2 3 1 2 3 1 2 3
Eigenvalue 1.30 0.30 0.01 0.86 0.20 0.01 0.23 0.01 0.01 0.19.020 0.01 0.46 0.06 0.01

Percentage variation explained 81.34 1843 0.23 97.47 228 0.25 97.98 1.92 0.09.30@1 8.62 0.08 89.09 10.66 0.25
Cumulative percentage variation

explained 81.34 99.77 100.00 9747 99.75 100 9798 99.91 0000.91.3 99.92 100.00 89.09 99.75 100.00

Table 4.4.11Scores for each character for the first dimensiaine principal components analysis (cut 5 notyseal).

Cutl Cut2 Cut3 Cut4 Cuths

Fructose 0.663 0.031 0.020 -0.140 N/A
Glucose 0.118 0.030 0.004 -0.034 N/A
Dry matter 0.375 0.971 1.130 1.196 N/A

Crude protein  -0.006 -0.584 -0.259 0.138 N/A
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Figure 4.4.7Principal components diagram in two dimensiongifaia in each cut showing assumed groups. X axisesion 1, Y axis:

Dimension 2p: Irish ecotypeA: Cultivar, A : Tetraploid cultivar. Numbers of acsems are given in Appendix 8.1.
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ANOVA analysis

The model given in Equation 4.3.9 best fitted akmacters with a significance level
of at least p<0.01 in the comparisons with the hypothesis model (Table 4.4.12).

Climate parameters did not affect the model andes@ removed from the analysis.

(1) Fructose

Only cutting time (cut) was a significant factor fiotuctose content. (Table 4.4.13,
p<0.0001). Cuts one, three and five had high freetoontents, while cuts two and

four had significantly lower fructose contents (fitig 4.4.8).

(2) Glucose

Again, only cutting time had a significant effect wariation in the character glucose
(Table 4.4.13, p<0.001). Glucose content incredsed the early May cutting point

to the mid growing season (cut three). Glucoseeardrtad significantly decreased by
late growing season (cut four) and increased abgimate October (cut 5, Figure
4.4.8).

(3) WSC

Like glucose and fructose content, only the cutfpognt had a significant effect on
the variation in WSC content (Table 4.4.13, p<0Q0®&imilar patterns across the
growing season to fructose were seen in WSC cqniatft high WSC content in cuts
one, three and five, lower content in cut two aighificantly lower in cut four
(Figure 4.4.8).

(4) Dry matter

All three effects (cut, type of accession and oug#t interaction) were significant
factors within the model for dry matter content.l Aype*cut interactions were
significant at p<0.0001 (Table 4.4.13). Differenbetween cultivars and ecotypes at

different cuts, and between the ecotypes at difteceits contributed most to the
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significant type*cut interactions. With the exceptiof the significant differences
between cultivars at cut 3 and cultivars at cuéd 5, differences between cultivars
at different cuts did not contribute to the vanati Dry matter tended to rise from cuts
1 to 3 and then decreased again through cut 4tt6 (feigure 4.4.8).

(5) Crude protein

Cut and type*cut interaction were significant etfem the model for crude protein
content (Table 4.4.13). There was significant wemmabetween all types and cuts at
p<0.0001. Crude protein first decreased over time then increased, in an inverse

pattern to dry matter content (Figure 4.4.8).

Table 4.4.12Statistics for the fit of the mixed model for eattaracter and

significance levels for the fit of the model.

Fructose Glucose WSC Dry matter Crude protein

d.f. 14 14 14 14 14
v 29.76 40.20 38.22 75.50 55.52
p> y° <0.01 <0.001 <0.0001<0.0001 <0.0001

4.f.: degrees of freedom
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Table 4.4.13Significance levels for each effect in the model #re percentage variation explained by each effect

Factors IN. d.f. “Den.d.f. Fructose Glucose WSC Dry matter Crude prin

F o p Fop F p F p F p
Type 1 31 001 °N/S 045 N/S 008 NS 3811 <0.0001 017 N/S
Cut 4 31 36.00 0.0001 6.32 <0.001 19.42 <0.0001 27240.0001 362.75 <0.0001
Type xcut 4 31 1.90 N/S 0.88 N/S 190 NJ/S 8.09 0.0001 3.65 .00

IN. d.f.: numerator degrees of freeddiden d.f.; denominator degrees of freeddm;F ratio;*N/S: Non-significant
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Figure 4.4.8Fructose (F), glucose (G), WSC, dry matter (DM} arude protein (CP) content (y-X|s) across omt (x-|s) for
ecotypes (square) and cultivars (triangle).
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4.5 Discussion

4.5.1 Biochemical diversity

Variation within the collection ofL. perenneaccessions ranged widely across
characters, across cuts and between groups of gigmd. Fructose and WSC
contents showed the widest range of variation acooss (301.6 - 457.6g/kg DM,
470.8 — 703.5 g/kg DM, respectively; Table 4.4.apbl€ 4.4.2). Fructose values for
ecotypes, cultivars, tetraploid cultivars and digloultivars all varied in the same
way according to the cut. They showed an oscillpfattern, decreasing in cut 2,
increasing in cut 3, and decreasing in cut 4. Hmges of variation in glucose, crude
protein and dry matter were much lower (169.3 —2%7/kg DM, 105.2 — 120.84 g/kg
DM, and 18.78 — 25.03 g, respectively; Tables 4ahd 4.4.3). Mean contents of each
character at each cutting point were highly vagahlith broad ranges of values also
within each cut. The wide variability of biochemlicharacters within the collection is
another indication of the high genetic diversitythin the collection. Such high
variation of WSC, dry matter and crude protein \wasn in other studies across cuts
in cultivars (Gilliland et al. 2002; Smitet al. 2006; Taset al. 2006) and across
ecotypes (Skoet al. 2007). High variation was found in morphologichlacacters,
and chloroplast SSR markers (Chapter 2 and Ch@ptand this suggests that there is
a wide potential for using the ecotypic materiabreeding programmes in general but
also to improve biochemical characters such as W6€rude protein. While such
high levels of diversity were detected in morphatay characters and chloroplast
SSR markers, none of the exceptional populatioes se the WSC analysis were
exceptional in the other analyses. Increased WSenbis preferred by ruminants
(Jones & Roberts, 1991; Sneit al. 2006). It has been suggested that improvements in
herbage quality characters have the potential ¢toease live weight gain by 20%
(Marley et al. 2005) and milk production by 25% (Smigh al. 1997). An improved
balance of sugar and protein content is also essénmtensure efficient crude protein
degradation and reduced excretion of urea intethvronment (Tasgt al. 2006). The
high biochemical diversity could be due to the féhettL. perennds an outbreeding
species, which could give rise to high levels afiggec variation within nuclear genes
responsible for such phenotypic variation. The Higbchemical diversity between

populations could reflect local adaptation of pepioins.
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While significant differences in mean charactemuesl between groups of populations
were seen only within the character dry matter [@ah4.5), individual ecotypes
showed higher mean season yields. In fructoseypedRL-OP-02018 had a higher
season yield than all the cultivars, and ecotype-@#-02128 had a higher mean
season Yyield than all cultivars with the exceptdrecultivar Portstewart. In glucose,
ecotypes IRL-OP-02173 and IRL-OP-02018 had highesssn yields than all
cultivars with the exception of cultivar Greengofdain, in character WSC, ecotype
IRL-OP-02018 had a higher mean season yield tHasukivars. So while in general,
cultivars show higher mean WSC contents than eestypmdividual ecotypes in the
collection, such as IRL-OP-02018, IRL-OP-02173, #id-OP-02128 show potential
to be used to improve varieties in breeding prognasy Such broad ranges of WSC
within ecotypes (as well as the superior level$¥SC in individual, locally adapted,
ecotypes) could also be exploited to increase staerance within new varieties. It
has been shown that high WSC genotypes maintamgiant reserves, which can be
important for persistence and stress tolerancen@rat al. 2006) through membrane
stabilisation (Hinchaet al. 2002; Vereykenet al. 2003). It has been found for
Agrostis bentgrass, that exploration and collection ofnplenaterial in stressful
environments has provided useful germplasm fossttelerance improvement in that
species (Casler, 2006). So there is a proven ussudfi adapted germplasm for
improved variety creation. Characters such as W&@je protein and dry matter
have already been shown to have moderate to higtaléties (Jafariet al. 2003a;
Turneret al. 2006; Xionget al. 2006) and so are useful characters for QTL armlysi
QTL analysis has already suggested chromosomaidmigroup locations for these
characters. For example, QTLs for crude proteireHasen founded on linkage group
two (Xionget al. 2006), and linkage groups three and four (Cogfaal. 2005). QTLs
for WSC have been found on linkage group three &bag al. 2005) and a highly
significant QTL (explaining 38.7% of variation ihe character) on linkage group six
(Turneret al. 2006). Molecular markers linked to such QTLs cotllen be used for
marker assisted selection (MAS) which makes tadgéreeding strategies possible

(Humphreys, 2005) and more efficient.
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4.5.2 Relationships between characters

Relationships between characters were determinath usorrelation analysis. In
general, fructose and glucose showed strong pestirrelations, which was to be
expected, considering that both are the producks/difolysis of fructans. Early in the
growing season, and at the end of the growing seasgnificant positive correlations
were seen between dry matter and both fructosegarabse. Early in the growing
season, there are more leaves than stem, alsoinldtee growing season, all the
populations would have completed flowering and stimed to vegetative growth
and higher dry matter and sugar contents. Duringdting time, saccharides are used
as an energy source by the plant to create flogesiems, which contain more crude
protein than vegetative leaves. Within most cuteré¢ were negative correlations
between dry matter and crude protein. It has ajrdmbn reported that increasing
crude protein content reduces the amount of drnteng@iroduced per unit nitrogen
(Wilkins & Humphreys, 2003). Also, crude proteirvéds decrease in late May or
early June inL. perennewhen much of the plant is stem (Wilkins & Humplsgy
2003), as seen with these data also (Figure 4.4i8hg et al. (2006) has suggested
that negative correlations between fibre and cquaéein contents comes from QTLs
with opposing effects and it could be a similaateinship between gene regions
causing the negative correlations. Increasing cdnté either of these characters

could be achieved by targeting one of the gen®nsgby MAS at a time.

4.5.3 Relationships between accessions

In cutting points one to four, separations in th@APwere seen for the characters
fructose, glucose, dry matter and crude proteinvéenh ecotypes and cultivars
(cutting point one and three) or between tetraptuilfivars and the other accessions
(cuts two and four). In general, high dry mattentemt was the most important
character separating the accessions in the fitgt ¢ats. Tetraploid varieties df.
perennehave been shown to have higher sugar contents dif@oid varieties
(Wilkins, 1991). However other studies have showat,t when comparing diploid
varieties with other diploid varieties which hacehebred for higher WSC content and
with tetraploid varieties, that tetraploid supeitypdepends on the genetic background

of the variety in question. Diploid varieties briat higher WSC concentration were
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superior to tetraploid varieties in some cases {{oetial. 2001). This could explain
the fact that the tetraploid varieties were not aalsv separated from the other
populations. Another factor could be the high \#oia between populations. Low
crude protein contents were also important in sepay the accessions in cutting
points two to four. This agrees with the correlaticesults discussed earlier.
Interestingly, fructose content was only importamtthe first cutting point, while

glucose content was not contributing significamtiyhe separation in any cut.

4.5.4. Response of groups of accessions over tloving season and to

environmental influences

For all characters, the cutting point was the n®ghificant factor influencing the
variation in the characters. In other studies ngttime point was also more of an
influence over the variation than genotype, botloss years (Turneat al. 2006; Skot
et al. 2007) and across seasons (Tsal. 2006). This suggests that grassland
management and environmental conditions may hawve wantrol over the different
characters than genotype. However, in this stuldg,vweather conditions (rainfall,
irradiance, mean temperature) had no significafécefon the model for each
character. This may be the result of several factbiat is, the high variability within
characters caused by the cutting point, which nthskey small level of variation
caused by weather effects. Additionally, the plamse only analysed in one site and
so environmental effects could have been expedeaffect all populations in the

same way.
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4.6 Conclusion

Water soluble carbohydrate, crude protein, andnalter contents were recorded for
33 L. perenneecotypes and cultivars at five different harvestetipoints across the
2004 growing season. While, in general, the culiiead higher WSC contents than
the ecotypes, individual ecotypes did show poténtta be used in breeding
programmes, as they showed higher values thantladlr accessions at particular
cutting points. In correlation analyses, positig@ationships were shown between dry
matter and glucose both early and late in the grgwseason, and this was in
agreement with the amount of leaves compared to atehese times in the growing
season. PCA analysis allowed the separation diigreen cultivars and ecotypes, or
between tetraploid cultivars and the rest of theeasions at four out of five cutting
points. In the ANOVA analysis, cutting point wasethmost significant factor

influencing the variation in the traits.
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Chapter 5

Characterisation of genetic diversity and populatio structure in a collection of
Lolium perenne L. accessions using nuclear DNA microsatellite magas

5.1 Introduction

5.1.1 Nuclear DNA markers

Several types of nuclear markers have been dewtlapd used in plant species,
including random amplified polymorphic (RAPD) markgWilliams et al. 1990),
amplified fragment length polymorphism (AFLP) mamke(Vos et al. 1995),
restriction fragment length polymorphism (RFLP) keas (Botsteinet al. 1980),
cleaved amplified polymorphic sequence (CAPS) nmrarK&onieczny & Ausubel,
1993), sequence-tagged site (STS) markers (Beckng&ar@oller, 1990), single
nucleotide polymorphism (SNP) markers (Fischer &nhan, 1983), and simple
sequence repeat (SSR) markers (Jates. 2001; Kubiket al. 2001). These markers
can be divided into dominant (RAPD, AFLP) and condmant (RFLP, CAPS, STS,
SNP, SSR) systems. RAPD and AFLP markers have dihantage that there is no
need for previous knowledge of the genome as usavgrimers are applied. In the
case of AFLP, the analysis is of high resolutionarge number of easily generated
markers can be produced, and the analysis is kelaid reproducible (Cressweit
al. 2001). AFLP markers are often preferred to RAPDrkei@ because of
reproducibility issues with the latter and becaddéd P marker systems generally
detect higher number of alleles per reaction. Haxeloth of these systems have the
disadvantage of dominant marker systems, thathat heterozygotes cannot be

detected.

RFLP profiling generates codominant DNA markerghmy selective hybridization of
labelled DNA probes to endonuclease-fragmentedemuelcids that were previously
separated by electrophoresis and bound to membr@haentjaris et al. 1985).
RFLPs are powerful markers (Favilet al. 2004) but their detection is labour
intensive, time consuming, and can detect mulfygl@lagous sequences and may fail

to give locus-specific positions on genetic mapsef@no-Anolles, 1998). SSR
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markers are tandem repeated sequences made o sheltase pair repeats (Asp
al. 2007). They are useful markers because of vagbasacteristics, including their
abundance across plant genomes (Waingl. 1994), their multi-allelism, extensive
genome coverage, high reproducibility, high lexalpolymorphism and simple PCR-
based detection (Powadt al. 1996). Some disadvantages are that their detection
be time consuming and costly and that there arém#éetl number of publicly
available SSR markers (Jonesal. 2001; Kubiket al. 2001; Warnkeet al. 2004).
SSR markers have many uses such as the construnttigenetic linkage maps
(Taramino et al. 1997), population genetics (Raet al. 2007), genetic diversity
analysis (Kubiket al. 2001), cultivar fingerprinting, marker assistedesgon, and
genotype assignment (Waser & Strobeck, 1998). SidFkers are single nucleotide
differences between individuals. They are highlyradant within the genomes of
higher plant species and are a fundamental sodreariation for molecular genetic
marker development (Chet al. 1999), and they allow the creation of high density
molecular maps (Simket al. 2004). A disadvantage of SNP markers is that often
low number of alleles are present (Buti¢l. 2007).

5.1.2 Use of nuclear markers to characterise gedatersity inLolium perenne

Nuclear markers have been used in many studidsat@cterise genetic diversity and
population structure .. perenneand related species (e.g. Cressvetllal. 2001;
Kubik et al. 2001; Bolaricet al. 2005a). For example, RAPD analysis has been used
to study diversity within and amorig perennecultivars and ecotypes (Bolarat al.
2005a and 2005b) and in comparisons of severabéogaass species includirhg
perenne(Kolliker et al. 1999). AFLP markers have also been used to cleiset
genetic diversity inL. perennecultivars (Roldan-Ruizt al. 2000; Guthridgeet al.
2001), inL. perenneecotypes (Skoet al. 2002), for comparisons of genetic diversity
between ecotypes and cultivars (Van Treweeal. 2005) and for the characterisation
of genetic diversity between different forage spscfCresswelkt al. 2001). STS
markers have been used to characterise geneticsiiyvén L. perennecultivars
(Roldan-Ruizet al. 2001; Lem & Lallemand, 2003; Auzanneeaiual. 2007) but their
application has been limiteKubik et al. 2001; Momotazet al. 2004) probably
because of the relative lack, until recently, oblply available markers (Jones al.
2001; Kubik et al. 2001; Warnkeet al. 2004). Genetic diversity has been
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characterised using SSRs in cultivars (Kuleik al. 2001) and between different
closely related forage species (Momoghzl. 2004). Nuclear SSR markers have not,
so far, been used to characterise genetic diveirsityish ecotypes or applied to the
collections housed by Teagasc at Oak Park for gaeding applications such as

linkage mapping, QTL studies or MAS application.

5.1.3 Linkage disequilibrium (LD)

Linked genes are genes found on the same chromosamkage disequilibrium (LD)

is therefore the non-random occurrence of alletedifterent loci (Flint-Garcieet al.
2003). LD is said to occur if two alleles from @ifént genes/markers on the same
chromosomes tend to be associated in differenvihgials at a greater frequency than
would be expected due to random association. Met ¢ LD in plants is affected by
the breeding system of the particular plant (Fatrciaet al. 2003) because high
levels of recombination seen in outbreeding spe@sslts in lower levels of linkage
disequilibrium, andsice versan inbreeding species (Charlesworth & Wright, 2001)
Several other factors can also affect linkage digibgium, such as population
structure, which occurs when the frequency of thara&cter of interest varies across
subpopulations (Guptat al. 2005) causing spurious associations between gemotyp
and phenotype (Pritchar@t al. 2000a). Other factors include epistasis, gene
conversion, and ascertainment bias (Gugtal. 2005). The study of LD can also be
used to characterise populations or used in adsmtimapping studies. Association
mapping uses the LD occurring in natural and braggiopulations. Marker-trait
associations can be detected in collections of late@ genotypes when the LD
stemming from the linkage between a marker andna gederlying the character has
not been completely broken by recombination evelnB¥association mapping has
several applications, for example the identificattsd mapping of QTLs (Meuwissen
& Goddard, 2000), which has been performed on abaunof plant systems (e.g.
maize, Labatet al. 2000;L. perenneSkotet al. 2005). LD/association mapping can
be used to identify genes which are responsiblaghferdifference in two alternative
phenotypes (Palaiset al. 2004) and this approach has also been appliednous
plant systems (e.g. maize, Thornsbestyal. 2001; Arabidopsis Nordborg & Tavare,
2002; and potato, Simket al. 2004). As well as gene identification, LD/assdomat

mapping can be used in population genetics to uhier the effect of selection and
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domestication events (Pemg al. 2003), and to determine the extent of LD across
genomes (Remingtoet al. 2001) includingL. perennegle.g. Auzanneaet al. 2007;
Pontinget al. 2007; Xinget al. 2007). Several association mapping studies hase be
performed orL. perennegboth whole genomassociation mapping (Sket al. 2002;
Skotet al. 2005) and candidate gene association mapping @kait 2007). Whole
genome association involves the use of many maxkstsbuted across the genome
to evaluate all genes simultaneously, while thedickate gene approach focuses on
limited numbers of gene regions suspected to havasaociation with a particular
character (Flint-Garciat al. 2003). Associations between markers and cold tobera
genes were detected by Slattal. (2002, 2005). Associations between markers and
flowering time and WSC were detected by S&btal. (2007). It is also important to
assess LD between pairs of loci to determine wingblo@ulation structure can be
reliably assessed using these loci. If they areimb¢pendent then they have to be

applied with caution for population genetic asse#sn
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5.2 Aims

The aims of this chapter are to characterise nu@&& variation in a collection of
Lolium perennethat had also been characterised for plastid DMArphological,
phenological and biochemical (WSC and protein)ataon. One associated aim was
to develop reliable markers for future plant bregdiapplications. The specific

objectives of the nuclear DNA marker work were to:

(1) describe nuclear DNA allelic and genotypic diversib natural and
breeding populations of_olium perenneincluding Irish and other

European ecotypes and bred cultivars,

(2) develop and select suitable markers for plant bngeapplications,

(3) determine the partitioning of the variation betweand among the
accessions and groups of accessions, and evaloptgapon structure in
the collection, and

(4) determine the extent of linkage disequilibrium sattthe potential for

LD/association mapping application could be asskssed to determine if

population structure can be reliably assessed.
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5.3 Materials and Methods

5.3.1 Selection of samples for analysis

A total of 928 individuals from a selection of 4{pldid Lolium perenneaccessions
were used (Appendix 8.1). These 40 accessionsheare previously used in the work
reported to investigate chloroplast DNA diversitdgopulation genetic structure and
pattern (Chapter 2), and morphological (ChapteraByl biochemical diversity
(Chapter 4). Approximately 24 individuals from eaabcession were selected for
analysis. DNA was extracted in the manner describexction 2.3.18. No tetraploid

accessions were used because of genotyping diféswdnd time constraints.

5.3.2 Amplification of nuclear microsatellite marke

Microsatellite primers were chosen from a privage developed and obtained under
licence from IGER (Turneet al. 2006) and from a private set obtained under lieenc
from VialLactia Biosciences (Gikt al. 2006; Table 5.3.1). Microsatellite loci were
selected based on previously published associatigtis genes for characters of
interest (Jenseat al. 2005; Turneret al. 2006, Table 5.3.1). Samples were prepared
for amplification as described in section 2.3.15 amder the master mix and

thermalcycling conditions outlined in the sourcélmations.

Table 5.3.1Microsatellite primers, source, characteristicsoasmted characters and
details of analysis.

Primer Source Associated characters Linkage
group
LpHCA18F11 Turneetal.(2006)  Heading date 7
LpACT26D12 Turneetal.(2006)  Heading dateWSC 6
LpACT13H2  Turnert al.(2006) Heading datg glucose, fructose and 6
wsC
rv0264 Gillet al.2006 Heading date 7
rv0908 Gillet al.2006 Heading date 7
rv0449 Gillet al.2006 Heading dateWSC 6
rvi239 Gillet al. 2006 Heading date 2
rv1423 Gillet al.2006 wseé 6

"Heading date, Jensenal.2005; Turneet al. 2006; Heading dateunpublished .
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5.3.3 Analysis of microsatellite amplification proxs

Amplified PCR products were prepared for analysighee ABI3100 automated DNA
sequencer according to section 2.3.14 (withoutlthgion step).

5.3.4 Data analysis

Allelic variation

Allele numbers and size ranges of alleles per legere calculated over all accessions
and for each group of accessions (ecotypes, ctdtilash ecotypes and European
ecotypes).

Observed and expected heterozygosities were ctddufar each population at each
locus and over all loci, as well as for each grotipccessions according to Equation
5.3.1 and Equation 5.3.2 (Nei, 1973) using POPGEX#h & Boyle, 1997).

N,
N

g

HO

Equation 5.3.1 Observed heterozygosityHo, where Ny is the number of

heterozygotes an, is the number of genotypes.

He =1- Z‘,pi2

i=1-k
Equation 5.3.2 Expected heterozygositye, wherep; is the frequency of thé"

allele. This statistic is also known as gene dite(dei, 1973).

Tests for Hardy-Weinberg equilibrium were performma each population at each
locus and for each group of accessions using afreddvlarkov-chain random walk
algorithm (Guo & Thompson, 1992), and were tested significance using 1000
permutations in ARLEQUIN 2.0 software (Schneideal. 2000).

Polymorphic information content (PIC) values weaécualated by hand for each locus

over all accessions and for each group of accessibom allele frequency data
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calculated in POPGENE (Yeh & Boyle, 1997), accagdio Equation 5.3.3 (Botstein
et al. 1980).

n k-1 k
PIC = z piz _Ziz piz pjz
= =1 j=1

Equation 5.3.3Polymorphic information contenP(C), wherep; is the frequency of
thei™ allele.

Genetic distance between populations

A genetic distance matrix (Appendix 8.9) was caltedl based on Nei's standard
genetic distance measure (Nei, 1972), using alliela (characters) without size
information, and calculated according to Equatia®2 (Nei, 1972) using POGENE
(Yeh and Boyle, 1997). Nei's genetic distance measvas used, in preference to
other distances, because it was used in ChapterdZbacause it is a very robust

distance measure used in population studies.

From this matrix, a dendrogram showing the simtikesi between populations was
constructed using the unweighted pair group metligthg arithmetic means
(UPGMA) method (Sneath and Sokal, 1973) as impleeckim POPGENE (Yeh and
Boyle, 1997). Bootstrapping analysis was performedhe UPGMA data with 1,000
replicates as implemented in NTSYSpc V2.2 softWRehlf, 2005).

Mantel test

A geographic distance matrix was constructed (Apper8.4), using the 23
accessions used in this analysis where an exagragucal origin was known. A
Mantel test was used to correlate the pairwise @is@ns in the geographic distance
matrix and the genetic distance matrix as describegction 2.3.19 and according to
equation 2.3.3. Further Mantel tests were usedltrelate the pairwise comparisons
in the nuclear genetic distance matrix and the roplast genetic distance matrix
(Appendix 8.3) and to compare the nuclear genettrirn and the morphological
distance matrix (Appendix 8.6).
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Principal components analysis

PCA was performed on the genetic distance matrppéhdix 8.9) which was based
on Nei's genetic distance (Nei, 1972), accordingséation 3.3.4 and according to
equations 3.3.20, 3.3.21 and 3.3.22. Graphs otitenvectors and eigenvalues for

two dimensions were constructed.
AMOVA analyses

An analysis of molecular variance (AMOVA,; Excoffiet al. 1992) was carried out
with ARLEQUIN 2.0 software (Schneidet al. 2000). The level of significance for
variance component estimates was calculated by pacametric permutation
procedures using 1,000 permutations. The data weaditioned in several
combinations to display among and within populatranation of Irish and European

L. perenneaccessions and cultivars, and to assess groufuagd in PCA analysis.

Nei's coefficient of differentiation (&) was calculated for all populations and for
subgroups of accessions (cultivars, all ecotypesh lecotypes, and European

ecotypes) according to equation 2.3.10.

F statistics were calculated over all populations, the groups cultivars, Irish
ecotypes and European ecotypes, according to WeiCo&kerham (1984) and
equation 5.3.4. Weir's- statistics (based on variance values of allelguieacies)
were used in preference to standard F statistase(bon allele frequencies) because it
has been shown that they are more reliable whemplsasize for each population is
lower than 30 (Berg & Hamrick, 1995).

_2.2.%
ZZ?

Equation 5.3.4 6sy, where o7 =0} + and g7 = total variance of allele

frequency within a populationnéz between subpopulation variance in allele
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frequency, gy, = between individuals within population varianceaitele frequency,

and o7 = between gametes within individuals variance lelalfrequency.

Population structure

Genetic structure among individuals over the widdé-set was investigated with a
model-based clustering approach using the softywaekage STRUCTURE. The
basic algorithm in STRUCTURE was described by Ratd et al. (2000b).
Extensions to the method were published by Faéisdl. (2003, 2007). The number
of subpopulations (K) was set from 1 to 40. Eaah started with 20,000 burn-ins,
followed by 20,000 iterations, employing an admigtumodel. Each run was
performed independently ten times. In order to meitee the ideal value of K, K was
plotted against the mean InPr(x|K), and the finalv&s chosen based on the highest
values of InPr(x|K). Proportions of each populatassigned to each subpopulation
were determined and plotted on a line graph.

Linkage disequilibrium

Linkage disequilibrium between all pairs of locienwall populations was calculated
using a likelihood-ratio test according to Equat®B.2 (Slatkin & Excoffier, 1996)

with 10,000 permutations and according to the sttati” according to equation 5.3.3
(Flint-Garcia et al. 2003). Levels of 7 between loci were visualised using

disequilibrium matrices between each pair of loci.

S=-2log(Ly+/Ln)
Equation 5.3.5S, likelihood ratio statistic, where, " is the likelihood of the data
assuming linkage equilibrium arg, is the likelihood of the data assuming linkage

disequilibrium.
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2 (Dab)2
ﬂAﬂaﬂBﬂb

Equation 5.3.6r% the square of the correlation coefficient betwega loci, where
Ta, Ta, T, aNd m, are the allele frequencies at each locus Rggis the difference

between the observed and expected haplotype fretpsefag-7ars).
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5.4 Results

5.4.1 Data analysis

Heterozygosity and allelic variation

Expected heterozygosity (gene diversity) valuesiedarconsiderably between
accessions and between loci (a full range betwe@a i Irish ecotype IRL-OP-
02007 at locus LpHCA18F11 and 0.91 in ecotypes @GR-02059, IRL-OP-02538
and IV-51-161 Hungary at locus rv1239 and IV-51Huhgary at locus LpACT13H2
in the entire collection; Table 5.4.1). When caltetl over all loci, gene diversity
values ranged from 0.57 in cultivar Cancan, to i6.&cotype 1V-51-161 Hungary.
Accessions also showed significant deviations fidandy-Weinberg equilibrium for
each locus (Table 5.4.1). The majority of populaioat each locus were less
heterozygous than would be expected under conditioh Hardy-Weinberg
equilibrium. At locus LpHCA18F11, the Irish ecotyéRL-OP-02059, IRL-OP-
02007, IRL-OP-02538, IRL-OP-02274, and IRL-OP-022¢e European ecotypes
3408 Italy, 920 Bulgaria, and 1V-51-161 Hungary ahe cultivar Cashel did not
deviate significantly from Hardy-Weinberg equiliam. Only Irish ecotypes IRL-OP-
02048 and IRL-OP-02128 were more heterozygous Waumd be expected under
Hardy-Weinberg equilibrium. Observed heterozygosiayged from 0.04 in Irish
ecotype IRL-OP-02007 to 0.88 in European ecotypé1Vvl61 Hungary. At locus
LpACT26D12, the Irish ecotypes IRL-OP-02337, IRL-OF048, IRL-OP-02192,
IRL-OP-02064, IRL-OP-02128, IRL-OP-02274, IRL-OP202 and IRL-OP-02173
and the cultivars Portstewart and S24 did not devggnificantly from Hardy-
Weinberg equilibrium. None of the accessions weoeenmeterozygous than would be
expected under Hardy-Weinberg equilibrium. Obserlieterozygosity ranged from
0.17 in cultivar Aurora to 0.96 in Irish ecotypelHOP-02192. At locus rv0264, the
Irish ecotypes IRL-OP-02337, IRL-OP-02015, IRL-OF280, IRL-OP-02274, IRL-
OP-02442 and IRL-OP-02173 and the cultivar Canddnndt deviate significantly
from Hardy-Weinberg equilibrium. The Irish ecotyp&lL-OP-02059, IRL-OP-
02007, IRL-OP-02272, IRL-OP-02483, and IRL-OP-020tt® European ecotypes
16-7-62-2 Nordic, 3199 Romania Podoloni, IV-51-1dlingary and the cultivars

Aurora, Barlenna and Fennema were more heterozygwars would be expected
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under Hardy-Weinberg equilibrium. Observed hetegozjty ranged from 0.09 in
Irish ecotype IRL-OP-02258 to 1 in cultivar Aurovst locus rv0908, Irish ecotype
IRL-OP-02011, European ecotype No. 10 Spain, arel dbltivars Cashel and
Odenwaelder did not deviate significantly from HaM/einberg equilibrium. Irish
ecotype IRL-OP-02337 was the only accession at tbaus that was more
heterozygous than would be expected under Hardyxéeg equilibrium. Observed
heterozygosity ranged from O in Irish ecotype IRB-02064 to 0.88 in Irish ecotype
IRL-OP-02337. At locus LpACT13H2, only Irish ecoeydRL-OP-02064 did not
deviate from Hardy-Weinberg equilibrium, and norfetlee accessions were more
heterozygous than would be expected under Hardyxéeg equilibrium. Observed
heterozygosity ranged from O in Irish ecotype IRB-02018 to 0.73 in European
ecotype 3199 Romania Podoloni. At locus rv0449,Itish ecotypes IRL-OP-02007
and IRL-OP-02538 and the European ecotype IV-51-H@hgary did not deviate
from Hardy-Weinberg equilibrium. The Irish ecotyip -OP-02230 and the cultivar
Fennema were more heterozygous than would be egertder Hardy-Weinberg
equilibrium. Observed heterozygosity ranged fro@90in Irish ecotype IRL-OP-
02128 to 0.84 in cultivar Fennema. At locus rv12®@ cultivars Aurora, Barlenna
and Talbot did not deviate from Hardy-Weinberg &guum and only the Irish
ecotypes IRL-OP-02538 and IRL-OP-02068 were moterbeygous that expected
under Hardy-Weinberg equilibrium. Observed hetegozjty ranged from 0.12 in
European ecotype 920 Bulgaria to 0.92 in Irish yoetIRL-OP-02538. Finally, at
locus rv1423, the Irish ecotypes IRL-OP-02078, IBR-02128, IRL-OP-02274, IRL-
OP-02419, IRL-OP-02272, IRL-OP-02173, IRL-OP-02488d IRL-OP-02018 and
all the European ecotypes (with the exception of5M161 Hungary) and the
cultivars Barlenna, Cancan, Fennema, Portstewadt Simandon did not deviate
significantly from Hardy-Weinberg equilibrium. Norad the accessions were more
heterozygous than expected under Hardy Weinbergilimgun. Observed
heterozygosity ranged from 0.38 in Irish ecotypd -[BP-02064 to 0.78 in Irish
ecotype IRL-OP-02272.

Observed and expected heterozygosities (gene dergere calculated for each
locus, over all accessions, and for each grougoéssions (cultivars, ecotypes, Irish
ecotypes, and European ecotypes; Table 5.4.2)oéill both over all accessions and

for each group of accessions were significantlys lagterozygous than would be
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expected if the accessions were under Hardy-Weinbequilibrium, with a
significance level of p < 0.001. Over all loci, @ss all subpopulations, gene diversity
ranged from 0.61 in the European ecotypes at l0¢©808 to 0.90 in cultivars at
locus rv0449. At locus LpHCA18F11, gene diversignged from 0.69 in Irish
ecotypes to 0.83 in European ecotypes. At locus@p26D12, they ranged from
0.75 in cultivars to 0.83 in ecotypes. At locus 280, gene diversity was 0.86 in
European ecotypes, while in all other subpopulatidnvas 0.87. At locus rv0908,
they ranged from 0.61 in European ecotypes to . Tiish ecotypes and cultivars. At
locus LpHCA13H2, they ranged from 0.78 in Irish sp@s to 0.87 in cultivars. At
locus rv0449, they ranged from 0.88 in Irish ecetypo 0.90 in cultivars. At locus
rv1423, they ranged from 0.77 in all ecotypes ®20n cultivars. When calculated
over all loci, gene diversity values ranged fror&00in European ecotypes to 0.82 in
cultivars. The coefficient of differentiation &g, was 0.23 over all populations and

ranged from 0.18 in European ecotypes to 0.23 ltivers.
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Table 5.4.10bserved and expected heterozygosity for each ptpulat each locus and over all loci. Significdaeviations from Hardy-
Weinberg equilibrium are indication in supersc(iitS: not significant, *p<0.05, **p<0.01, **p<0.00.

Accession  Group N Loci
number a b LpHCA18F1 LpACT26D1 rv0264 rv0908 LpACT13H  rv449 rv1239 rv1423 Overall
EOC He’ ﬁo He Ho He  Ho He ﬁoc He?”  Ho He  Ho He  Ho He  Ho He
IOF\;IE%—?’C;P— 1 04 035 05F 076 078° 2.7 2.75“ g.s 0.74 g.o 0.66 g.a 0.80 2.4 0.77 2.5 0.74 2.5 g.7
BF;;%%P' 12 24 050 05¥S 067 087 (2)'9 0.85" 3'5 0.64° (7)'6 0.83" 2'7 0.81" 2'6 0.91" 2'7 0.78 2'6 2'7
:)R;b-ogp- 13 24 004 0.0% 050 074 g.? 0.73" (;.5 0.74’ 2.5 0.89" 2.6 8.75" 2.7 0.99" g.? 0.78 (;.5 8.7
g‘«;b-lolp- L4 oa 075 08T 071 085 2.7 0.81" 2.7 8.62“’ (7).6 0.87" 8.5 0.81" (7).6 0.85" 2.7 0.74° g.e 8.7
IOF\;I(_)—]%P— 5 04 065 072 054 076 2.7 2.77“’ 2.7 0.73 2.3 0.69" 3.2 0.69" 2.2 0.70 2.6 0.85° 2.5 2.7
IOR;I(_)—‘&)BP— 6 21 086 O7¥S 065 08NS 2.2 0.65 3.3 0.68 8.0 0.52 g.a 0.82 2.3 0.82 2.4 0.59" 8.4 2.7
:)I:\;Ii—gC;P— |7 o4 021 038 096 0.98° 2.3 0.70 2.4 0.70 g.l 0.33 8.3 0.71 2.4 0.85 (;.5 0.77 2.4 3.6
:)R;b-Gap- 110 12 067 072 075 08¥s 2.3 0.67 8.0 0.49 g.o 8.23“’ 8.5 0.66 (7).1 0.63 2.3 0.84 2.3 2.6
:)F;b'?%P' 111 24 025 055 058 06§ (7)'6 0.83 2'3 0.56" 2'0 0.46" 3'1 0.68" ‘2)-3 0.88" ‘7)-6 0.70" 8-3 ‘;-6
oy 112 24 025 077 o054 078 O 0.78" > 078 o7 0.91" o7 o073 2% osd 9% o6 9O D7
113 24 061 053 063 07¥° 07 osor 0° os6 OO 0.67" 20 0.49" 01 078" 0.7 0.68" 04 06
Peor 114 24 052 08 os8 o8l J7 o7y O 0.62° 04 0.85° o7 0.68" 39 o091 9° oss 96 97
:)R;LZ-%P- 115 24 050 05YS 058 0748 2.7 (S).Sd“’ 3.3 0.56" g.s 0.57" 2.7 0.86" g.l 0.71" (7).6 (S).57N’ (;.5 3.6
:)F;';l;lozp' 117 24 050 061 046 075 é'o 0.81" 2'7 0.78" 2'0 0.54° 2'1 0.54° 8-5 0.82" 8'5 0.87" 8'5 2‘7
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IRL-OP-
02068
IRL-OP-
02241
IRL-OP-
02419
IRL-OP-
02258
IRL-OP-
02272
IRL-OP-
02173
IRL-OP-
02483
IRL-OP-
02018
16-7-62-2
Nordic

No 10 Spain

3408 Italy

3013
Romania
3199
Romania
Podoloni
920
Bulgaria
IV-51-161
Hungary
Cv.
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CVv.
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CVv.
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S
0.57V
S

0.78
0.85

*

0.67V
S

0.81

0.4

0.6

0.4

0.4

0.4

0.4

0.5

0.4

0.6

0.4

0.3

0.3

0.5

0.4

0.6

0.5

0.5

0.3

0.6
0.7
0.7
0.7
0.6
0.6
0.7
0.7
0.7
0.6
0.6

0.6

0.7

0.7
0.8
0.7
0.7

0.5
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Cancan
CV.

Cashel V4
CV. V5
Fennema

CV.

Odenwaelde V 10
r
Ccv.

Portstewart Vil
CI;/;emo Viz
PO
g\;{andon VIS
Talbot V16

24

24

24

20

24

24

0.79

0.60

0.42

0.50

0.29

0.30

0.35

0.43

0.8%s
0.79

0.77

0.69

0.42

0.56

0.46

0.46

0.54

0.40

0.63

0.38

0.76"

0.74"

*

0.67

0.52%
0.76
0.50'
0.73

0.83"

0.7
8
0.6
1

0.86

*

0.89

0.85"
0.82"

0.81"

Fk

0.80

0.4
2
0.2
0
0.6
7
0.3
0

0.75

0.46"

0.5
7
0.4
0
0.2
1
0.6
1

9.88**

0.4
3
0.7
0
0.3
0
0.2
8

0.72"
9.68**

9.89**

0.2
5
0.8
6

0.77"
0.78"

0.89"

S

0.6
3
0.5
7

S

0.58"
0.76"
S

0.85
0.72V
S
0.80"
0.61
0.70"
S

9.84*

0.4
8
0.5
0

3Group: | = Irish ecotype/A= Northern Europel = Southern Europ@® = Eastern Europe, V Eolium perennevariety, °N = number of individual$Ho = observed

heterozygosity’He = expected heterozygosity.
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Table 5.4.20bserved and expected heterozygosity at each &alisver all loci and & for each group of populations (overall, cultivars,

ecotypes, Irish ecotypes, and European ecotypiggjifi§ant deviations from Hardy-Weinberg equiliom are indication in superscript (N/S:

not significant, *p<0.05, **p<0.01, **p<0.001).

Locus

LpHCA18F11 LpACT26D12 rv0264 rv0908 LpACT13H2 rv449 rvl1239 rv1423 Overall Gst
G® N°  Hot  HE° Ho He Ho He Ho He Ho He Ho He Ho He Ho He Ho He
Overall 928 048 0.74 o054 081" 071 087 048 074 030 083 045 085 049 088 061 079 051 0.82 0.23
Cultivars 260 0.45 0.73 047 075 0.75 0.87° 046 075 0.36 0.87° 046 090" 056 087 061 082" 051 0.82 023
Ecotypes 668 0.49 074 057 0.83 069 087 049 074 027 081" 045 089 047 088 061 0777 050 0.81 0.22
Irish 500 0.45 069 0.60 082" 0.69 087 053 075 027 078 042 088 049 08§ 061 078 050 081 0.21
ecotypes
European 168 058 0.83 046 0.87° 070 0.85 0.37 061" 030 083 045 089 049 083 061 087 050 0.80 0.18

ecotypes

G = Group °N = number of individual§Ho = observed heterozygosifiHe = expected heterozygosity.
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Numbers of alleles, size ranges, and PIC valueg waiculated for each locus over
all accessions, for cultivars, ecotypes overaithlrecotypes and European ecotypes
(Table 5.4.3). Loci rv1239 and rv1423 had the haghmimber of alleles (26), while
locus LpACT26D12 had the lowest number of alles’) ( The widest range of allele
sizes was seen in locus LpACT26D12 (61bp) and hbetesst size range seen in locus
rv0908 (25bp). PIC contents over all accessiongadrirom 0.70 in locus rv0908 to
0.88 in loci rv0449 and rv1239. In cultivars, thighest numbers of alleles were seen
in loci rv1239 and rv1423 (25) and the lowest numdbiealleles were seen in loci
LpHCA18F11 and rv0264 (15). As in all accessiohs, widest size range of alleles
was seen in locus LpACT26D12 (47bp) and the lowesbcus rv0908 (24bp). PIC
values ranged from 0.71 in locus LpHCA18F11 to Qr8®cus rv0449. Similarly to
all accessions, in ecotypes the lowest numberdlelesa were seen in locus rv0264
(16) and the highest in loci rv1239 and rv1423 (&inilar minimum and maximums
were found for size ranges in ecotypes as oveacakssions. PIC values in ecotypes
ranged from 0.72 at loci LpHCA18F11 and rv0908 #&80at loci rv0449 and rv1239.
Irish and European ecotypes when analysed sepava¢ee very similar to ecotypes

as a whole.
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Table 5.4.3Number of alleles, size ranges (in base pairs)ahgmorphic information content at each locus facle group of populations
(overall, cultivars, ecotypes, Irish ecotypes, Badopean ecotypes).

G° N°  LpHCAISF11 LpACT26D12 V0264 rv0908 LpACT13H2 va® 1239 1423

NA° Size PIC® NA Size PIC NA Size PIC NA Size PIC NA Size PIC NA Size PIC NA Size PIC NA” Size PIC
(bp) (bp) (bp) (bp) (bp) (bp) (bp) (bp)

O° 928 25 228- 0.74 24 87- 0.81 16 131- 0.87 20 193- 0.74 20 117- 0.83 21 106- 0.89 26 110- 0.88 26  117- 0.71
261 148 177 218 150 149 145 152

c' 260 15 228- 0.73 16 101- 0.75 15 131- 0.87 18 193- 0.75 20 117- 0.87 21 106- 0.90 25 110- 0.87 25  118- 0.82
259 148 177 217 150 149 145 152

EY 668 25 231- 0.74 24 87- 0.83 16 131- 0.87 19 193- 0.74 20 117- 0.81 21 106- 0.89 26 110- 0.88 26  117- 0.77
261 148 177 218 150 149 145 152

le" 500 23 231- 069 23 87- 0.82 16 131- 0.87 19 193- 0.75 20 117- 0.78 21 106- 0.88 26 110- 0.89 26  117- 0.78
261 148 177 218 150 149 145 152

E€ 168 18 232- 0.83 17 87- 0.81 15 132- 0.86 10 206- 0.61 16 117- 0.85 19 106- 0.90 22 110- 0.84 18  117- 0.72
261 116 177 218 150 149 145 152

3G = Group °N = number of individual§NA = number of allelesPIC = polymorphic information conteff© = overall,'C = cultivars ’E = ecotypes|le = Irish ecotypes,

'Ee = European ecotypes.
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Linkage disequilibrium

Levels of linkage disequilibrium were calculated fl sites at each pair of loci
(Figure 5.4.1). Levels of ranged from 0 to 0.8. The majority of pairs oésitvere in
linkage equilibrium. Levels of linkage disequilibnn were calculated for each pair of
loci overall using an exact test (Table 5.4.4).kiaige disequilibrium was only found
at the pairs of loci which were shown in previotsdges to be on the same linkage

group.
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LpACT26D12 w0264 w0908 LpACT13H2 0449 w1239 w1423

LpHCA13F11

- LpACT26D12

- w0264

w908

02 = LpACT13H2
01

w0449
w1239

Figure 5.4.1Linkage disequilibrium @) between each pair of alleles at each locus, Ieithls of f indicated by different shading, with lighter

shading indicating lowefrnd darker shading indicating high@r r
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Table 5.4.4Significant linkage disequilibrium between loci€p.05).

LpHCA18F11 LpACT26D12  rv0264 rv0908 LpACT13H2 rv449 rvi239  rv1423

LpHCA18F11  N/A®

LpACT26D12 N/S N/A

rv0264 p <0.05 N/S N/A

rv0908 p <0.05 N/S p<0.05 N/A

LpACT13H2  N/S p <0.05 N/S N/S N/A

rv449 N/S p < 0.05 N/S N/S p < 0.05 N/A

rv1239 N/S N/S N/S N/S N/S N/S N/A

rv1423 N/S p <0.05 N/S N/S p <0.05 p<0.05 N/S N/A

aN/A: not applicable®N/S: not significant
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Genetic distance between populations

The genetic distance matrix between the populatisrshown in Appendix 8.9. The
UPGMA dendrogram constructed from this matrix i®wh in Figure 5.4.2. The
dendrogram could be divided into two major groupant 2. Group | had weak
bootstrap support of 41%, and contained all thghlgcotypes, with the exception of
IRL-OP-02007 (13), IRL-OP-02011 (14), IRL-OP-020%R), IRL-OP-02230 (I12),
IRL-OP-02241 (120) and IRL-OP-02538 (114). It alsmntained the European
ecotypes No 10 Spaim{5), 3408 Italy §16), 3013 Romaniaa(8) and 920 Bulgaria
(m20) and the commercial varieties Cancan (V3), Ag3iB, Portstewart (V11), and
Shandon (V15). Group | could be divided into theedgroups I(a), I(b) and I(c).
Group I(a) included all four cultivars in Grouprdawhich had been bred recently by
Irish and Northern Irish breeding groups. Cashel @handon clustered together with
a bootstrap value of 26%. Group I(b) containedtta! European ecotypes found in
Group | and several other Irish ecotypes. Group dfmtained only Irish ecotypes.
Ecotypes IRL-OP-02048 (16) and IRL-OP-02192 (I7qth from Cork, clustered
together with bootstrap support of 26%. Group Wl seak bootstrap support of 56%
and could be divided into two subgroups 2(a) ari).2Group 2 contained the Irish
ecotypes IRL-OP-02007 (I3), IRL-OP-02011 (14), IRIR-02059 (I2), IRL-OP-
02230 (112), IRL-OP-02241 (120) and IRL-OP-0253&4(), the European ecotypes
16-7-62-2 Nordic 45), 3199 Romania Podolor19) and IV-51-161 Hungarys@2)
and the cultivars Aurora (V1), Barlenna (V2), Femae(V5), Odenwaelder (V10),
Premo (V12), S24 (V13) and Talbot (V16). Within gutup 2(a) the European
ecotypes 3199 Romania Podolomil9) and I1V-51-161 HungaryeB2) clustered
together with bootstrap support of 48%. Group Zibly contained cultivars which
had been developed in the earlier European breeggiogrammes and individual

clusters within this group had moderate to good$tcap support.
When this dendrogram was compared with those ftorgplast and morphological

data for the same populations, by overlaying groigesd in the chloroplast and

morphology dendrogram onto the nuclear dendrogsamilar patterns were not seen.
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Vil >I(a)
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U vis }2(b)

Vi3
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Figure 5.4.2 Unrooted dendrogram showing similarities betweerpupations,
constructed using UPGMA (Sneath & Sokal, 1973)mplémented in POPGENE
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(Yeh & Boyle, 1997), based on Nei's genetic diseanoeasures (Nei, 1972).
Subgroups are indicated by parentheses. Numbeihetranches are percentage
bootstrap values generated in NTSYSpc V2.2 (RobiD5). Different symbols
represent a geographical groufy: = Northern Europe B = Southern Europ® =

Eastern Europe, | = Ireland, V = Cultivar.

Principal components analysis

Eigenvectors and eigenvalues were calculated fergénetic distance matrix. The
percentage accounted for by each eigenvalue wasndeted (Table 5.4.5) and the
first dimension was plotted against the second dsioa (Figure 5.4.3). All the
variation in the dataset was explained by threeraiglues. The first eigenvalue
explained 57.60% of the variation, the second empth 31.49% and the third
eigenvalue explained the final 10.91% of the vaatWhen the eigenvectors were
plotted for the first two dimensions (Figure 5.4.8¢veral patterns could be seen in
the diagram. These patterns were broadly congmightthe groupings found in the
UPGMA analysis. Firstly a split was seen betweer tgroups of accessions
(indication in the diagram by a dashed line). Oml#ft hand side of the diagram were
seven of the eleven cultivars (these were partistofic breeding material from
Europe), as well as three European ecotypes andsixecotypes, two of which were
collected in Cork (IRL-OP-02007, 13; and IRL-OP-Q20 I14) and grouped closely
together. On the right hand side of the diagrameweost of the Irish ecotypes, four
cultivars (which are more recent cultivars fromshiriand Northern Irish breeding
programs), and four European ecotypes. Two of theofean ecotypes (3013
Romania,m18 and 920 Bulgariam20) were relatively close geographically and
grouped together in the diagram. Within the Irisbtgpes on this side of the diagram,
there were several geographically close ecotypeghwhrouped together in the
diagram. For example, IRL-OP-02128 (113) and IRL-@R74 (115) were collected
in Kerry and Limerick, respectively. IRL-OP-0201%)( IRL-OP-02048 (I6) and
IRL-OP-02192 (I7) were all collected in Cork. IRLPa&2483 (128) and IRL-OP-
02018 (130) were collected in Wexford and Waterfoedpectively. Other groupings
could be visualised on the diagram and were indicdiy dashed circles. These
groupings did not appear to have any underlyingepat nonetheless, they were
further tested by AMOVA analysis.
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Figure 5.4.3 Principal components analysis diagram in two disiams for nuclear
SSR data. X axis: Dimension 1, Y axis: Dimensiom2lrish ecotypeo: European
ecotype, A: Cultivar, Numbers of the populations are given Appendix 8.1.
Dimension 1 explained 57.60% of the variation amdeshsion 2 explained 31.49% of

the variation. Ellipses represent groups to beyaseal further via PCA.

Table 5.4.5Eigenvalues and percentage of the variation imtleéear SSR dataset
explained by each axis.

Axis Eigenvalue  Percentage variance Cumulative percentage

explained variance explained
1 3.13 57.60 57.60
2 1.71 31.49 89.09
3 0.86 10.91 100
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Mantel test

An extremely weak non-significant correlation betwegeographic distance and
genetic distance was found for 23 populations {0.693, p = 0.224). An extremely
weak correlation between nuclear genetic distamzk coloroplast genetic distance
was found for all 40 populations (r = 0.020, p 62&). Another extremely weak non-
significant correlation between nuclear genetidasise and Euclidean distance for
morphology data was found for all 40 populations (.084, p = 0.876).

AMOVA analysis

AMOVA analysis was carried out on ten different gudups of accessions (Table
5.4.6) to test for differences in genetic structlbetween and within Irish and
European ecotypes and commercial varieties andesb the genetic structure of
groups of populations observed in the PCA (Figue3). For all subgroups tested
within population variation accounted for most ation. For example, for all
ecotypes, within population variation accounted90r35% of the total variation, with
a significance level of p<0.001. Within populatieariation was higher for ecotypes
(90.35% over all ecotypes, 91.1% in Irish ecotyged 91.44% in European ecotypes)
than for commercial varieties (87.57%). In any cdseels of variation in each
subgroup were similar to each other. When groupacegssions were compared to
each other, levels of within population variatioreres very similar to each other
(89.50%, 89.07% and 89.17% respectively). Amongugreariation was highest
between Irish and European ecotypes (2.31%) andesbwetween commercial
varieties and all ecotypes (0.11%). When the twougs observed in the PCA
analysis (Figure 5.4.3, split indicated by a dashee) were tested, most variation
was again seen within populations (88.14%). Whestoht breeding material was
tested against newer commercial varieties fromaih@land Northern Ireland, much
more variation was seen between groups (11.6%) ithahe other partitions, but
within population variation was still significanha high (82.05%). When the seven
groups observed in the PCA analysis (Figure 5iddcated by ellipses) were tested
against each other, 4.36% of the variation was éetwgroups, and 88.84% was

within populations and the remainder (6.80%) wasmgrpopulations within groups.
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Table 5.4.6Analysis of molecular variance (AMOVA) for Irish drfcuropeariolium
perenne accessions, and commercidl perenne varieties and for subgroups

determined in other analyses.

Source of Variation d.f2 sSSP Variance Variance 24
component (%)

Commercial varieties

Among populations 10 184.23 0.34 12.43  *x*
Within populations 509 1216.63 2.39 87.57  ***
All ecotypes

Among populations 28  407.06 0.26 9.65 ¥
Within populations 1307 3210.16 2.46 90.35  ***
Irish ecotypes

Among populations 21 279.61 0.24 8.90 ¥
Within populations 978 2395.55 2.45 91.10  ***
European ecotypes

Among populations 6 81.59 0.23 8.56  ***
Within populations 329 814.6 2.48 91.44  ***
Commercial varieties vs. ecotypes

Among groups (Commercial varieties vs. 1 18.00 0.01 0.11 ¥
ecotypes)

Among populations/within groups 38 591.29 0.28 90.3 ***
Within populations 1816 4426.79 2.44 89.50 N/S
Irish ecotypes vs. European ecotypes

Among groups (Irish ecotypes vs. European 1 45.86 0.06 2.31
ecotypes)

Among populations/within groups 27 361.20 0.24 8.61**
Within populations 1307 3210.16 2.46 89.07  ***

Irish ecotypes vs. European ecotypes vs.
commercial varieties
Among groups (Irish ecotypes vs. European

ecotypes vs. commercial varieties) 2 63.85 0.03 11.0%*
Among populations/within groups 37 545.43 0.27 9.71**
Within populations 1816 4426.79 2.44 89.17 *
Groups determined from PCA/UPGMA®

Among groups 1 91.85 0.09 3.14
Among populations/within groups 38 517.43 0.24 8.72+*
Within populations 1816 4426.79 2.44 88.14  ***
Groups determined from PCA/UPGMA?®

Among groups 1 80.62 0.33 11.6  **
Among populations/within groups 7 76.12 0.18 6.34 ** *
Within populations 413 972.28 2.35 82.05 *x
Groups determined from PCA/UPGMA'

Among groups 6 244.06 0.12 436
Among populations/within groups 33 365.23 0.19 6.80**
Within populations 1816 4426.79 2.44 88.84  ***

.f.. degrees of freedonPSSD: Sum of squared differenceq: ** indicates
significance value p = <0.01, *** indicates sige#dince value p = <0.001, N/S = not
significant; “All accessions on left hand side of PCA Figure $.ds. all other
accessions, indicated by a dashed lifi@ultivars Cancan (V3), Cashel (V4),
Portstewart (V11), and Shandon (VAB).all other cultivars{Accessions in groups

indicated by ellipses in Figure 5.4.3 against eztbler
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F-statistics

Weir and Cockerham (1984 statistics were calculated for each locus and aller
loci (Table 5.4.7), to test the level of variatiithin and between Irish and European
ecotypes and cultivars, and similarly for the theeparate groupings on the PCA
diagram. For the Irish ecotypegs. European ecotypess. cultivars, kr, which is the
proportion of variation among all individuals, raagfrom 0.19 at locus rv0264 to
0.64 at locus LpHCA13H2, and was 0.39 over all.légt, which is the proportion of
variation among all populations, ranged from 0.0@7oaus rv1423 to 0.16 at loci
rv0908 and LpHCA13H2, and was 0.11 over all logi, Rvhich is the proportion of
variation among groups ranged from 0 at four locD103 at locus rv0908, and over
all loci was 0.01. [5, which is the proportion of variation between induals among
populations, ranged from 0.14 at locus rv0264 &8 @t locus LpHCA13H2 and over
all loci was 0.31. Ep, which is the proportion of variation between plagions among
groups ranged from 0.06 at loci LpACT26D12 and 6#€2to 0.15 at locus
LpHCA13H2, and over all loci was 0.10,pFwhich is the proportion of variation
between individuals among groups, ranged from @tl8cus rv0264 to 0.64 at locus
LpHCA13H2, and over all loci was 0.38. For the ottests, results were very similar

to those seen in the AMOVA analysis.
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Table 5.4.7F-statistics for a three-level sampling hierarchitljvirish ecotypes, European ecotypes and cultigargroups) at each locus and

over all loci.

Irish and European ecotypes,

Two groups seen on PCA and

Historic vs.new breeding material

Seven minor groups on PCA

cultivars dendrogram
FIT FST FPT FIS FSP FIP FIT FST FPT FIS FSP FIP FIT FST I:PT FIS FSP FIP FIT FST FPT FIS FSP FIP
a a a a
LpHCA18F 03 01 00 02 00 03 03 01 02 01 03 03 00 03 00 03 03 01 00 02 00 03
11 6 1 2 8 9 5 6 0 0 8 0 6 9 7 0 4 7 8 6 1 2 8 9 4
LpACT26D 03 00 00 02 00 03 03 00 00 02 00 03 03 00 03 00 03 03 00 00 02 00 03
12 5 8 2 9 6 3 4 7 1 9 6 4 8 9 0 3 9 9 4 7 2 9 5 3
rv0264 0.1 0.0 01 00 01 01 0.0 01 00 01 01 00 00 01 00 01 01 0.0 01 0.0 01
9 6 0 4 6 9 9 6 0 4 6 9 5 5 1 0 5 5 9 6 0 4 6 9
rv0908 03 01 00 02 01 03 03 01 02 01 03 04 02 00 02 02 03 03 01 01 02 00 02
6 6 3 4 4 5 5 5 0 4 6 6 2 8 7 0 2 7 7 8 4 4 5 7
LpHCA13H 06 01 00 05 01 06 06 02 01 05 00 O6 06 02 00 04 01 05 06 01 01 05 00 06
2 4 6 1 8 5 4 7 2 6 8 7 1 0 2 7 9 6 7 5 7 1 8 7 1
rv0449 05 0.1 04 01 05 05 01 01 04 OO 04 05 01 00 04 00 04 05 01 00 04 00 04
0 3 0 2 4 0 2 8 0 2 9 7 1 4 6 3 9 8 0 5 7 2 8 7
rvi239 04 0.0 03 00 04 04 01 00O 03 0O 04 03 01 00 02 00 03 04 00 00 03 00 04
4 9 0 9 9 4 5 0 3 9 7 3 8 2 3 9 9 6 4 9 1 9 8 4
rv1423 0.2 0.0 01 00 02 02 00 01 00 02 02 00 02 00 02 02 00 01 00 0.2
2 7 0 6 7 2 2 7 0 6 7 2 6 8 0 0 8 6 2 7 0 6 7 2
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Overallloci 03 01 00 03 01 03 03 0.1 02 01 03 03 01 00 03 01 03 03 01 00 02 00 03
9 1 1 1 0 8 6 0 0 8 0 6 9 3 3 0 0 7 6 1 2 8 9 4

(1-Rr) = (1- Rs)(1- Fsp)(1- For) = (1- Rs)(1-Fst) = (1-Rp)(1- Fey)
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Structure

Genetic structure among individuals over the widd&a-set was investigated. While
number of assumed populations (K) was set fromtod®. Each run was repeated 10
times to ensure the STRUCTURE was consistent acurssand values of K. When
K was plotted against the InPr(x|K) values, it cbbe seen that the InPr(x|K) values
increased consistently until K=18 (Figure 5.4.4jteAthis point, levels of InPr(x|K)
rose and fell intermittently. 18 was chosen asrtbmber of K because it was the
highest reliable InPr(x|K), and because the strutjuesults achieved at this value of
K made biological sense (as described by Hewgtrét. 2004). The alpha level at this
K was 0.042. The proportion of individuals from kax the 40 accessions assigned to
the 18 clusters is given in Table 5.4.8 and visuall Figure 5.4.5. In cultivars, the
majority of individuals were assigned to clusténee, five, seven, ten, twelve, fifteen
and eighteen. In Irish ecotypes, the majority afividuals were assigned to clusters
one, two, five, seven, eight and seventeen. Thenapf individuals from European
ecotypes were assigned to clusters one, thre@nsixhirteen. In the visualisation of
the eighteen clusters (Figure 5.4.5), patterns danhecluster were found in the
UPGMA dendrogram (Figure 5.4.2). For example, €usnhe was prominent in three
of six European ecotypemi5, w18, andm20), 115 and I11 which all clustered
together in subgroup I(b) on the UPGMA dendrogr&milar patterns were seen in
cluster three. Cluster two was prominent in 16,110 and 122, which corresponds to
cluster I(c) on the UPGMA dendrogram. The pattdanghe remaining clusters also

agreed with the clustering on the UPGMA dendrogram.
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Figure 5.4.4K (number of subpopulations, x-axigrsusestimated InPr(x|K) values.

Dashed line indicates the final level of K chosen.
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Table 5.4.8Proportion of individuals in each population tharesassigned to each cluster following STRUCTUR& yasis.

Population Code Cluster

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
cv. Aurora \i 001 0.02 001 044 001 0.07r 003 003 001 0.01 001 0.0.12 0.02 0.01 023 0.03 0.02
cv. Barlenna V2 001 0.03 0.01 0129 0.02 021 0.03 0.02 0.03 0.07 002 002 0.03 0.05 0.0106C0.17 0.04
cv. Cancan V3 002 001 001 001 001 00036 005 001 0.01 005 0.02 001 0.02 0.04 0.0101C0.36
cv.Cashel V4 002 002 001 005 002 002 002 006 002 0015 004 001 0.04 0.07 0.01 0.C0.36
cv.Fennema V5 0.04 003 001 005 0.0:040 003 003 003 002 002 0.CO011 0.01 0.01 0.04 012 0.02
cv. Odenwaelder vio 0.02 0.01 0.04 001 001 006 001 0.042 0.02 001 0.01 0.09 0.07 0.C017 0.01 o0.01
cv. Portstewart vili 007 0.02 0.03 0.01013 0.02 0.07 0.08 0.0:011 005 0.05 0.02 0.0¢0.10 0.01 0.01 0.16
cv.Premo vi2 0.03 001 0.04 0.06 0.01 0.03 0.01 0.01 0.03 0.010400.03 0.16 0.07 0.01 042 0.02 0.01
cv.S24 vi3 0.02 0.02 0.01 0.11 0.02 0.03 0.02 001 005 002 001 0.010 0.38 0.01 0.06 0.08 o0.03
cv.Shandon vis 0.12 0.01 0.02 0.04 0.02 0.0 014 0.06 0.01 014 0.122 0.03 0.01 0.02 0.02 0.01 0.c0.20
cv. Talbot Vvie 0.02 0.02 0.04 0.06 0.04 006 0.02 0.0012 0.02 0.06 001 009 0.02 0.035 0.02 0.01
IRL-OP-02337 11 002 001 002 003 004 00035 0.07 003 010 008 0.01 001 0.04 0.03 0.02 0.06 0.07
IRL-OP-02059 12 001 0.03 0.02 013 0.02 0.13 003 0.02 005 003 005 0.C0.15 0.01 0.04 0.050.20 0.03
IRL-OP-02007 13 0.02 001 011 004 001 008 001 001 001 003 002 O00.28 0.02 001 0.04026 0.02
IRL-OP-02011 14 001 001 003 009 002 008 001 002 0.04 0.040300.02 004 001 001 002 052 001
IRL-OP-02015 15 006 001 0.03 002 009 0.00.11 0.08 0.01 0.04 017 001 0.02 016 0.03 0.02 0.010.13
IRL-OP-02048 16 0.02 0.27 002 001 0.08 0.01 001 0.04 0.01 0.260900.01 0.03 0.03 0.04 0.02 0.03 0.03
IRL-OP-02192 17 0.01 0.22 0.0/ 0.01 0.15 0.01 0.04 0.03 0.01 0.27 0.06 0.01 0.03 0.010300.02 0.02 0.02
IRL-OP-02064 110 003 042 006 001 001 001 002 002 001 0.26 0.010100.02 002 001 0.02 0.04 0.04
IRL-OP-02078 111 0.23 005 003 003 008 001 0011 0.06 0.06 0.03 0.02 001 0.0/ 0.07 0.03 0.02040
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IRL-OP-02230 112 0.03 001 0.02 0.08 0.02021 001 002 005 001 001 004 0.12 0.05 0.0409C0.19 o0.01

IRL-OP-02128 113 0.0 001 005 0.02028 001 0.03 015 0.04 004 012 004 001 002 0.05 0.03 0.01010
IRL-OP-02538 114 001 002 0.02 020 0.01 0.11 0.02 0.02 004 002 003 0.03 008 0.02 0.0505C0.26 0.02
IRL-OP-02274 115 041 0.02 0211 001 0.06 0.02 0.01 0.07 003 002 0.02 0.070100.04 0.07 001 0.02 0.03
IRL-OP-02442 117 0.04 004 002 003 010 0.0 034 009 001 0.02 005 0.02 001 0.01 0.06 0.02040 0.09
IRL-OP-02068 119 006 006 001 001 004 0.01 0.01 0.07 001 0.092500.01 001 0.09 005 0.01 o0.CO0.20
IRL-OP-02241 120 001 003 002 026 002 0.11 0.01 0.02 0.03 0.010100.02 0.15 0.04 0.02 0.11 0.24 0.02
IRL-OP-02419 121 0.03 0.04 005 0.02015 001 0.05 0.03 0.0¢0.20 0.08 0.02 0.02 0.02 0.07 0.02 0.03 0.09
IRL-OP-02258 122 001 071 0.03 001 0.02 001 001 001 0.01 0.02 0.010100.07 003 0.03 001 0.01 o0.01
IRL-OP-02272 123 0.05 0.01 002 0.03011 0.02 0.01 009 0.05 00 010 0.04 0.01 022 0.10 0.02 0.02 0.12
IRL-OP-02173 127 0.0 0.01 006 001 005 001 0.C049 003 001 0.01 0.05 001 0.06 0.04 0.03 0.02030
IRL-OP-02483 128 0.05 0.01 001 0.04011 0.02 0.1 0.07 0.03 0.0 014 0.03 0.02 0.08 003 0.01 o0.C0.10
IRL-OP-02018 130 0.04 0.01 009 001 008 002 002 004 002 0014 003 001 005021 0.01 0.01 0.16

16.7-62-2 Nordic A5 003 002 004 008 00017 003 002 004 001 002 0010 006 013 006 010 0.03
No 10 Spain =15 009 001 007 001011 001 001 008 001 003 001 035 001 005070003 001 004

3408 ltaly =16 002 003 020 001 006 0.01 00:022 004 003 003 007 002 003 009 004 0.01060

3013 Romania =18 034 002 006 002 002 002 001 002 003 00210033 001 001 006 001 001 0.01
3199 Romania Podoloni ®19 0.03 002 002 012 003 038 002 002 001 004 002 0012 005 001 003 004 0.02
920 Bulgaria =20 028 001 028 001 003 002 001 005 002 003 001 00820005 007 001 001 0.01
IV-51-161 Hungary e32 001 002 002 004 00:035 005 001 003 001 002 0C(022 002 002 007 007 0.01
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Figure 5.4.5Proportion of individuals in each accession assignesach cluster.
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5.5 Discussion

5.5.1 Allelic and genotypic variation lolium perenne

Eight SSR markers were used to characterise gedieticsity in a collection of 40
diploid L. perenneaccessions. Markers were highly polymorphic botleral and
within individual populations. Allele numbers, obsed and expected
heterozygosities had wide variability both overugpe within a marker and over all
markers. The average number of alleles per locies all accessions was 22.25
(calculated from Table 5.4.3), which is higher thiaat found in other studies using
SSR markers (2 to 7 alleles per locus, Jaed. 2001; 19.41 per locus, Kub# al.
2001; 3.25 alleles per locus, Studral. 2006; 9.37 alleles per locus, Auzanneau
al. 2007). However, these studies had a smaller nurabendividuals and so a
smaller number of alleles would be expected todreegated with less individuals. In
subgroups of accessions (Irish ecotypes, Europeatypes and cultivars), allele
numbers across loci ranged from an average of 1li6.&iropean ecotypes to 21.75
in Irish ecotypes, with cultivars having an intediae average number of alleles
(19.38, calculated from Table 5.4.3). Gene divgrsilues (K, Tables 5.4.1 and
5.4.2) ranged from 0.57 to 0.8 across populatians, had a value of 0.82 over all
accessions. This value was much higher than valalesilated in studies using SSR
markers (0.59 — 0.64, Kubit al. 2001; 0.56, Studest al. 2006; 0.60, Auzanneaat
al. 2007) and also much higher than values calculimedFLP markers (0.17, Skot
et al. 2005; 0.18 — 0.2, VanTreurest al. 2005). Gene diversity values calculated
using chloroplast SSR markers (Chapter 2, Tabkegl 2nd 2.4.6) were much lower
than the nuclear values (0 to 0.33 over all popatatand 0.30 in cultivars, 0.31 in
Irish ecotypes, and 0.33 in European ecotypesihéunore, PIC values ranged from
0.71 to 0.89 with an average of 0.81 over all maxk&his was much higher than PIC
values found in previous studies, both of cultived<28, Roldan-Ruizt al. 2000;
0.41, Bolaricet al. 2005a) and of ecotypes (0.33 — 0.40, Bolati@al. 2005b). This
may be due to the different marker system (SSRJ osdo the fact that the sample

size employed was bigger compared to previousesudi

An excess of homozygotes was found in many acaessio groups of accessions

(Tables 5.4.1 and 5.4.2). This is in agreement \&itprevious study of. perenne
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using SSRs (Kubilet al.2001), which also showed an excess of homozygdibse
small numbers of individual populations either a&grewith Hardy-Weinberg
equilibrium, or were slightly in excess of hetergates, the vast majority of
accessions were less heterozygous than would bectxp over Hardy Weinberg
equilibrium. So while allele numbers were high, tbat individual accessions and
over all accessions, individuals were generally anbomozygous than would be
expected under Hardy-Weinberg equilibrium. Reasamg populations might deviate
for Hardy-Weinberg equilibrium are non-random mgtidue to inbreeding, or small
population size, directional selection, mutatioml amigration. While the cultivars in
this study could be expected to deviate from HakfBinberg equilibrium because of
inbreeding caused by selective breeding, the emotyaterial would be normally
expected to be more heterozygous, which is not#ése Fs, which is the proportion
of variation between individuals among populatiassalso known as the inbreeding
coefficient (the higher thd-is, the lower the heterozygosity). In the Weir and
Cockerham (1984lr-statistics estimates for the partition of Irislospes, European
ecotypes and cultivargris ranged from 0.14 at locus rv0264 to 0.58 at docu
LpHCA13H2 and over all loci was 0.31. Within theoggic material, the populations
may have been isolated from each other or breadaygnot have been random at the
scale of sampling used. (eg increased mating betwiesely related plants, relative
to the entire population, would occur because tleyn close proximity to each
other).

5.5.2 Linkage disequilibrium

Linkage disequilibrium between all pairs of locisvanly significant between pairs of
loci previously shown to be on the same linkageaugr@Jensert al. 2005; Turneret

al. 2006). For example, between loci LpHCA18F11 and264A) which are both on
linkage group seven, linkage disequilibrium wassigant at p<0.05, Table 5.4.4.
Linkage disequilibrium levels were low and non-siigant for pairs of loci not on the
same linkage group. Similar low levels of linkagsedjuilibrium were found in other
studies of linkage disequilibrium ih. perenne(e.g. Xinget al. 2007). Such low
levels of linkage disequilibrium mean that it mag/ fossible to use these markers in
the future in association mapping studies testorgaksociation of the markers with

characters measured in Chapter 3 and Chapter 4.
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5.5.3 Partitioning of variation iholium perenne

AMOVA analysis was used to analyse the partitionioig variation within the
collection of accessions. In every case, most tlanawas explained by within-
population variation, which ranged from 87.57% uitivars to 91.44% in European
ecotypes. This is in agreement with many otheristudfL. perennepoth cultivars
and ecotypes, and irrespective of marker systerfro{@8olaric et al. 2005a; 71%,
Bolaric et al. 2005b and 82%, Kollikest al. 1999, 85.35%, Kubilkt al.2001, 89.6%,
Guthridgeet al. 2001; VanTreurert al. 2005). Equally, when analysed by Weir and
Cockerham (1984) F-statistics, the majority of &kon over all accessions is
explained by within population variation {F0.39, ks: 0.31, kp: 0.38, Table 5.4.7).
When different groups of accessions were compareghth other, within population
variation was again high, and much lower variati@as seen between groups than in
the chloroplast SSR analysis which showed cleaitndtions between groups of
accessions (e.g. Irish ecotypes European ecotypes between group variation: 11%,
Chapter 2, Table 2.4.7). When groups seen in PGéysis were compared to each
other by AMOVA and by F-statistics, similar resulisre seen, with the exception of
the comparison between historic breeding matendl laish/Northern Irish breeding
material, where between group variation was highan in other comparisons. This
would be expected from the different breeding mistoof the groups. & values
were 0.23 overall (Table 5.4.2) and ranged fron8 dnlEuropean ecotypes to 0.23 in
cultivars. The higher value ofggin cultivars is in agreement with the higher legél
between population variation seen in the AMOVA &sal for cultivars, as the §&
value increase as the populations become moreelitférom each other. & values
calculated with chloroplast SSR markers (Chaptérable 2.4.6) were higher (0.24 in
Irish ecotypes, 0.43 in European ecotypes and th28ultivars). This would be
expected given the non-recombining nature of trestd DNA molecule, and its
transmission over geographical space solely vid s@d not via pollen (a factor that

will reduce geneflow and increase{b
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5.5.4 Relationships between accessions and gatistimnce

Two groups of accessions could be defined in boehliPGMA dendrogram and the
PCA. While Mantel tests did not show any correlati@tween geographical distance
and genetic distance, several clusters of geograliyiclose accession were found in
both, and with reasonable bootstrap support iINMAR&MA dendrogram. So perhaps
in the overall group of populations there was nooggaphical links, close
geographical populations may have bred togethehawe adapted to the same
stresses. In the PCA diagram, the division of teutations would seem to be
reliable given that 89.09% of the variation waslaikped by the first two dimensions.
This was in agreement with a study using RAPD marki€olliker et al. 1999) where
88% of variation withinL. perennewas explained by the first three dimensions. This
is in comparison to previously more commonly usedkers (AFLP) where there are
often high levels of dimensionality. That is, thejor axes only explained small
amounts of the variation seen (Cresswetlal. 2001; Guthridgeet al,.2001; Skotet
al,. 2002; Van Treureret al,. 2005) indicating the many of the AFLP markers

generated were not contributing to the variatiothe populations.

The STRUCTURE analysis assigns individual multide@enotypes probalistically
to a number (K) of user defined clusters or gen@gy@chieving linkage equilibrium
within clusters. The STRUCTURE analysis predict@&clusters (gene pools), and
these were similar to the groups found in the UPGM®A PCA. When individuals
were assigned to clusters, some individuals wesgyiasd partially to more than one
cluster, this might reflect continuous gradatiomslilele frequencies or admixture of
neighbouring groups (Rosenberg al. 2002). This is expected because of the
outbreeding nature df. perenneas well as the easy spread of pollen (by wind) an
seeds (by multiple means). It could also explaie general lack of geographic
differentiation between accessions (with the exoepdf a number of accessions, in
Cork for example, which could be explained by adaph to similar environments).
No geographic structuring, either within Ireland,azross Europe, was seen in this

structuring analysis.
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5.6 Conclusion

This study assessed the genetic diversity in 4idipopulations of.. perennausing
nuclear SSR markers. High levels of allelic andegiendiversity were found, with
within population variation accounting for the néjp of the variation. The majority
of accessions deviated from Hardy Weinberg equuiibrand had relatively high
inbreeding coefficients. Population structure arifecentiation analyses confirmed
the results found in the UPGMA and PCA analyse®séhresults will be useful for
breeders wishing to exploit ecotype collectiongtiier analysis to determine possible
associations between markers and quality charashergld be carried out given that

relatively few of the loci showed significant leseif LD.
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Chapter 6

General discussion on the characterisation of genetdiversity of a collection of
perennial ryegrass [Lolium perennelL.)

6.1 Introduction and overview of the findings

The overall aim of this work was to characteriselaoolar, morphological and
biochemical diversity in a collection df. perenneecotypes and cultivars. The
collection consisted mainly of a selection of ase@ss from around Ireland and a
number of accessions from across Europe, and atstiwhich were developed in
Ireland and elsewhere. The characterisation wanpeed using a combination of
DNA markers (nuclear and chloroplast SSRs), mowujioal characters, and
biochemical characters. Diversity levels, differation of populations, and
partitioning of variation were different for eacharker system. This is likely to be a
result of the different genetic basis of each @f different marker systems and is in
agreement with studies comparing different markgstesns (Powellet al. 1996;
Roldan-Ruizet al. 2001; Petitet al. 2005). However, the results in combination have
permitted a detailed characerization of the calbecand allowed us to draw a number
of important conclusions, the details of which smenmarized below:

6.1.1 Characterisation &f. perenneand related species accessions using chloroplast
SSR markers

Ten novel chloroplast SSR primers were designedetgaencing of chloroplast genes
and intergenic spacer regions and GenBank dataxgyiand were shown to amplify
in members of nine out of 13 grass subfamiliesysihg their cross species potential.
The primer development paper, published in thenauMolecular Ecology Notes,

resulting from this work (McGratht al. 2006) can be found in the appendices.

The primers were applied successfully to our ctibecto make a detailed evaluation
of the cytoplasmic gene poolsliolium. The results of which have been published in
the journalHeredity (McGrath et al. 2007; Appendix 8.10). Allelic and haplotypic

variation was extremely high between and withirshriand Europeah. perenne
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ecotypes. A total of 511 haplotypes were deteatdth, an average of 10.4 haplotypes
per accession found. The breeding system and atiiiv history ofL. perenneare
contributing factors to the high levels of diveysias well as possible rapid evolution
of SSR loci.

Some of the markers were more variable than otfidésis.may be a result of different
markers coming from gene regions with differenesabf evolution, in accordance
with expectations (Wolfet al. 1987). It could also be a result of the varyingglias

of the different SSR regions, where longer cpSSi have been shown to be more

variable than shorter ones (Prowral. 1999b).

Individual accessions showed a wide range of vanaparticularly in the ecotypes,
with genetic diversity (Nei's gene diversity valyes Irish L. perenneecotypes
ranging from 0.122 to 0.133 (Table 2.4.4). Isolatad ecotypes could have caused a
lowering of diversity in some populations, whileghimovement of seeds between
some ecotypes could have resulted in increasedslebaliversity in others. While a
suspected centre of origin far perennen Europe would lead to an expectation of
lower levels of genetic diversity in Irish ecotypbsan several European ecotypes, in
this study, this was not the case. This could ba &essult of the thorough selection
strategy of the Irish team in the ECPGR collection.

The cpSSR markers were useful for identifying geotp 71% of haplotypes were
unique to individual populations, much higher thawther studies df. perennde.g.
27%, in Balfourieret al. 2000). While haplotypes could not assign individui
populations, haplotypes could be used to assignithehls to groups of populations,
and had the potential to distinguish geographid¢ypes and accessions. The markers
were also able to distinguish between Irish andopean ecotypes in the UPGMA
dendrograms (Figures 2.4.10 and 2.4.12). AMOVAysed (Table 2.4.7) were useful
in supporting possible biogeographic patterns ofiati@n. These included, a
Mediterannean route of migration across Europeratimn from Southern Europe to
Northern Europe including Ireland, as well as atipaning consistent with post-

glacial recolonization.
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These markers were also shown to be useful forstbdy of introgression and
hybridisation. On the UPGMA dendrogram (Figure 20, L. temulentungrouped
with two Festucaspecies. This could be an indication of introgas®f the plastid
genome fromFestucaspecies intoLolium. Six out of ninexFestuloliumcultivars
grouped with the Europeah. perenne ecotypes, which also could indicate

introgression from European and Near Easteqmerennescotypes into<Festulolium

These markers were also useful for phylogenetidyaisa The separation of narrow
and broad leaveBestucaspecies was seen, and this is in agreement witr studies
(Darbyshire & Warwick, 1992; Catalat al. 1997; Charmeet al. 1997; Catalaet al.
2004; Torrecillaet al. 2004). However, no separation between allogamouk an

autogamous.olium species was seen, possibly as a result of homoplasy

6.1.2 Morphological diversity of a collection dfolium perenneecotypes and

varieties

Morphological variation was characterised for 2,48dividuals from 50L. perenne
accessions, a mixture of Irish and European ecetymel cultivars. This represents,
by far, the largest scale morphological analysisheg genus undertaken to date on
this genus in Ireland. Levels of among and withiopyation variation varied
considerably across traits. For example, the ckensbeight at ear emergence, height
30 days after ear emergence, length of flag ledfvaidth of flag leaf had the least
amount of among population variation, while thelsaracters had the highest amount
of within population variation. Conversely, veryghilevels of among population
variation were found for date of ear emergenceleaithin population variation was
very low for this character. Such variation in g¢pas could be a result of adaptation
to environmental factors which influence ear emeecge while in cultivars, it may be

a result of selection for optimal forage potendating breeding.

Morphological characters were able to separateypestfrom cultivars in both PCA
and UPGMA dendrograms, much like other studiek. gferennewith morphological
characters (Loos, 1994; Van Treurenal. 2005). Cultivars generally had later dates

of ear emergence, better spring and summer grdesiger rachis length and more
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spikelets per spike than ecotypes, which is in @gent with the breeding history of
cultivars and local adaptations of ecotypes. Liklmoplast SSRs and other studies of
morphological variation inL. perenne(Loos, 1994; Fernandet al. 1997; Van
Treurenet al. 2005), no obvious broadscale geographic structunag seen in this
part of the study.

Strong positive relationships (correlations) wereers between reproductive
characters, i.e. rachis length with spikelets mekes florets per spikelet and glume
length. Relationships between rachis length, sptkeper spike and florets per
spikelet is expected because these charactersiraelyd related to inflorescence
branching processes. Their relationships with gllemgth may be a result of genes
for glume length being localised to branching afBartiri et al. 2006). Further
studies would be required to investigate floral elegment inL. perenne For
example, studies on the heritability of floral tsaiQTL analysis and genetic marker
analysis of the genes responsible for floral aedtitre would be useful. In any case,
the strong relationship between rachis length dedather reproductive characters
mean that rachis length could be used as a predwmtaeproductive performance
(e.g. seed yield, which is important for breedimg)breeding programmes. In this
study, later flowering was correlated with improvegring and summer growth.
However later flowering is associated with loweedeyield. A trade off must be
made between higher seed yield (important for waltidevelopment) and later
flowering (important for agronomic quality). Usimgchis length as a predictor for
seed set could be a way to combine these two olgsctThe results of the
morphological study are currently being writtenfappublication.

6.1.3 Variation in water soluble carbohydrate, ehatter and crude protein content

Water soluble carbohydrate, crude protein, andndayter contents were determined
for 1,320 individuals pooled into 132 samples fr@3 L. perenneecotypes and

cultivars at five different points across the 20§féwing season. Variation in the
biochemical characters varied widely across tramsts and between groups of
populations. While high levels of variation weresgavith the other systems in this
study, none of the exceptional populations seehanNSC analysis were exceptional

in the other analyses. While, in general, the eals had higher WSC contents than
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the ecotypes, individual ecotypes did show poténtia be used in breeding
programmes, as they were higher than all othersaames at particular cutting points.
For example, ecotypes IRL-OP-02018 and IRL-OP-024aR highly valuable. Such
high levels of WSC could be used to increase stassance inL. perenneas high

levels of WSC have been associated with cold stassance (Turneet al.2006).

Positive relationships were shown between dry mattd glucose both early and late
in the growing season, and this is in agreemerit thik amount of leaves compared to
stem at these times in the growing season. Negatuelations were seen between
crude protein and dry matter, again in agreemeil wther studies (Wilkins &
Humphreys, 2003).

Populations could be separated using the biochérheaacters and PCA at the first
four cuts, either between cultivars and ecotypedetween tetraploid cultivars and
the rest of the accessions. In general, dry matges the character causing the split.
Crude protein was also causing a certain amoutheoeparation seen in the PCA.
For all traits, cutting point was the most sigrafit factor influencing the variation in
the traits. This is in agreement with other studietolium (Taset al.2005; Turneet

al. 2006; Skotet al. 2007). It seems therefore that either the manageroen
environment has a larger effect on the charachens the genotype of the plants. This
may limit the prospect of manipulating these traits a breeding programme.
However, it will be important to determine the haility of these traits further and
investigate the potential of using these traits @@L mapping. The results of this
work could therefore help select appropriate plavaterial for such studies. It is
anticipated that the results of this work will héomitted for publication. However, it
may also be possible and most profitable to distlusi variation in the context of

the nuclear DNA variation and the association magpif these traits.

6.1.4 Characterisation of genetic diversity andubaion structure in a collection of

Lolium perenn@ccessions using nuclear microsatellite markers

Eight nuclear SSR markers were used to characteyereestic diversity in 928
individuals from 40 diploid ecotypes and cultivask L. perenne.High levels of

genetic diversity (Nei's gene diversity value o8®.over all accessions) and high
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numbers of alleles (22.25 number of alleles peusdavere found. This was higher
than that found in other studies (Jom¢sal. 2001; Kubiket al. 2001; Studeet al.
2006; Auzanneaet al. 2007). PIC values in this study were also higlhantthose
seen in other studies, perhaps due to the higherbers of samples used in this
analysis, but also because the collection show$ kiigersity. The majority of
populations had an excess of homozygotes. Thissexaehomozygotes in cultivars
could be due to inbreeding caused by selectivedbrgeln ecotypes it could also be
due to inbreeding and possible isolation of popatat Therefore even though
genetic diversity within populations was high, hme#ygosity was lower than
expected under HW equilibrium. Even thouglblium is outbreeding and self
incompatible with good gene flow potential, it iglhly likely that the geographic
space in which random mating occurs is small. Blamé more likely to interbreed

with close neighbours and these close neighboermare likely to be closely related.

Very low levels of linkage disequilibrium were faditbetween pairs of loci tested,
with the exception of those pairs of loci previgushown to have been located on the
same linkage group. Similar results were seenherastudies (Xinget al. 2007). The
set of markers which are not in linkage disequitlibbr with each other can be further
used in association studies, to determine if tlaeeeany links between them and the
phenotypic data, using a candidate gene approfelylassociations are found, the

markers could then be used for MAS in breeding og.

In terms of genetic differentiation of populatiomspst variation was found within
populations, (87.57% in cultivars, 90.35% in eceg)p Similar levels of
differentiation were found in other studies (e.gllkker et al. 1999; Bolaricet al.
2005a; Bolaricet al. 2005b) when analysed by both AMOVA aRdstatistics. These
results were also consistent in groups of popuiatiotThe only exception was a
comparison of recent Irish breeding material arstionic European breeding material,
where between group variation was higher than herotomparisons. This was an
indication of the differing breeding strategies aiwws that the markers could be
used to distinguish different gene pools. UPGMA,APé&nd population structure
analysis all gave similar patterns of relationstapsong populations. It is anticipated
that the journal Annals of Botany will be the tdrg®r the nuclear SSR

diversity/differentiation study work undertaken éer
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6.2 The Irish ecotype collection and its potentidior breeding

Lolium perenneis the most important forage species in Irelandislta major

component of the grasslands of temperate climateeszoWhile it is a common

species in these zones, in pasture it is mainlynsaw cultivars. The processes of
selection which occur in the development of culsvaause the loss of rare alleles
which are not involved in the trait of interest,tbmay be linked to important

characteristics such as resistance to stress,sdisiederance, or high seed yield.
Therefore it is important to maintain collectionsgermplasm containing such rare
alleles. As well as simply keeping such collectigdhgey also need to be characterized.
The Irish collection of ecotypes needed to be attareed in such a manner in order
to determine the amount of genetic diversity in ttwlection and to assess its
potential for use in the Teagasc grass breedingrgnome. Any accessions which
show good potential for use in the Teagasc grassdong programme, could be used
either as parental genotypes in half-sib selectoorgs one of the source populations

in full-sib selection.

Genetic diversity, irrespective of the marker systesed, was high across all
populations, whether cultivar or ecotype. Also,tiaits of interest, such as WSC,
several ecotypes had significantly and substaptiaigher levels of the character.
This indicates that such ecotypes have the potetttidbe added to the breeding

programme for high WSC grasses.

The following further studies would be recommendi&d continue the work

undertaken in this thesis:

(1) further accessions from Europe could be assessed whloroplast SSR
markers, in order to clarify migration routes lof perenneacross Europe.
While AMOVA analysis gave support to the idea of Mediterranean
migration route, higher numbers of European popmnatcould give a clearer

result.
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(2) interesting correlations were found between racl@agth and other
reproductive traits, which could be linked to sgegld, an important target for
breeders. A detailed study of the genetics of reBoence architecture and
seed development would clarify these relationshipgthermore QTLs for
important agronomic traits could be assessed. ikena (the SSR markers
used in this thesis; and possible new markers enleat, for example, SNPs
or AFLP), could be found to be closely linked to IQ@hen this offers the

potential to use the markers for MAS strategies.

(3) the low levels of linkage disequilibrium seen fdreteight nuclear SSR
markers indicate that these could be used in assmaiLD candidate gene
association mapping of the biochemical and morphio& characters. If close

associations were found, these markers could tharsed for MAS.
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8.0 Appendices

8.1 Name, source, original location, and numbeayamfiples in each analysis of thalium perenné.. accessions used in this study (Chapters 2,
3.4 and 5)

Species Accession Country Location Latitude Longitude Seed Ploidy Ccp? N° M¢ BS
Number of Origin Source level
L. perenne IRL-OP-02337 Ireland Kellistown Farm, Carlow N w Teagasc 2n 15(11) 24 46 40
52.47.60 06.49.73  Oak Park
L. perenne IRL-OP-02059 Ireland Moyneroe, Scarrif, Clare N w Teagasc 2n 16 (12) 24 48 40
52.54.35 08.30.32  Oak Park
L. perenne IRL-OP-02007 Ireland Bromcloc, Bantry, Cork N w Teagasc 2n 16 (1 3) 24 50 40
51.39.95 09.31.07 Oak Park
L. perenne IRL-OP-02011 Ireland Crowleys Pub, The Square\ w Teagasc 2n 14 (1 4) 24 50 40
Bantry, Cork 51.42.15 09.27.67 Oak Park
L. perenne IRL-OP-02015 Ireland South Ring, Clonakilty, N w Teagasc 2n 16 (1 5) 24 46 40
Cork 51.37.10 08.53.71  Oak Park
L. perenne IRL-OP-02048 Ireland Carrigeen, Conna, Old N w Teagasc 2n 16 (1 6) 21 48 40
Kents, Fermoy, Cork 52.05.88 08.03.50 Oak Park
L. perenne IRL-OP-02192 Ireland Horse Island, Roaring N w Teagasc 2n 16 (17) 24 49 40
Water Bay, West Cork 51.30.80 09.29.03 Oak Park
L. perenne IRL-OP-02312 Ireland Fortlands House, N w Teagasc 2n 16 (1 8) 0 50 O
Charleville, Cork 52.20.86 08.42.27 Oak Park
L. perenne IRL-OP-02320 Ireland Clonakilty, Co. Cork N w Teagasc 2n 16 (19) 0O O 0
51.37.10 08.53.71  Oak Park
L. perenne IRL-OP-02064 Ireland Kilreekill, Loughrea, N w Teagasc 2n 16 (1 10) 12 49 40
Galway 53.13.23 08.28.75 Oak Park
L. perenne IRL-OP-02078 Ireland Ballycahalan, Peterswell, N w Teagasc 2n 18 (111) 24 49 40
Galway 53.05.64 08.36.72 Oak Park
L. perenne IRL-OP-02230 Ireland Clough, Cummer, Tuam, N w Teagasc 2n 16 (112) 24 50 40
Galway 53.27.11 08.53.29 Oak Park
L. perenne IRL-OP-02128 Ireland Mahera Beg, CommonageN w Teagasc 2n 16 (113) 24 50 40
North, Castlegregory, 52.17.79 10.01.38 Oak Park
Kerry
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Ballycrana, Kilross,

Tipperary

Glown, Upperchurch,

Tipperary

Ballyhoulihan, Emly,

Tipperary

Ballycurrane, Emly,

Tipperary

Deerpark, Lismore,

Waterford

53.17.50
N
53.05.20
N
53.38.05
N
52.46.32
N
52.25.28
N
52.42.55
N
52.26.88
N
52.27.42
N
52.08.04

Edwardstown, Cleriestowni\

Wexford

Heath Park, Newbawn,

Wexford

Ballynure Demesne,
Grangecon, Wicklow

Malchow/Poel

52.16.20
N
52.23.32
N
52.59.95
N
54.00.00

w
07.20.70
w
08.18.62
wW
08.30.99
w
09.53.69
wW
09.54.91
W
07.23.11
W
07.53.73
w
09.30.71
w
07.52.89
w
08.15.88
W
08.07.99
wW
08.22.06
W
08.22.95
w
07.55.62
w
06.38.25
w
06.48.61
W
06.44.92
E 11.28.00

Teagasc
Oak Park
Teagasc
Oak Park
Teagasc
Oak Park
Teagasc
Oak Park
Teagasc
Oak Park
Teagasc
Oak Park
Teagasc
Oak Park
Teagasc
Oak Park
Teagasc
Oak Park
Teagasc
Oak Park
Teagasc
Oak Park
Teagasc
Oak Park
Teagasc
Oak Park
Teagasc
Oak Park
Teagasc
Oak Park
Teagasc
Oak Park
Teagasc
Oak Park
IPK
Gatersleben

2n

2n

2n

2n

2n

2n

2n

2n

2n

2n

2n

2n

2n

2n

2n

2n

2n

2n

16 (1 14)
16 (1 15)
16 (1 16)
16 (117)
16 (1 18)
15 (1 19)
16 (1 20)
16 (1 21)
16 (1 22)
16 (1 23)
17 (1 24)
16 (1 25)
17 (1 26)
16 (127)
16 (1 28)
16 (1 29)
16 (1 30)

16 (A1)

24

24

24

24

24

22

24

18

24

24

18

0

49

50

50

50

50

48

50

50

50

50

50

50

50

50

50

0

40

40

40

40

40

40

40

40

40

40

40

40
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. perenne

. perenne

. perenne

. perenne

. perenne

. perenne

. perenne

. perenne

. perenne

. perenne

. perenne

. perenne

. perenne

. perenne

. perenne

. perenne

. perenne

. perenne

Pl 598445
ABY-Ba 12896
NGB14250
16-7-62-2 Nordic
Pl 619024

W6 9339

Pl 610958
ABY-Ba 11315
El

W6 11325

P1 598512

P1 547390

Pl 317452

No 10 Spain
3408 ltaly

W6 16127
3013 Romania

3199 Romania
Podoloni

Netherlands
Denmark
Sweden
Norway
England
Wales
Tunisia
Morocco
Egypt
Turkey
Turkey

Iran
Afghanistan
Spain
Italy

Italy

Romania

Romania

Unknown
Unknown
Unknown
Sola
Unknown
Unknown
Unknown
Unknown

Unknown
Karabuk, Ankara
Antalya

Karaj

North of Hari Rud River, 4N

miles west of Besha

Unknown

Unknown

Sardinia

Unknown

Unknown

N E 07.02.00
53.07.00
N E 09.46.59
55.00.00
N E 14.51.25
57.45.50
N w
58.54.00 05.34.99
N w
53.17.00 01.46.00
N w
51.57.00 03.03.00
N E 09.11.13
36.53.42
N w
31.30.00 09.48.00
Unknown  Unknown
N E 32.22.12
41.07.12
N E 30.41.23
36.54.45
N E 51.00.00
35.28.48
E 63.46.00
34.46.00
Unknown  Unknown
Unknown  Unknown
N E 09.12.18
40.34.37
Unknown Unknown
Unknown Unknown

GRIN
IGER
Nordic
Gene Bank
Teagasc
Oak Park
GRIN
GRIN
GRIN
IGER
PGG-
Wrightson
GRIN
GRIN
GRIN

GRIN

Teagasc

Oak Park
Teagasc
Oak Park
GRIN

Teagas

Oak Park
Teagasc
Oak Park

2n

2n

2n

2n

2n

2n

2n

2n

2n

2n

2n

2n

2n

2n

2n

2n

2n

2n

12/2)
16/(3)
12 (\4)
16 (A5)
12 (\6)
16 (\7)
1638)
16 [A9)
16 @10)
16411)
16K12)
12413)
16414)
16 @15)
16 @16)
19%17)
17 @18)

16 @19)

22

24

24

24

50

50

49

50
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. perenne

. perenne

. perenne

. perenne

. perenne

. perenne

. perenne

. perenne

. perenne

. perenne

. perenne

. perenne

. perenne

. perenne

. perenne

. perenne

. perenne

. perenne

920 Bulgaria
Pl 418701
ABY-Ba 11478
W6 9286
ABY-Ba 11514
CPI1 44924

GR 5095

GR 5105

Pl 274637

Pl 267058

Pl 182857

Pl 321397
IV-51-161 Hungary

cv. Aurora

cv. Barlenna
cv. Cancan

cv. Cashel

cv. Fennema

Bulgaria
Yugoslavia
Greece
France
France
France
Germany
Germany
Poland
Poland
Czech
Republic
Czech
Republic
Hungary

N/A
N/A

N/A

N/A
N/A

Unknown
Prizren
Unknown
Unknown
Unknown
Arles
Kempten
Kempten
Lublin
Warszawa
Central Bohemia
Central Bohemia
Unknown

N/AY
N/A

N/A

N/A
N/A

Unknown

N
42.13.00
N
38.00.00
N
47.33.00
N
49.57.00
N
43.40.01
N
47.49.00
N
47.49.59
N
51.13.48
N
52.35.00
Unknown

Unknown

Unknown

N/A
N/A

N/A

N/A
N/A

Unknown

E 22.44.00

E 22.10.00

E 04.28.00

E 02.46.00

E 04.37.58

E 10.19.59

E 10.15.00

E 22.33.00

E 21.05.00

Unknown

Unknown

Tesma
Oak Park
GRIN

IGER
GRIN
IGER
PGG-
Wrightson
IPK
Gatersleben
IPK
Gatersleben
GRIN
GRIN
GRIN

GRIN

Unknown eaBasc Oak

N/A
N/A

N/A

N/A
N/A

Park
IGER

Barenbrug
Holland BV
DLF-
Trifolium
Teagasc

Norddeutsche
Pflanzenzucht

2n

2n

2n

2n

2n

2n

2n

2n

2n

2n

2n

2n

2n

2n

2n

2n

2n

16 @20) 24 50 O
16M21) 0 0 O
10822) 0 0 O
16323) 0 0 0
16¥24) 0 0 O

16025 0 0 O

16026 0 0 O

160Q27) 0 0 O
16828) 0 O O
16829) 0 0 O

w30) 0 0 O

w3() 0 0 O
16@32) 24 50 O

17(V1l) 23 50 O
16(V2) 24 50 O

16 (V3) 24 50 40

16(V4) 24 5004
16 (V5 24 50 O
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. perenne
. perenne
. perenne

. perenne

r - - -

. perenne

L. perenne

—

. perenne

. perenne
. perenne

. perenne

| Y e

. perenne

cv. Greengold
cv. Magician
cv. Millenium
cv. Navan

cv. Odenwaelder

cv. Portstewart

cv. Premo

cv. S24
cv. Sarsfield
cv. Shandon

cv. Talbot

N/A
N/A
N/A
N/A
N/A

N/A
N/A

N/A

N/A
N/A

N/A

N/A
N/A
N/A
N/A
N/A

N/A
N/A

N/A

N/A
N/A

N/A

N/A
N/A
N/A
N/A
N/A

N/A
N/A

N/A

N/A
N/A

N/A

N/A
N/A
N/A
N/A
N/A

N/A
N/A

N/A

N/A
N/A

N/A

Teagasc
Teagasc
Teagasc
DARDNI

IPK
Gatersleben
DARDNI

Mommersteeg
International
BV
IGER

Teagasc
Teagasc

Van der Have
Grasses BV

4n
4n
4n
4n
2n

2n
2n

2n
4n
2n

2n

17(V6) 0 5040
16(V7) 0 5040
16(V8) 0 5040

16(V9) 0 50 40
16 (V10) 24 50 40

16 (V11) 2450 40
16(V12) 24 50 O

17(V13) 20 50 O
16 (V14) 005 40
16 (V15) 24 50

16(V16) 24 50 O

%Cp: chloroplast analysis. Characters in parenthiestisate geographical group for the populatiorss.(lish ecotype/A= Northern Europe group B = North Africa
group 2,A= Near East group 3 = Southern Europgroup 4,0 = Western Europeroup 5,8 = Eastern Europe group 6, VLelium perennevariety),’N: Nuclear

analysis“M: Morphological analysis’B: Biochemical analysi$N/A: Not applicable

296



8.2 Name, source, original location, and numbesamfiples in each analysis of the nanium perenneccessions used in this study (chapter 2)

Species Subfamily Accession Country Latitude Longitude  Seed Source Ccb
Number of Origin
L. canariense Poaceaea Pl 320544 Canary N E 12.00.29 GRIN 16 (L1)
Islands 110.36.00
L. hybridum “ ABY-Ba Portugal N 40.56.00 W. IGER 16 (L2)
13122 07.33.00
L. hybridum “ GR11849/94 N/A Unknown Unknown IPK Gatersleben (L8)
L. multiflorum “ GR11855/98 N/A Unknown Unknown IPK Gatersleben (L8)
L. persicum “ P1 229764 Iran Unknown Unknown GRIN 16 (L5)
L. remotum “ GR11839/99a Germany Unknown Unknown IPK Gatersteb 8 (L6)
L. rigidum “ GR11848/91 Iran Unknown Unknown IPK Gatersleben (LB
L. subulatum “ P1 197310 Argentina Unknown Unknown GRIN 16 (L8)
L. temulentum “ ABY-Ba Morocco N 35..34.00 W 05.22.00 IGER 16 (L9)
13643
L. temulentum “ ABY-Ba 8917 Iran N 52.19.00 E 36.25.59 IGER 1aQ)
L. temulentum “ GR11880/82 Italy Unknown Unknown IPK Gatersleben 8 (L11)
xFestulolium braunii “ cv.Perun N/R N/A N/A Plant Breeding Station Hladke 16 (F1)
Zivotice
xFestulolium braunii “ cv.HD 14 DK N/A N/A N/A Plant Breeding Station Hladke 16 (F2)
Zivotice
xFestulolium braunii “ cv.Paulita N/A N/A N/A Plant Breeding Station Hladkel6 (F3)
Zivotice
xFestulolium braunii “ cv.Achilles N/A N/A N/A Plant Breeding Station Hladke 16 (F4)
Zivotice
xFestulolium Lolium multiflorum x cv.Lesana N/A N/A N/A Plant Breeding Station Hladkel6 (F5)

Festuca arundinacea

Zivotice
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xFestulolium Lolium multiflorum x
Festuca arundinacea
xFestulolium Lolium multiflorum x
Festuca arundinacea
xFestulolium Lolium multiflorum x
Festuca arundinacea
xFestulolium Lolium multiflorum x
Festuca arundinacea
Festuca arundinacea

Festuca gigantea
Festuca ovina
Festuca pratensis
Festuca rubra
Festuca vivipara
Aegilops speltoides
Agrostis canina
Agrostis capillaris
Agrostis stolonifera
Alopecurus pratensis
Avena sativa
Avena sativa

Briza media

Bromus erectus

cv.Becva
cv.Lofa

cv.Korina
cv.Felina

cv.Dovey

Pl 440362

Pl 634304
cv.Northland
IRL-OP-02174
Pl 251118
Unknown

Pl 290707
Pl 628720

Pl 439027

P1 598718
cv.Barra

cv. Evita

Pl 378956

Pl 619490

N/A
N/A
N/A
N/A

N/A
Kazakhstan
China

N/A

Ireland
Yugoslavia
Unknown
Unknown
Bulgaria
Uzbekhistan
Argentina
N/A

N/A
Unknown

Hungary

N/A N/A

N/A N/A

N/A N/A

N/A N/A

N/A N/A
Unknown Unknown
N 43.28.05 E 81.06.39

N/A N/A
Unknown Unknown
Unknown Unknown
Unknown Unknown
Unknown Unknown
N 42.44.15 E 24.37.10
Unknown Unknown
Unknown Unknown

N/A N/A

N/A N/A
Unknown Unknown
Unknown Unknown

Plant Breeding Station Hladkel6 (F6)
Zivotice
Plant Breeding Station Hladke 16 (F7)
Zivotice
Plant Breeding Station Hladke 16 (F8)
Zivotice
Plant Breeding Station Hladke12 (F9)
Zivotice

Barenbrug Holland BV 8 (NL1)
GRIN 8 (Nc2.
GRIN 16 BNt.a.

PGG-Wrightson 8 (NL4)/c.a.

Teagasc @akk 8 (NL5)/c.a.
GRIN 16 (NIa.

School of Botafy;D 1l/c.a.

GRIN 8/c.a.
GRIN .8lc
GRIN 8/c.a
GRIN 8/c.a

Svalof Weibull AB l/c.a

Lochow-Petkus l/c.a

GRIN 8/c.a
GRIN 8/c.a
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Cynosurus cristatus
Dactylis glomerata
Holcus lanatus
Hordeum vulgare
Hordeum vulgare
Hordeum vulgare
Koeleria macrantha
Phleum pratense
Poa palustris

Poa pratensis
Secale cereale
Triticum aestivum
Triticum aestivum
XTriticosecale
xTriticosecale
xTriticosecale
XTriticosecale
XTriticosecale
xTriticosecale

xTriticosecale

P1509441
IRL-OP-02553
W6 13845

cv. Ludine

cv. Pewter
cv.Regina

Pl 619546
IRL-OP-02461
Pl 442546

P1 539060

cv. Protector
cv. Istabraq
cv. Robicum
cv.Benetto
cv.Ego
cv.Fidelio

cv Lamberto
cv. Lupus
cv.SW Fargo

cv. Tricolor

Romania
Ireland
Chile
N/A
N/A
N/A
Mongolia
Ireland
Belgium
Siberia
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A

N 46.57.00

Unknown
S 53.09.00
N/A
N/A
N/A
N 49.27.28
N/A
N 51.13.00
Unknown
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A

E 25.34.00 GRIN
Unknown Teagasc @akk
W 70.55.00 GRIN
N/A Joseph Breun, Germany
N/A Cebeco Zaden BV
N/A Cebeco Zaden BV
E 90.06.05 GRIN
N/A Teagasc Oak Park
E 04.25.00 GRIN
Unknown GRIN
N/A Cebeco Zaden BV
N/A Nickerson UK Ltd.
N/A CPB Twyford UK
N/A DANKO Howdowla
N/A Semundo BV
N/A DANKO Howdowla
N/A DANKO Howdowla
N/A Nordsaat Saatzuch GmbH
N/A Sval6f Weibull AB
N/A Florimund Desprez

alc.
8/c.a
8/c.a
l/c.a
l/c.a
l/c.a
.8lc
.8/c
8l/c.
8/c.a
l/c.a
l/c.a
l/c.a
l/c.a
l/c.a
l/c.a
l/c.a
l/c.a
l/c.a

1/c.a
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xTriticosecale
Streptochaeta spicata
Arundo donax
Phyllostachys flexuosa
Phyllostacys nuda
Chasmanthium latifolium
Orthoclada laxa
Chiloris sp

Eleusine coricana
Eragrostis chloromatus
Danthonia decumbens
Oryza sativa
Miscanthus sinensis

Pharus latifolius

Saccharum arundinaceum

Saccharum spontaneum
Zea diploperennis

Zea mays

Anomochlooideae
Arundinoideae
Bambusoideae

Centothecoideae

Chloridoideae

Danthonioideae
Ehrhartoideae

Panicoideae

cv. Trigantus
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown

Unknown

N/A
Unknown
Unknown

Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown

Unknown

N/A
Unknown
Unknown
Unknown

Unknown

Unknown

Unknown
Unknown

Unknown

Unknown
Unknown
Unknown
Unknown

Unknown

Unknown

Unknown

Unknown

Unknown

N/A
Unknown
Unknown
Unknown

Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown

Unknown

Saatzucht Dr. Hege GbRmbH c.&/

&hof Botany, TCD
SdhafBotany, TCD
Schbddotany, TCD
School of Botafiy{zD
oBtbf Botany, TCD
School of Botafy;D
SdrafBotany, TCD
School of Botafiy{;D
School of Botafiy{;D
Sdtod Botany, TCD
Stled®otany, TCD
Scled@otany, TCD
School of Botafiy{;D
School of Botafy;D
School of Botafy;D
School of Botafiy{;D
School of Botafiy{;D

l/c.a
1l/c.a
l/c.a
l/c.a
l/c.a
l/c.a
1l/c.a
l/c.a
l/c.a
l/c.a
1l/c.a
l/c.a
l/c.a
l/c.a
l/c.a
l/c.a

1l/c.a

aCp: chloroplast analysis. Characters in parenthiesésate geographical group for the populations<Festuloliumvariety, N/L: Nontolium species®N/A: Not applicable;
“/c.a: Population used in cross-amplification test.
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8.3 Nei's (1973) chloroplast genetic identity ammhegtic distance matrix between all populations.e8s®n codes given in Appendix 8.1

V3 128 Vi4 11 15 117 V7 113 17 V4 16 10 V15 121 130 PkP3 119 V8 116 112 V11 120

V3 N/A® 0.97 094 0.86 096 0.93 093 0.92 089 0.97 0.8880 0.90 092 0.90 092 0.93 095 0.95 0.95 0.9494 0.
128 0.03 N/A 096 086 096 097 093 0.88 0.93 0.92910.092 090 095 091 093 094 089 096 0.94 30.9.95
vi4 0.07 0.04 N/A 082 097 092 088 0.85 0.88 0.93850.0.86 085 087 085 089 091 087 092 0.89 80.8.95
11 0.15 0.15 020 N/A 085 093 096 082 095 0.87970.097 096 090 093 088 084 0.88 085 0.8190.D.73
15 0.04 0.04 003 016 N/A 093 0.89 087 090 0.94870.0.87 089 089 087 093 096 091 096 0.9410.9.9
117 0.07 0.03 0.08 0.07 0.07 NA 096 089 098 0.89980.0.97 097 098 097 096 093 0.89 096 0.9320.9.90
V7 0.08 0.07 013 0.04 0.11 0.04 N/A 083 094 0.91950.096 094 094 093 087 088 090 0.88 0.86 30.8.81
113 0.09 0.3 0.17 020 0.14 0.11 0.19 N/A 087 0.90870.0.86 091 091 092 094 087 096 092 0.9460.9.87
17 0.12 0.07 0.13 0.05 0.10 0.02 0.07 0.14 N/A 0.85990.0.99 098 097 097 095 090 0.86 093 0.8980.8.84
V4 0.03 0.08 0.08 0.14 0.06 011 0.09 0.10 0.17 N/A850.0.86 087 086 0.86 087 090 097 090 0.9080.8.89
16 0.13 0.09 0.16 0.03 014 002 0.05 0.13 0.01 0.16A N0.99 098 097 098 093 0.88 0.88 0.90 0.87 70.80.80
110 0.12 0.09 0.15 0.03 013 0.03 0.04 015 001 0110 NA 097 096 09 091 0.86 0.87 0.89 0.85 50.8.80
vi5 011 0.11 0.16 0.04 0.12 0.03 0.06 0.10 0.02 014920003 NA 096 098 095 089 091 092 0.90 90.8.81
121 0.08 0.05 014 0.10 0.11 0.02 0.06 010 0.03 0.10300.04 0.04 NA 098 095 091 0.88 095 0.93 40.9.87
130 0.10 0.09 0.7 0.07 0.124 0.03 0.07 0.08 0.03 0.19200.04 0.02 002 NA 096 090 091 093 0.92 20.90.84
123 0.08 0.08 012 0.13 0.08 0.05 0.14 0.06 0.06 0.1700.09 0.05 0.05 0.04 NA 09 091 098 0.97 60.9.90
119 0.07 0.06 0.09 0.17 0.04 0.07 013 0.14 0.10 0.11300.15 0.12 0.10 0.11 0.04 N/A 0.89 098 0.97 30.90.93
V8 0.05 0.12 014 0.2 0.0 0.11 0.11 0.04 0.15 0.03300.14 0.09 0.13 0.20 0.09 0.12 NA 091 0.92 20.9.86
116 0.05 0.04 009 017 0.04 0.05 0.13 0.09 0.07 0.11000.11 0.08 0.05 0.07 0.02 0.02 0.10 NA 0.98 70.9.95
112 0.05 0.07v 011 0.21 0.06 0.08 0.16 0.06 0.12 0.11300.16 0.10 0.07 0.08 0.03 0.03 0.08 0.02 NA 80.90.94
vil 0.07 0.07 0.13 0.24 0.09 008 0.19 0.04 0.12 0.131400.16 0.11 0.07 0.08 0.04 0.07 0.09 0.03 0.02A ND.94
120 0.06 0.05 005 031 006 011 0.21 0.14 0.18 0.12300.22 021 014 0.18 0.11 0.07 0.15 0.05 0.06060.N/A
111 0.04 0.08 0.07 010 0.06 0.09 0.06 0.13 0.13 0.03200.12 0211 0.13 012 0.11 0.09 0.05 010 0.10150.0.13
114 0.16 0.09 010 0.09 0.1 003 0.11 0.19 002 0.19400.05 0.06 0.08 0.07 0.08 011 0.20 0.10 0.15160.0.17
vVi0 005 001 005 0.16 004 0.03 009 0.13 0.07 0.1M900.09 010 0.05 0.08 0.06 0.04 0.13 0.02 0.05060.0.05
14 009 004 003 018 0.06 0.04 0.13 0.14 0.08 0.13100.12 0.21 0.09 0.11 0.0/ 0.07 0.16 0.05 0.09090.0.05
12 0.16 0.08 0.09 0.16 0.11 004 0.13 0.21 005 02080 0.09 0.10 0.07 0.09 0.08 0.08 0.24 0.07 0.12130.0.12
13 0.17 013 0.23 0.12 0.16 0.09 0.09 032 0.11 0.23100.12 014 0.10 0.12 0.14 0.09 0.24 0.11 0.16220.0.24
V6 0.08 0.14 0.14 0.07 0.13 0.12 0.06 0.14 0.16 0.03200.12 0.11 0.6 0.12 0.17 0.18 0.04 0.18 0.18210.0.22
122 0.08 014 0.11 0.18 0.12 0.15 0.14 0.08 0.21 0.03900.19 015 0.19 0.5 0.14 0.16 0.04 0.15 0.13140.0.14
V9 0.07v 011 0.07 024 0.11 0.13 0.18 0.08 0.21 0.068100.22 0.17 0.18 0.16 0.12 0.13 0.07 0.12 0.09100.0.07
115 004 012 013 014 0.09 0.12 012 0.04 0.16 0.02500.16 010 0.14 021 0.09 0.12 0.00 0.10 0.08090.0.14

a/3 = Population codes given in Appendix &M4/A = Not applicable
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V3 128 V14 11 15 117 V7 113 17 V4 16 110 V15 121 I 123 119 V8 116 112 V11 120
127 0.01 0.05 0.09 0.3 0.07 0.07 006 010 0.13 0.031200.12 0.112 0.09 0.10 0.10 0.09 0.05 0.07 0.08090.0.09
vi2 0.11 0.15 0.08 0.212 0.2 0.5 0.18 0.12 021 0.072100.21 0.16 0.22 0.17 0.15 0.16 0.08 0.15 0.14160.0.12
124 005 001 006 0.16 0.07 003 008 012 0.08 0.110900.08 0.10 0.03 0.08 0.08 0.09 0.13 0.05 0.07070.0.06
|15 011 0.06 0.11 0.08 0.10 0.02 0.07 0.16 001 0.170300.02 0.04 0.04 004 0.07 0.10 0.127 0.07 0.12120.0.15
118 0.19 013 0.15 0.13 0.23 0.08 0.08 026 0.11 0.210800.08 0.13 0.11 0.10 0.20 0.24 0.25 0.21 0.25260.0.24
vi3 0.13 0.14 0.07 029 014 0.17 019 024 0.27 0.112800.27 0.27 025 024 023 0.17 0.19 0.19 0.19220.0.09
m18 0.09 005 0.12 0.07 0.11 0.01 0.04 0.14 0.02 0.140200.02 0.04 0.01 0.03 0.08 0.12 0.14 0.08 0.12120.0.17
125 0.08 0.07r 0.12 0.03 0.09 003 002 019 0.03 0.120300.03 0.04 006 006 009 009 0.13 0.09 0.13170.0.18
vie 0.09 0.19 0.20 0.17 0.5 020 0.14 0.14 024 0.092100.21 0.15 0.20 0.18 0.18 0.21 0.06 0.19 0.16200.0.24
19 0.12 0.16 0.7 020 0.15 0.17 019 0.10 0.20 0.131700.18 0.15 0.17 0.14 013 0.21 0.09 0.17 0.14160.0.22
m20 0.14 013 0.7 0.07 0.15 0.08 0.11 0.11 0.07r 0.170500.06 0.05 0.08 0.06 0.08 0.18 0.12 0.14 0.15160.0.25
ml6 010 018 020 020 0.13 020 0.18 0.14 0.24 0.112300.23 0.16 020 0.19 0.16 0.18 0.08 0.17 0.14180.0.22
V2 0.16 025 023 022 020 026 022 021 0.29 0.152600.25 022 028 024 024 0.28 0.13 0.26 0.24280.0.29
32 018 022 020 021 019 018 024 0.13 019 0.211800.19 0.14 0.19 0.15 0.14 0.25 0.15 0.20 0.18190.0.25
V5 0.13 0.10 0.14 0.06 014 003 009 009 0.03 0.1%0200.03 002 005 002 006 015 0.11 0.10 0.12120.0.20
A5 015 021 020 016 0.20 0.20 0.17 0.16 023 0.141800.18 0.16 0.22 0.17 0.20 0.27 0.11 0.24 0.22250.0.29
|19 011 0.08 006 009 009 003 010 0.11 005 0.120500.06 0.05 0.08 0.06 0.06 0.12 0.12 0.09 0.12120.0.13
126 0.11 0.10 005 0.16 011 o0.08 013 0.12 0.12 0.101300.23 0.11 0.3 0.11 0.11 0.4 0.13 0.12 0.13130.0.10
18 0.05 0.07r 0.09 0.07r 006 004 008 006 005 0.050600.06 0.03 007 005 004 007 0.04 0.06 0.07080.0.12
Vi 0.10 0.12 0.2 0.5 0.16 0.09 012 0.06 0.13 0.101100.12 0.0 0.10 0.0/ 0.10 0.18 0.08 0.13 0.12110.0.14
129 0.06 0.04 0.07 0.08 0.09 0.02 005 0.07 0.04 0.080400.04 004 004 003 006 0.11 0.08 0.07 0.09080.0.11
A12 008 013 0.12 0.16 0.09 0.18 0.12 0.20 0.23 0.04220 0.20 0.20 0.22 0.22 0.21 0.17 0.08 0.18 0.18230.0.20
m21 015 021 0.17 038 0.13 026 037 0.11 031 0.16340035 026 029 0.27 015 0.19 0.13 0.17 0.13140.0.16
e28 016 022 019 030 0.15 025 031 0.15 0.28 0.192900.30 0.23 0.27 025 0.16 0.22 0.15 0.20 0.17190.0.22
Al14 009 015 013 026 0.09 021 0.23 0.11 0.26 0.08600.26 021 023 0.22 0.15 0.17 0.07 0.15 0.13150.0.16
A7 010 0112 0.12 017 009 010 0.18 0.06 0.11 0.141200.13 0.09 0.11 0.10 0.06 0.14 0.09 0.09 0.09090.0.15
e29 015 020 0.16 035 012 025 035 011 029 0.16310033 024 028 025 014 0.18 0.12 0.16 0.13140.0.16
30 033 038 033 034 029 036 042 030 035 034360037 030 041 033 027 036 0.28 0.34 0.33380.0.43
All 028 034 029 030 023 029 038 023 028 03290032 022 033 027 0.18 0.28 0.23 0.26 0.24290.0.34
A2 023 029 025 028 019 028 034 024 028 0.26300032 023 033 027 019 024 021 0.24 0.23280.0.31
A6 032 037 036 025 030 028 035 026 026 037250028 019 031 023 0.20 0.33 0.27 0.30 0.29330.0.44
A13 030 036 031 029 026 033 038 026 031 031310033 025 037 029 023 033 0.24 0.31 0.29340.041
ml7 055 067 063 046 054 064 058 056 060 051560058 051 069 057 051 061 045 0.64 0.59710.0.83
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V3 28 V14 11 15 117 V7 113 17 V4 16 10 V15 121 I 123 119 V8 116 112 Vi1 120
e31 019 024 0.17 037 0.17 028 032 033 035 024390040 032 036 035 025 0.21 0.26 0.24 0.23300.0.19
Q23 023 031 021 037 018 035 039 0.27 039 022410042 032 042 037 025 0.26 0.21 0.28 0.24310.0.26
s 0.20 0.22 0.20 037 0.17 027 035 025 030 0.283300.35 028 031 029 019 0.23 0.25 0.21 0.19250.0.23
A4 020 021 022 016 021 014 021 0.14 014 0.241200.15 0.0 0.16 011 0.10 0.23 0.17 0.19 0.17190.0.28
m22 017 023 014 026 0.13 025 027 025 030 016310031 025 034 029 021 020 0.17 0.23 0.21280.0.22
L9 025 028 024 030 026 029 032 025 032 026300031 026 034 026 026 033 024 031 0.28330.0.33
Q27 017 024 019 016 0.16 021 021 0.18 0.22 0.142100.22 0.15 0.27 019 0.16 0.22 0.11 0.22 0.20260.0.29
Al 013 017 014 021 0.13 014 024 005 016 0.141700.19 0.211 0.17 0.12 0.07 0.16 0.09 0.12 0.10100.0.15
026 016 0.18 0.17 022 0.15 015 0.26 0.06 0.16 0.18700.19 0.12 0.17 0.12 0.08 0.18 0.12 0.13 0.11110.0.19
oo 0.21 024 021 020 0.18 0.18 0.28 0.11 0.18 0.211800.20 0.12 0.22 0.15 0.10 0.20 0.14 0.17 0.16170.0.25
Oio 038 041 031 041 031 039 049 031 039 031410043 033 046 036 0.29 038 0.32 0.36 0.34390.0.40
Q24 019 020 019 020 0.19 014 0.23 0.10 0.15 0.191600.128 0.112 0.17 0.11 0.10 0.19 0.14 0.15 0.14140.0.21
L10 044 035 031 049 045 037 041 051 043 043430041 047 044 042 050 051 053 048 0.51520.0.40
A3 042 032 032 058 046 031 046 038 037 051380038 043 032 035 039 048 054 0.39 0.41340.0.32
Q25 042 031 031 052 046 030 042 041 035 050350034 041 031 033 039 048 054 040 0.43370.0.34
L2 046 038 033 058 047 039 050 047 046 048470046 049 045 044 048 052 054 046 0.48470.0.37
F1 021 018 0.17 032 021 021 028 021 025 025250025 025 023 022 021 028 0.25 0.23 0.22230.0.22
F5 0.15 0.15 0.07 036 014 023 025 025 033 0.1583300.32 032 030 031 026 024 0.22 0.23 0.22250.0.13
F6 023 020 016 0.16 025 0.15 0415 025 0.18 0.221500.15 0.17 020 0.15 0.23 0.31 0.24 0.28 0.28310.0.29
F7 019 020 016 029 023 021 024 018 0.26 0.202400.25 023 024 020 0.22 030 0.20 0.25 0.22230.0.23
F8 0.11 0.11 004 031 0.12 0.18 019 0.21 0.27 0.102800.26 0.28 024 025 023 0.20 0.18 0.19 0.18200.0.09
F2 0.22 020 0415 031 022 021 027 022 026 0.232500.26 025 026 022 023 029 0.25 0.25 0.23260.0.23
F9 0.15 0.14 0.8 0.212 0.16 0.16 020 0.16 0.18 0.181800.18 0.17 0.17 0.17 016 0.21 0.17 0.17 0.17190.0.23
F3 0.21 021 021 025 020 023 024 023 024 0.22300.23 0.23 025 023 022 0.28 0.22 0.24 0.24280.0.30
F4 030 031 026 031 034 033 026 039 039 026340033 036 038 034 042 046 031 044 0.41480.041
L11 046 044 039 042 041 041 049 043 040 0.42420041 040 048 044 042 049 043 0.46 0.48500.0.50
L1 0.14 009 003 032 011 0.14 020 027 0.22 0.152600.24 0.27 022 026 022 016 0.26 0.16 0.20210.0.07
L3 025 022 026 036 027 024 032 021 0.27 0.272800.28 0.27 024 023 025 029 0.26 0.24 0.24220.0.26
L4 048 045 040 047 038 043 057 041 039 048440045 040 050 046 037 046 046 042 0.44460.0.50
L5 031 023 025 036 025 023 036 033 022 037270025 028 026 028 025 027 039 0.24 0.30280.0.29
L6 034 024 023 062 036 030 045 038 038 04320041 047 033 037 038 040 051 0.33 0.36310.0.22
L7 0.30 0.28 030 040 028 0.27 041 0.23 0.27 0.343000.30 0.28 028 0.27 024 031 0.30 0.25 0.27240.0.31
L8 0.17 0.13 025 026 024 0.17 014 031 0.22 0.232000.19 0.26 0.14 0.20 0.27 0.24 0.27 0.21 0.24250.0.26
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V3 28 V14 11 15 117 V7 113 17 V4 16 10 V15 121 I 123 119 V8 116 112 Vi1 120
NL2 030 0.27 020 032 024 024 035 0.28 0.25 0.302800.28 025 031 0.27 024 029 031 0.27 0.27300.0.28
NL3 039 039 042 063 039 044 060 033 046 042500053 049 045 047 033 039 042 0.35 0.33310.0.38
NL4 0.73 067 050 069 066 060 0.74 067 063 0.64660 065 063 074 065 066 073 0.72 0.71 0.72750.0.62
NL5 043 045 040 055 037 046 059 043 046 041510053 048 054 053 036 038 043 0.39 0.39410.0.43
NL6 057 054 060 079 059 059 079 045 059 065610065 062 056 058 045 059 0.60 0.51 0.48450.0.58
11 114 V10 14 12 13 V6 122 V9 115 127 V12 124 ®m15 118 V13 m18 125 V16 19 20 W16
V3 096 085 095 091 086 084 092 092 093 09890090 095 089 082 087 092 092 091 0.8®870.0.91
128 093 091 099 09 093 087 087 087 089 08850086 099 094 088 087 095 093 0.83 0.8%870.0.83
Vi4 093 090 095 097 091 0.79 087 090 093 0.8%20092 094 090 086 093 088 089 0.82 0.8440.0.82
11 091 092 086 083 085 089 093 084 0.78 08B800.81 085 093 088 0.75 093 097 0.85 0.8-30.0.82
15 094 090 09 095 090 085 087 088 090 09B300.89 093 091 0.79 087 089 0.92 0.86 0.86860.0.88
117 091 097 097 09 09 091 089 086 0.87 08®300.86 097 098 092 084 099 0.97 0.82 0.84930.0.82
V7 094 090 092 0.87 087 091 094 087 083 08940084 093 093 092 083 097 098 0.87 0.8300.0.84
113 088 083 087 087 081 073 087 092 092 09910089 089 0.8 0.77 0.78 0.87 0.83 0.87 0.91900.0.87
17 0.88 098 093 093 095 090 086 081 081 088380081 093 099 090 0.76 098 0.97 0.79 0.82040.0.79
V4 097 082 090 0.88 080 0.79 097 097 094 09970094 09 0.8 081 089 087 0.89 0.92 0.8850.0.89
16 089 09 091 089 092 090 089 083 081 08890081 092 097 092 0.76 098 097 0.81 0.84950.0.80
110 089 09 091 090 091 089 089 082 080 08890081 092 098 092 0.77 098 097 0.81 0.8340.0.80
vVi5 090 095 090 089 091 087 090 086 084 09®000.85 090 096 088 0.76 096 096 0.86 0.8860.0.85
121 088 093 095 091 093 091 08 083 084 08B200.80 097 097 090 0.78 099 095 0.82 0.84920.0.82
130 089 093 092 090 091 089 088 086 086 09®100.84 093 096 090 0.78 097 095 0.84 0.8P40.0.83
123 090 093 094 093 092 087 084 087 089 0900086 092 093 082 0.79 092 092 0.83 0.8MP20.0.85
119 091 089 097 093 092 091 084 085 088 08920086 091 090 0.79 084 089 0.92 0.81 0.81840.0.83
V8 095 082 088 0.8 078 0.79 096 096 093 10060092 0.88 0.84 0.78 083 0.87 0.88 0.94 0.91890.0.92
116 091 091 098 095 093 089 084 086 089 09®300.86 095 093 081 083 092 091 0.82 0.8470.0.84
112 090 086 095 092 089 085 084 088 091 09®300.87 093 089 0.78 083 089 0.88 0.85 0.8860.0.87
Vil 086 085 094 091 0.88 080 081 087 091 09®10085 093 088 0.77 080 0.8 0.85 0.82 0.85360.0.83
120 088 084 095 09 089 079 080 087 093 08B100.89 094 086 079 091 085 0.83 0.78 0.80r80.0.81
111 N/A 086 091 089 084 085 097 095 092 0.96960.093 091 087 085 0.89 089 094 094 0.9100.9.93
114 0.15 N/A 093 095 098 0.87 0.83 0.81 0.82 0.82840.0.84 090 097 090 0.80 094 094 0.74 0.7810.9.74
vVi0 0.10 0.08 N/A 097 095 091 085 0.85 0.88 0.88930.0.86 098 095 0.87 087 095 093 0.79 0.8150.8.80
14 0.12 0.05 0.03 N/A 097 083 083 0.87 092 0.86900.091 095 094 089 090 091 090 0.75 0.7950.8.76
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111 114 V10 I4 12 13 V6 22 V9 115 127 V12 124 mi15 118 V13 m18 125 V16 19 m20 W16

12 0.18 0.02 0.05 0.03 N/A 089 078 0.78 0.83 0.79850.0.83 092 096 090 084 092 092 069 0.74508.71
13 0.16 0.14 0.09 0.19 012 NA 080 0.72 0.71 0.77850.0.71 0.86 090 0.83 073 090 094 0.74 0.7110.8.75
V6 003 0.19 0.16 0.19 025 0.22 N/A 096 090 0.96940.092 086 085 0.86 086 088 091 093 0.87 80.8.89
122 0.05 021 0.16 0.14 024 033 0.04 NA 098 0.98940.098 086 081 082 092 083 084 090 0.8840.8.88
V9 0.08 019 0.12 0.09 018 034 0.11 0.02 N/A 0.95930.098 089 082 082 094 082 082 085 0.85108.84
115 0.05 020 0.13 0.15 024 026 0.05 0.02 0.05 N/A90.094 088 084 078 085 086 087 093 0.9080.8.92
127 0.04 0.17 0.07 0.11 0.17 0.16 0.06 0.07 007 O004A NOSO 094 088 085 088 092 093 090 0.87 60.8.88
vi2 008 0.17 0.16 010 0.19 035 0.09 002 0.02 O0.06100NA 08 082 083 09 080 083 085 0.83 20.80.83
124 0.10 0.10 0.02 0.05 0.08 0.15 0.15 0.15 0.12 0.13060 0.17 N/A 094 091 087 097 092 0.82 0.85 80.8.82
ml5 014 0.03 0.05 0.06 0.04 011 0.17 0.21 0.20 0.182200.20 0.06 N/A 091 080 097 096 0.78 0.81 10.9.78
118 0.16 0.10 0.13 0.12 0.11 0.19 0.5 0.19 0.20 0.25160 0.19 0.09 0.10 N/A 086 093 090 0.73 0.76 50.80.70
vi3 0.11 0.22 0.14 0.10 0.18 031 0.15 0.08 0.06 0.161200.05 0.14 0.23 0.15 N/A 079 081 0.77 0.74 20.710.75
ml18 011 0.06 0.05 0.09 0.08 010 0.13 0.19 0.20 0.15090 0.22 0.03 0.03 0.07 023 NA 09 081 0.83 20.9.80
125 0.07 0.06 0.0/ 0.10 0.08 0.06 0.10 0.17 0.19 0.140800.19 0.08 0.04 0.11 0.21 0.04 NA 085 0.83 20.9.84
vie 006 031 023 029 037 030 0.07 010 0.16 0.071100.17 019 025 031 026 021 0.16 NA 0.95 90.80.99
19 0.10 024 021 023 030 034 013 0.13 0.17 0.101400.18 0.16 0.21 028 030 0.18 0.18 0.05 NA 40.9.95
|20 0.11 0.10 0.16 0.16 0.16 0.21 0.13 017 0.21 0.131500.20 0.13 0.09 0.16 0.33 0.08 0.08 0.12 0.06A N/0.89
ml6 008 030 022 027 034 029 012 013 0.18 0.091300.19 0.19 025 036 029 0.22 0.17 0.01 0.05120.N/A

V2 010 034 031 034 042 038 013 015 0.21 0.131800.20 0.26 030 035 030 0.28 0.21 0.03 0.05120.0.03
32 014 021 025 023 027 038 0.18 0.16 0.18 0.152100.18 0.20 0.21 0.26 0.30 0.21 0.20 0.10 0.04050.0.08
V5 0.12 0.04 011 0.09 0.08 0.18 0.12 0.14 0.15 0.121300.15 0.09 0.05 0.09 024 0.04 0.07 0.20 0.14030.0.21
A5 009 027 027 028 035 035 010 0.13 0.19 0.12160 0.18 0.20 0.24 0.24 0.28 0.21 0.18 0.04 0.03070.0.05
m19 009 003 0.08 004 005 020 0.11 0.10 0.09 0.121100.08 0.08 0.05 0.08 0.13 0.07r 0.07 0.20 0.15070.0.20
126 0.10 0.08 0.10 0.04 0.09 0.27 012 0.06 0.04 0.111100.03 0.09 0.11 0.09 0.06 0.13 0.13 0.23 0.19150.0.24
18 0.05 0.0vr 0.07r 0.0/ 0.112 0.17 0.07 0.07r 0.08 0.040600.08 0.09 0.0/ 0.17 0.18 0.07 0.06 0.12 0.12070.0.13
Vi 0.10 0.14 0.3 0.0 0.16 029 0.09 0.05 0.05 0.070900.06 0.09 014 0.09 012 0.11 0.15 0.15 0.12100.0.18
129 0.0 006 005 005 008 0.17 008 0.09 0.09 0.08060 010 0.03 004 006 014 003 0.06 0.16 0.13070.0.18
Al2 003 027 018 022 032 026 006 010 0.16 0.08080 0.15 0.16 0.23 0.27 0.19 0.19 0.14 0.05 0.09160.0.07
m21 016 032 024 022 034 050 025 015 013 0.12100.16 024 033 050 030 0.34 032 0.13 0.08180.0.10
e28 014 030 027 026 034 043 023 018 019 0.142100.20 025 030 044 034 030 0.25 0.09 0.04120.0.06
Al4 007 029 020 022 033 037 013 010 0.12 0.072200.14 0.18 0.27 038 0.24 0.25 0.22 0.05 0.04140.0.04
A7 011 013 014 0.13 0.17 028 0.16 0.13 0.13 0.09140 0.15 0.12 0.13 0.25 0.27 0.13 0.14 0.11 0.0404 0.0.09
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111 114 V10 I4 12 13 V6 22 V9 115 127 V12 124 mi15 118 V13 m18 125 V16 19 m20 W16
e29 015 029 023 021 032 047 024 0.14 0.13 0.112000.15 024 031 048 029 032 0.29 0.12 0.07160.0.09
30 026 035 043 039 044 053 034 032 035 029370033 043 034 054 052 043 0.33 0.212 0.15190.0.19
Al11 022 027 036 031 033 046 032 0.28 0.28 0.233200.26 038 032 050 046 037 0.27 0.18 0.12130.0.13
A2 017 028 033 030 033 041 028 025 026 020270024 035 032 049 041 036 024 0.15 0.11140.0.10
A6 025 026 040 036 034 043 032 033 035 027350032 040 030 044 055 034 024 0.20 0.13100.0.16
Al13 022 031 040 036 040 048 029 028 031 0.243400.28 040 034 050 048 039 029 0.17 0.12140.0.14
ml7 040 065 075 076 081 073 045 052 064 047580057 073 065 079 083 066 051 0.33 0.32360.0.33
31 016 030 027 022 028 039 030 023 018 0.232000.18 030 035 041 021 039 0.24 0.22 0.23300.0.18
Q23 016 036 035 030 039 052 027 020 019 0.192600.18 037 041 053 030 045 0.31 0.14 0.13220.0.11
s 0.19 030 0.27 026 031 041 034 029 0.25 0.242400.27 0.28 030 047 037 034 026 0.19 0.11190.0.14
N4 015 015 024 020 020 032 020 0.19 0.20 0.172100.19 0.20 0.17 0.22 033 0.18 0.15 0.15 0.08040.0.14
m22 009 026 027 022 030 039 0.18 0.15 0.15 0.151900.122 0.29 031 037 0.21 034 0.212 0.12 0.12180.0.10
L9 0.20 030 034 029 034 048 024 020 0.22 0.232700.20 031 031 033 030 034 0.28 0.19 0.14180.0.19
Q27 009 022 027 025 030 035 0.12 0.12 0.7 0.111800.23 028 025 032 0.27 0.27 0.17 0.07 0.07100.0.07
Al 013 015 0.18 0.13 019 037 0.16 0.08 0.07 0.08500.07 0.18 0.18 0.27 0.21 0.20 0.20 0.15 0.09100.0.14
Q26 016 0.17 019 016 020 037 020 0.13 0.12 0.111900.13 0.19 0.17 029 029 0.20 0.21 0.16 0.08090.0.14
a9 0.17 016 025 0.19 022 038 020 015 0.16 0.132300.14 026 020 033 031 025 0.21 0.18 0.12100.0.16
Oi0 029 035 045 036 041 061 038 029 030 0.314200.27 045 040 052 044 049 039 0.27 0.18220.0.23
Q24 019 014 019 014 016 033 020 0.13 0.12 0.131900.11 0.21 0.15 024 024 020 0.19 0.25 0.20150.0.25
L0 043 036 037 031 035 057 043 040 036 050420034 036 037 028 029 040 043 0.64 0.50510.0.67
A3 051 033 031 025 028 060 055 043 034 051430038 0.27 034 026 033 033 048 0.73 0.53460.0.71
Q25 049 030 031 025 027 056 052 044 036 052430039 026 032 022 033 031 043 0.71 0.52430.0.70
L2 050 037 038 030 035 065 051 041 034 0514600.34 037 040 033 031 044 050 0.72 0.59540.0.72
F1 0.21 025 022 020 026 041 028 0.23 0.21 0.252400.24 0.18 023 025 028 0.23 0.26 0.23 0.13170.0.23
F5 0.11 0.27 020 0.5 026 044 020 0.12 0.10 0.191700.10 0.16 030 0.22 0.08 0.28 0.26 0.19 0.16250.0.19
F6 0.14 0.15 0.23 0.8 0.19 032 015 0.16 0.18 0.232100.15 0.7 0.17 0.0/ 0.17 0.16 0.16 0.21 0.16110.0.24
F7 0.17 025 024 020 027 042 019 014 0.14 0.18000.15 0.18 022 019 019 023 025 019 0.13170.0.21
F8 009 023 014 011 021 037 0415 0.09 0.06 0.15120 0.07 0.11 0.24 0.16 0.03 0.22 0.22 0.20 0.18250.0.21
F2 020 023 023 0.18 024 041 024 019 0.17 0.242300.17 020 0.23 021 0.20 0.25 0.25 0.26 0.1800.0.27
F9 0.16 0.21 018 0.21 025 029 020 022 0.23 0.181800.25 0.16 0.17 028 034 017 0.18 0.17 0.11120.0.17
F3 0.17 026 026 027 031 035 023 025 027 022300.28 023 023 031 036 024 022 017 0.11140.0.17
F4 020 039 038 037 044 046 021 024 0.29 0.312800.27 030 036 023 0.26 0.33 0.30 0.22 0.20250.0.26
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111 114 V10 I4 12 13 V6 22 V9 115 127 V12 124 mi15 118 V13 m18 125 V16 19 m20 W16
L11 046 035 044 037 042 061 044 042 042 043490038 050 040 051 051 048 045 058 0.50430.0.59
L1 0.16 0.16 0.0 0.05 0.12 031 023 0.16 0.10 0.231500.11 0.10 0.18 0.15 0.04 0.19 0.20 0.37 0.34330.0.38
L3 031 0.27 022 023 028 041 032 0.27 024 0.262600.28 024 024 035 034 027 032 041 0.29320.041
L4 049 036 047 039 042 065 054 050 047 046550045 051 041 064 064 050 047 054 041360.0.51
L5 039 020 022 020 021 038 045 043 038 039350039 027 020 039 045 026 029 056 0.43330.0.53
L6 046 033 025 020 026 057 054 040 029 04870035 022 033 029 026 034 046 0.70 0.53510.0.69
L7 038 027 027 025 030 049 041 035 031 031350034 031 027 047 049 032 036 044 0.32290.0.42
L8 023 029 014 026 027 017 025 034 035 029170042 0.12 019 021 033 013 0.19 0.33 0.32300.0.36
NL1 061 038 051 034 036 071 067 060 051 0.74680 044 056 046 043 041 057 056 1.05 0.89690.1.07
NL2 0.28 0.20 0.27 0.18 022 044 032 0.26 022 02920020 030 023 031 028 031 0.29 040 0.31260.0.39
NL3 051 050 040 039 049 069 057 047 041 042450048 041 046 068 059 048 057 0.63 0.53530.0.62
NL4 069 047 064 044 049 093 065 053 047 067730040 070 059 053 045 0.73 0.70 0.98 0.84720.1.01
NL5 046 044 044 037 046 067 052 045 041 042490040 050 049 068 052 054 053 0.64 0.60550.0.62
NL6 0.71 065 057 056 064 087 079 068 061 0.616500.71 054 057 082 086 059 0.74 0.78 0.59600.0.76
V2 @32 V5 A5 E19 126 18 V1 29 Al12 E21 @28 Al4 A7 @29 @30 All A2 A6 Al3 ml7 e31
V3 085 083 088 086 090 09 095 090 094 093860085 092 090 086 072 0.76 0.79 0.72 0.74570.0.83
128 078 081 090 081 092 091 093 089 09 0.8810080 08 089 082 068 071 075 0.69 0.70510.0.79
vi4 079 082 087 082 094 095 092 089 093 089850083 088 089 08 072 075 078 0.70 0.73530.0.84
11 081 081 094 085 091 08 094 086 092 0.8%800.74 077 08 070 071 074 076 0.78 0.75630.0.69
15 082 082 087 082 091 090 095 08 092 091880086 091 091 089 0.75 079 083 0.74 0.77580.0.85
117 077 083 097 082 097 093 09 092 098 083770078 081 090 078 070 075 076 0.75 0.72530.0.75
V7 080 079 092 085 091 087 093 088 095 08%900.73 080 083 071 066 068 072 0.71 0.69560.0.72
113 081 088 092 08 089 089 094 094 093 0828890086 089 094 090 074 0.79 0.78 0.77 0.77570.0.72
17 0.75 083 097 080 09 089 09 088 09 0.797300.76 0.77 089 0.75 070 0.76 0.75 0.77 0.73550.0.70
V4 086 081 086 087 089 09 09 090 092 096850083 092 087 08 071 0.73 0.77 0.69 0.74600.0.79
16 0.77 084 098 083 09 088 094 090 097 o0.817100.75 0.7/ 089 073 070 0.75 0.74 0.78 0.73570.0.68
110 0.78 083 097 083 094 088 094 089 096 0.82/100.74 0.77 088 0.72 069 0.73 0.73 0.76 0.72560.0.67
vi5 080 087 098 085 095 089 097 091 09 082/70080 081 092 079 074 080 080 0.82 0.78600.0.73
121 075 082 09 081 092 088 093 090 09 080/500.76 079 089 076 066 0.72 072 0.74 0.69500.0.70
130 079 086 098 084 094 090 095 093 097 080760078 080 091 078 0.72 077 076 080 0.75570.0.71
123 079 087 095 082 094 090 09 090 094 081860085 086 094 087 076 083 0.83 0.82 0.7900.0.78
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V2 @32 V5 A5 E19 126 18 V1 29 Al12 E21 @28 Al4 A7 @29 @30 All A2 A6 Al3 ml7 e31
119 0.76 0.78 086 076 089 087 093 083 090 084820080 0.8 087 083 069 0.76 0.78 0.72 0.72540.0.81
V8 088 086 089 090 089 088 09 092 092 092880086 093 091 088 075 0.79 081 0.77 0.7940.0.77
116 077 082 09 078 091 089 095 087 093 08350082 08 091 08 071 077 079 0.74 0.73530.0.79
112 079 084 088 080 089 088 093 089 092 08388008 088 091 088 072 078 080 0.75 0.75560.0.80
vili 076 083 089 078 088 087 092 090 092 079870082 08 091 087 069 075 075 0.72 0.71490.0.74
120 075 078 082 075 08 091 088 087 089 082850080 08 08 08 065 071 073 0.64 0.67440.0.82
111 091 087 088 092 091 091 095 091 093 09850087 093 090 086 077 080 0.84 0.78 0.80670.0.85
114 071 081 09 0.77 097 092 094 087 095 0.76/300.74 074 088 075 070 0.77 076 0.77 0.73520.0.74
vio 074 078 090 0.77 092 091 093 0.88 095 0.847800.77 082 087 079 065 070 0.72 0.67 0.67470.0.76
14 0.71 080 091 075 09 09 093 090 095 0.808000.77 081 088 081 068 074 074 0.70 0.70470.0.80
12 066 077 092 071 09 092 090 085 093 0.737100.72 0.72 0.84 0.73 065 0.72 0.72 0.71 0.67440.0.76
13 069 068 083 071 082 076 084 075 085 0.77610065 069 075 062 059 063 066 0.65 0.62480.0.68
V6 088 083 089 091 089 089 094 092 092 094780080 088 08 079 071 073 0.76 0.72 0.75640.0.74
122 086 085 087 088 090 094 093 09 092 090860083 09 087 087 073 076 078 0.72 0.76590.0.80
V9 081 084 086 083 091 09 092 09 092 086870083 089 088 088 070 076 0.77 0.71 0.73530.0.84
115 088 086 088 089 089 090 09 093 092 092890087 093 091 089 075 079 082 0.76 0.7830.0.79
127 084 081 088 085 089 090 094 091 094 092810081 089 087 082 069 072 077 071 0.71560.0.82
vVi2 082 084 086 084 093 097 092 094 091 086850082 087 086 086 0.72 0.77 079 0.72 0.75560.0.84
124 077 081 091 081 092 091 091 091 097 085900.78 084 089 079 065 068 070 0.67 0.67480.0.74
ml5 074 081 09 079 09 090 094 087 096 0.797200.74 076 087 074 0.71 0.72 0.73 0.74 0.71520.0.71
118 071 0.77 091 079 093 092 085 091 094 0.766100.64 068 0.78 0.62 058 061 0.61 0.65 0.61450.0.66
vi3 074 074 079 076 088 094 084 089 087 083740071 0.79 0.76 0.75 059 063 0.66 0.58 0.62440.0.81
m18 075 081 09 081 093 088 093 090 097 0.837100.74 078 087 072 065 069 0.70 0.71 0.68520.0.68
125 081 082 093 084 093 088 094 086 094 0.87/7300.78 080 087 075 072 0.76 0.79 0.78 0.75600.0.79
vie 097 091 082 09 082 080 088 086 085 095880091 095 090 088 081 083 0.86 0.82 0.84720.0.80
19 095 096 087 097 086 082 089 089 088 091920096 096 096 093 086 089 090 0.88 0.89730.0.79
W20 088 095 097 093 093 086 094 09 094 086840089 087 09 085 083 088 087 090 0.87700.0.74
ml6 097 092 081 09 081 079 088 084 083 094910095 096 092 092 083 087 090 0.85 0.87720.0.83
V2 N/A 094 0.79 098 080 0.77 0.84 082 0.80 0.93880.094 094 089 089 084 088 090 0.87 0.8950.D.82
@32 0.06 N/A 089 09 089 084 088 0.89 0.87 0.84910.095 091 096 092 088 094 093 094 0.9120.D.82
V5 023 0.12 N/A 086 098 092 09 094 098 0.80780.080 0.81 093 080 075 080 0.79 082 0.78901B.71
A5 002 005 015 NA 085 082 087 0.88 0.86 0.92870.0.93 093 092 088 085 0.87 088 0.87 0.8850.D.78
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V2 @32 V5 A5 E19 126 18 V1 29 Al12 E21 @28 Al4 A7 @29 @30 All A2 A6 Al3 ml7 e31

ml19 022 012 0.02 016 NA 098 096 095 098 0.83810.0.82 083 093 083 0.76 082 081 0.81 0.79 80.9.80
126 0.26 0.17 0.08 0.20 0.02 N/A 093 096 096 0.82810.0.78 0.82 088 082 070 0.75 0.76 0.73 0.73 20.9.80
18 0.18 0.13 0.04 0.14 0.04 0.07 NA 093 0.97 0.89860.085 0.89 094 087 078 083 084 081 0.8130.®.79
V1 0.19 0.12 0.06 0.12 0.05 0.04 0.07 NA 097 0.83820.0.81 085 091 083 071 076 075 0.76 0.7450.9.75
129 0.22 0.14 0.02 0.15 0.02 0.04 0.03 0.04 NA 0.86800.080 085 092 081 071 075 075 075 0.7450D.74
Al12 008 018 0.22 008 019 0.20 0.12 0.18 0.15 N/A850.0.88 095 087 085 0.76 077 082 0.74 0.79 80.©.81
m21 013 010 025 014 021 0.22 015 020 0.22 0.16A N0.97 097 094 100 084 091 091 0.84 0.87 60.80.85
e28 0.06 005 022 008 020 024 0.16 021 0.22 0.13030N/A 097 095 098 089 095 096 091 0.92 40.70.87
Al4 006 009 021 007 019 020 0.12 0.16 0.17 0.050300.03 NA 094 097 084 087 090 082 0.86 00.70.84
A7 011 0.04 0.07r 0.08 0.08 0.13 0.06 0.10 0.08 0.14060 0.05 0.06 N/A 095 086 092 091 090 0.89 80.60.81
e29 0.12 0.08 0.23 0.13 019 020 0.14 0.19 0.21 0.16000 0.02 0.03 0.05 N/A 086 092 093 0.85 0.89 80.60.86
30 0.17 0.13 029 0.16 028 036 025 034 034 0.2701700.12 018 0.15 0.15 NA 090 091 0.89 0.92 50.70.78
All 013 0.07 022 014 020 0.28 019 0.27 0.29 0.26100 0.05 0.14 0.08 0.08 0.10 N/A 099 098 0.95 40.70.87
A2 010 0.08 024 013 021 0.28 0.18 0.28 0.28 0.20090 0.04 0.11 0.09 0.08 0.10 0.01 N/A 097 0.95 60.70.91
A6 014 006 019 014 021 032 021 028 029 0.311800.09 020 0.11 0.16 0.11 0.02 0.04 NA 094 50.7.82
Al13 012 009 025 013 024 032 021 030 030 0.241400.08 0.15 0.12 0.11 0.09 0.06 0.06 0.06 NA 00.80.81
m17 028 033 053 029 054 066 047 060 059 039410030 035 039 039 029 030 028 0.28 0.22A N/0.61
e31 019 020 034 025 023 022 023 029 030 0.221700.14 0.17 021 0.15 025 0.14 0.09 0.20 0.2149 0.N/A

Q23 010 011 033 014 024 025 022 028 032 0.17/0700.04 0.08 0.13 006 0.14 0.05 0.03 0.12 0.10320.0.06
as 0.15 0.12 028 0.18 023 028 022 030 0.28 0.221000.06 0.12 0.11 0.09 0.14 0.08 0.06 0.12 0.12360.0.09
N4 013 003 008 009 009 016 0.12 0.12 0.13 0.231600.09 0.16 0.05 0.14 0.15 0.07r 0.08 0.04 0.10330.0.20
m22 009 011 025 0.11 0.17 018 0.16 0.22 0.24 0.11090 0.06 0.08 0.12 0.08 0.15 0.07r 0.04 0.13 0.11320.0.05
L9 0.16 0.11 0.22 0.3 019 020 0.22 0.20 0.23 0.232000.15 0.18 0.16 0.17 0.17 0.16 0.15 0.17 0.13360.0.22
Q27 006 006 0.16 0.06 0.14 018 0.11 0.17 0.18 0.111100.06 0.08 0.08 0.09 0.11 0.06 0.04 0.07 0.06240.0.14
Al 016 007 0.09 0.13 0.07 0.09 0.06 0.07r 0.10 0.200700.09 0.10 0.04 0.06 0.17 0.10 0.12 0.14 0.13430.0.19
Q26 017 006 0.0 0.13 0.10 0.13 0.08 0.10 0.12 0.23080 0.09 0.112 0.04 0.07 014 0.10 0.11 0.11 0.11400.0.23
a9 0.17 0.07v 011 0.15 010 0.15 0.09 014 0.16 0.251100.20 0.14 0.06 0.09 0.15 0.07 0.09 0.09 0.10360.0.22
Oio 020 013 030 020 025 030 0.27 031 035 03360013 0212 0.17 014 0.13 0.10 0.11 0.12 0.09330.0.23
Q24 029 016 010 023 009 010 0.09 0.11 012 031210023 0.23 0.13 019 026 0.21 0.22 0.21 0.23540.0.28
Lo 067 057 039 050 031 025 043 032 033 053660070 061 048 066 0.73 073 0.76 0.80 0.73141.0.59
A3 078 051 032 056 029 024 042 025 027 069590067 063 039 060 0.8 073 0.82 0.79 0.85501.0.67
Q25 0.74 049 030 053 0.27 023 041 0.25 0.26 0.6%200.67 064 039 063 081 0.71 080 0.75 0.81381.0.67
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V2 @32 V5 A5 E19 126 18 V1 29 Al12 E21 @28 Al4 A7 @29 @30 All A2 A6 Al3 ml7 e31
L2 0.75 057 040 057 032 025 044 032 034 063610070 063 046 061 075 071 0.77 080 0.75351.0.60
F1 0.22 0.15 0.20 0.7 0.17 0.19 0.21 0.18 0.17 0.242000.18 0.18 0.14 0.19 025 0.26 0.24 0.25 0.23500.0.29
F5 0.1v 0.17 0.27 0.16 0.16 0.11 021 014 0.17 0.131600.16 0.12 0.17 0.15 0.32 0.28 0.24 0.36 0.30580.0.14
F6 0.19 012 011 0.11 0.08 0.09 018 0.08 0.11 0.223300.25 0.26 0.17 030 0.27 0.27 0.27 0.23 0.26490.0.28
F7 0.19 013 0.17 0.13 014 0.13 0419 010 0.14 0.212100.20 0.18 0.15 020 0.15 0.27 0.27 0.28 0.24490.0.28
F8 021 021 023 0.18 013 0.07 0417 011 0.12 0.132000.22 0.14 019 019 040 036 031 044 0.37670.0.18
F2 025 0.17v 019 0.19 014 0.14 020 015 0.16 0.252400.23 0.23 0.18 023 0.27 029 0.28 0.30 0.26540.0.27
F9 0.19 0.16 0.16 0.15 017 022 014 020 0.14 0.172000.27 0.15 0.12 0.18 0.22 025 0.23 0.25 0.20430.0.33
F3 0.16 0.14 021 0.12 020 026 019 023 0.20 0.172000.15 0.15 0.14 019 0.19 0.22 0.19 0.22 0.17370.0.30
F4 0.19 023 031 014 026 026 032 023 0.26 0.203900.29 0.26 030 037 033 040 035 0.37 0.31460.0.35
L1171 063 051 036 051 033 034 033 041 038 051480054 050 039 048 052 050 053 056 0.50800.0.62
L1 041 036 023 037 012 006 018 0.16 0.13 0.243200.38 0.28 0.27 031 056 050 045 0.60 0.54950.0.25
L3 049 039 024 039 024 022 022 023 021 03860042 035 026 035 050 049 0.51 055 0.50970.0.53
L4 052 039 037 048 035 043 033 049 042 051350037 041 031 033 037 035 0.36 0.38 0.23540.0.52
L5 064 047 026 052 024 028 024 036 025 048430049 045 029 042 051 049 051 055 0.51970.055
L6 077 055 036 061 029 021 040 028 0.26 05930064 055 042 053 081 079 081 090 0.84601.0.58
L7 050 036 025 040 026 028 022 030 026 044310036 034 022 029 040 038 041 043 0.35820.0.53
L8 042 047 027 035 030 032 026 028 0.18 0.265500.52 037 035 053 067 076 0.67 0.72 0.57840.0.62
NL1 105 078 050 090 037 035 054 054 048 083840093 09 069 082 087 086 0.86 091 0.85960.0.67
NL2 040 027 021 034 016 017 020 024 022 037310032 033 023 028 032 030 0.31 0.33 0.30650.0.33
NL3 0.74 060 046 069 046 046 039 047 041 058420055 046 042 043 066 069 069 0.80 0.72710.0.75
NL4 098 073 053 081 042 035 055 048 054 0.86/600.88 08 066 075 080 0.76 082 0.84 0.79261.0.70
NL5 0.72 061 047 070 041 042 037 051 045 05%440055 048 045 044 071 059 059 0.71 0.67620.0.61
NL6 085 066 056 076 060 065 055 061 055 0.78500.64 061 051 055 064 0.78 080 0.82 0.70670.0.97
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Q23 O8 A4 m22 L9 Q27 A1 026 0O9 0O10 Q24 L10 A3 Q25 L2 F1 F5 F6 F7 F8 F2 F9
V3 080 082 082 08 078 084 087 085 081 06830064 066 065 063 081 086 0.79 0.82 0.90800.0.86
128 073 080 081 079 075 079 085 084 0.78 0.668200.70 0.73 073 068 084 086 082 0.82 0.90820.0.87
vi4 081 082 081 087 079 083 087 08 081 0.738300.73 0.73 073 072 085 094 085 0.85 0.96860.0.84
11 069 069 08 077 074 08 081 080 082 066820061 056 060 056 072 070 085 0.75 0.73740.0.81
15 083 084 081 088 077 08 088 086 084 073830064 063 063 062 081 087 078 0.79 0.89800.0.85
117 071 o076 087 078 075 081 087 08 084 06870069 073 074 068 081 079 086 0.81 0.84810.0.85
V7 068 070 081 077 073 081 079 077 076 061790066 063 066 061 076 078 086 0.79 0.82770.0.82
113 077 078 087 078 078 084 095 094 090 0.70000.60 068 067 063 081 078 0.78 0.84 0.81800.0.85
17 068 074 087 074 073 080 08 08 084 067860065 069 071 063 078 072 083 0.77 0.76770.0.84
V4 080 0.76 0.78 086 0.77 087 087 084 081 0.69820065 060 061 062 078 0.86 080 082 0.90790.0.84
16 066 072 088 073 074 081 084 085 083 067860065 068 071 062 078 0.72 086 0.79 0.76780.0.84
110 065 071 086 073 073 080 083 083 082 065840066 068 071 063 078 073 086 0.78 0.77770.0.84
vis 073 075 090 0.78 077 086 089 089 089 0.72000062 065 067 061 078 0.72 085 0.79 0.76780.0.84
121 065 073 08 071 071 077 084 084 080 0.63840064 073 074 064 080 074 082 0.79 0.79770.0.84
130 069 075 09 075 077 082 089 089 086 070890066 071 072 065 080 074 086 0.82 0.78800.0.85
123 078 082 09 081 077 08 093 092 090 0.7%9000.61 068 068 062 081 0.77 080 0.80 0.80800.0.85
119 077 080 079 082 072 081 085 083 082 06830060 062 062 060 076 079 073 0.74 0.827/50.0.81
V8 081 078 08 08 079 089 092 089 087 073870059 059 058 058 078 080 079 0.82 0.84780.0.84
116 076 081 083 080 074 081 089 088 084 0.708600.62 068 067 063 080 079 076 0.78 0.83780.0.84
112 078 082 084 081 075 082 091 089 085 0.718700.60 066 065 062 080 080 0.75 0.80 0.83790.0.85
vii 073 078 083 075 072 077 091 089 084 06870059 071 069 063 080 078 073 0.79 0.82770.0.83
120 0.77 080 076 080 072 075 086 083 0.78 067810067 073 071 069 080 088 0.75 0.80 0.91800.0.79
111 085 082 086 091 082 092 088 085 084 0.758300.65 060 061 061 081 0.89 0.87 0.85 0.91820.0.85
114 0.70 0.74 086 0.77 074 080 086 085 085 0.718700.70 0.72 074 069 078 0.76 086 0.78 0.79800.0.81
vio 070 076 0.79 0.76 071 076 084 082 078 064830069 0.73 073 068 080 082 079 0.79 0.87790.0.83
14 0.74 0.77 082 080 075 078 088 086 083 0.708700.73 078 078 0.74 082 086 084 0.82 0.90830.0.81
12 067 074 082 074 071 074 083 082 080 0668500.70 075 0.76 070 O0.77 077 083 0.76 0.81790.0.78
13 059 066 073 068 062 071 069 069 068 054720056 055 057 052 066 065 0.72 0.66 0.6960.0.75
V6 077 071 082 084 079 089 085 082 082 06920065 058 059 060 076 082 086 0.83 0.86790.0.82
122 082 075 083 087 082 089 092 088 086 0.75870067 065 065 066 079 088 085 0.87 0.92830.0.81
V9 082 078 082 086 080 08 093 088 085 074890070 071 070 071 081 091 0.83 0.87 0.94840.0.79
115 083 078 084 08 080 090 093 089 087 0.738800.60 060 059 060 0.78 0.83 0.80 0.83 0.86790.0.84
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Q23 O8 A4 m22 L9 Q27 A1 026 0O9 0O10 Q24 L10 A3 Q25 L2 F1 F5 F6 F7 F8 F2 F9
127 077 079 081 083 076 083 086 083 0.79 066830066 065 065 063 079 084 081 082 0.89790.0.84
vi2 084 076 082 0883 082 088 093 087 087 0.768900.71 068 068 071 079 090 086 0.86 0.93840.0.78
124 069 076 081 075 073 076 084 083 0.77 0.638100.70 0.7/ 077 069 084 085 0.84 0.83 0.90820.0.85
ml5 066 074 084 073 073 078 084 084 082 06760069 071 073 067 080 074 084 081 0.79800.0.84
118 059 062 080 069 072 072 077 075 072 059790076 077 080 072 078 081 094 0.83 0.85810.0.76
vi3 074 069 072 081 074 076 081 075 073 06590075 072 072 073 076 093 085 0.83 0.97820.0.71
m18 064 071 084 071 071 077 081 082 078 062820067 072 074 064 079 0.75 085 0.79 0.80780.0.84
125 073 077 08 081 076 084 082 081 081 06830065 062 065 060 0.77 077 085 0.78 0.80780.0.84
vVie 087 083 086 089 082 093 086 085 084 077780053 048 049 049 079 083 081 0.82 0.82770.0.84
19 088 090 093 089 087 093 091 092 089 083820060 059 059 056 088 085 085 0.88 0.83840.0.89
m20 080 083 09 083 083 091 091 092 091 0.80860 060 063 065 058 085 0.78 089 0.84 0.78820.0.88
ml6 090 087 087 091 083 093 087 087 08 0.79780051 049 050 049 080 083 0.79 0.81 0.81770.0.84
V2 090 086 088 092 08 094 085 085 084 082/50051 046 048 047 080 085 0.83 0.83 0.81780.0.82
@32 090 089 097 090 089 094 094 094 093 0.8850057 060 061 057 086 084 089 0.88 0.81840.0.85
V5 072 075 092 078 080 08 091 091 090 0.749100.68 0.72 0.74 067 082 0.77 090 0.84 0.80830.0.85
A5 087 084 092 089 088 094 088 088 086 082/90061 057 059 057 08 085 0.89 0.88 0.83830.0.86
m19 079 079 091 084 082 087 093 091 090 0.789200.73 0.75 0.77 073 0.84 086 093 0.87 0.88870.0.84
126 078 075 08 084 082 084 092 088 086 074900078 079 079 078 083 090 091 0.88 0.93870.0.80
18 081 080 089 085 080 090 094 092 091 0.76920 065 066 066 065 081 081 0.84 0.83 0.84820.0.87
V1 076 074 089 080 082 08 093 090 087 0.730000.72 078 078 073 084 087 092 090 0.90860.0.82
129 0.73 076 088 079 080 083 090 089 086 0.708900.72 0.76 0.77 071 084 084 090 0.87 0.88850.0.87
Al12 085 081 079 09 079 090 082 080 0.78 0.727/130059 050 052 053 079 088 081 0.81 0.88780.0.84
m21 094 090 086 091 082 090 093 092 090 0.85810052 056 054 054 082 085 0.72 0.81 0.82780.0.82
e28 096 094 091 094 086 094 091 092 090 0.88/90050 051 051 050 084 086 0.78 0.82 0.81800.0.84
Al14 092 089 086 092 084 093 091 089 087 081790054 053 053 053 083 088 0.77 0.83 0.87800.0.86
A7 088 089 095 089 085 092 09 096 094 0.88800.62 068 068 063 087 084 084 0.86 0.83840.0.89
@29 095 091 087 092 084 091 094 093 091 08730052 055 054 054 083 086 0.74 0.82 0.82800.0.83
30 087 087 086 086 085 09 084 087 086 088770048 043 045 047 078 0.72 0.76 0.86 0.67760.0.80
All 095 092 093 093 085 094 090 091 093 091810048 048 049 049 077 0.76 0.77 0.76 0.70750.0.78
A2 097 09 092 096 086 096 089 089 091 090810047 044 045 046 079 079 0.76 0.77 0.73760.0.79
A6 089 089 096 088 084 093 087 089 092 08810045 046 047 045 078 0.70 0.79 0.76 0.64740.0.78
Al13 091 089 090 090 087 094 088 089 090 091800 048 043 044 047 079 0.74 0.77 0.79 0.69770.0.82
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Q23 O8 A4 m22 L9 Q27 A1 026 0O9 0O10 Q24 L10 A3 Q25 L2 F1 F5 F6 F7 F8 F2 F9
ml7y 072 070 072 072 070 078 065 067 070 072580032 022 025 026 061 056 061 0.61 0.51580.0.65
®e31 094 092 082 09 081 087 082 079 080 0.80/60055 051 051 055 075 087 0.76 0.76 0.84760.0.72
023 N/A 093 086 098 085 094 088 0.86 087 0.89770.050 045 045 049 0.77 086 0.76 0.78 0.8170.D.76
as 0.07 N/A 088 092 084 089 08 087 085 0.86770.057 051 051 051 083 083 075 079 0.7890.D.82
A4 015 013 NA 087 087 093 093 095 094 0.86890.058 063 064 058 087 080 090 0.86 0.77 30.8.84
m22 0.02 008 0.14 NA 087 09 089 086 0.88 0.87800.058 050 052 056 079 090 082 0.81 0.8600.8.79
L9 0.16 0.17 0.13 0.14 N/A 090 087 087 0.86 0.86820.061 056 057 060 084 083 085 0.87 0.8050.8.81
Q27 0.06 0.12 0.07 0.04 011 NA 093 092 094 0.90870.056 049 051 054 084 083 085 0.84 0.8020.8.84
Al 013 015 0.07 0.12 0.14 0.08 NA 099 097 0.87960.0.63 0.67 066 066 087 084 084 0.88 0.8460.8.85
026 0.15 0.14 0.06 0.15 0.14 0.08 0.01 N/A 098 0.89960.0.61 066 065 064 091 081 0.83 0.88 0.8050.8.87
oo 0.13 0.17 0.06 0.13 0.15 0.06 0.03 0.02 N/A 0.88950.057 059 059 059 085 0.77 082 083 0.7510.8.82
oio 0.12 0.15 0.15 0.124 0.15 0.1 0.14 0.12 0.13 N/A790.052 047 050 053 079 076 0.77 0.80 0.7190.D.76
024 026 026 0.11 023 020 014 004 0.04 0.05 0.22A NO65 069 068 068 087 075 082 0.83 0.77 20.8.80
L10 0.70 055 054 055 049 058 046 050 057 O065430N/A 085 087 0.88 066 070 0.74 0.70 0.74 20.70.61
A3 080 068 046 069 058 071 040 041 052 0.753700.16 N/A 099 090 070 068 0.71 0.70 0.72 90.60.60
025 080 067 045 066 056 067 042 043 053 0.70390 0.14 0.01 N/A 090 069 069 074 0.71 0.73 00.70.61
L2 0.71 067 054 059 051 062 042 045 053 064380 0.13 0.11 010 NA 066 068 0.71 0.73 0.72 10.80.69
F1 0.26 019 0.14 023 018 0.18 0.14 0.10 0.16 0.24140042 035 037 041 NA 085 0.85 0.88 0.84 70.80.85
F5 0.15 019 0.23 0.11 019 018 0.17 022 0.26 0.272900.36 0.38 0.38 0.38 0.16 N/A 0.88 0.88 0.99 70.80.78
F6 028 029 0.11 020 0.16 0.16 0.17 0.18 020 0.262000.31 0.34 030 035 0.17 0.13 N/A 092 0.88 90.8.80
F7 025 0.23 015 0.21 0.214 0.17 013 0.13 0.19 0.231800.35 036 035 0.32 0.13 0.13 0.08 N/A 0.88 30.9.87
F8 022 025 026 0.15 023 022 018 023 0.28 0.35600.30 032 032 033 018 0.01 0.13 0.13 NA 60.80.78
F2 026 0.23 0.18 0.22 0.16 0.20 0.15 0.16 0.21 0.241900.33 037 035 021 0.14 0.14 0.12 0.08 0.15A N/0.93
F9 028 020 0.17 0.24 0.21 0.18 0.16 0.14 0.20 0.27220 049 051 050 037 0.16 0.25 0.22 0.14 0.2507 O.N/A
F3 0.23 0.18 0.17 020 0.18 0.15 019 0.16 0.20 0.22600.52 060 057 040 0.16 0.23 0.20 0.14 0.25060.0.01
F4 032 033 026 025 020 022 031 032 036 033380041 058 053 037 021 017 0.12 0.12 0.19070.0.14
L11 056 060 049 049 049 044 036 038 037 050360048 056 053 030 051 055 047 043 0.51290.0.29
L1 037 036 037 026 036 036 024 030 035 049270026 026 026 027 026 009 020 0.23 0.05210.0.31
L3 052 038 038 046 042 041 025 026 033 0512600.21 030 031 031 034 040 039 0.32 0.34320.0.30
L4 043 040 038 042 040 037 031 029 029 036350084 089 086 077 043 054 051 047 0.56430.0.36
L5 058 046 042 051 050 048 033 031 036 053300039 035 035 036 038 050 047 044 0.44390.031
L6 0.73 060 055 063 041 071 041 043 057 0.724000.25 0.14 0.5 0.21 035 0.31 0.38 0.34 0.25320.0.45
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Q23 O8 A4 m22 L9 Q27 A1 026 0O9 0O10 Q24 L10 A3 Q25 L2 F1 F5 F6 F7 F8 F2 F9
L7 046 040 034 044 041 038 023 0.22 0.27 041250045 038 039 038 034 048 046 0.37 0.44360.0.28
L8 0.73 053 046 058 052 051 046 045 057 080460046 045 043 053 034 039 0.36 0.35 0.31380.0.25
NL1 082 079 066 067 065 072 056 062 060 0.71480051 058 055 036 061 053 045 050 0.47300.0.50
NL2 032 031 025 028 025 025 0.17 019 020 0.27180042 046 045 024 026 0.29 024 0.20 0.28080.0.14
NL3 069 062 060 068 073 065 041 042 047 076470093 071 075 082 057 061 0.75 054 0.54610.0.51
NL4 075 088 068 065 061 067 050 056 053 064440042 048 047 022 0.67 057 048 049 0.53310.0.54
NL5 057 061 058 053 071 054 041 046 043 068460092 085 087 086 0.68 058 0.71 0.68 0.53650.0.60
NL6 086 068 063 087 076 078 053 049 057 0.7%80107 080 083 095 059 0.78 0.81 0.56 0.74660.0.54
F3 F4 L11 L1 L3 L4 L5 L6 L7 L8 NL1T NL2 NL3 NL4 NL5 NL6
V3 081 074 063 087 078 062 074 071 074 084510 074 068 048 065 0.57
128 081 073 064 092 080 064 080 079 076 088590 0.7/ 068 051 064 0.58
V14 081 o077 068 097 077 067 078 079 074 078670 082 066 061 067 0.55
11 078 073 065 073 070 062 070 054 067 077540 072 053 050 058 0.45
15 082 071 066 08 077 068 078 070 076 079580 0.78 068 052 0.69 0.56
117 080 072 066 087 079 065 080 074 076 084610 079 064 055 063 0.56
V7 079 077 061 082 072 056 070 064 066 087530 071 055 048 055 0.45
113 079 068 065 076 081 066 072 068 080 073480 076 072 051 065 0.64
17 09 067 067 081 076 067 081 068 076 080610 078 063 053 063 0.56
V4 080 077 066 086 076 062 069 065 071 079530 074 065 053 066 0.52
16 09 071 066 077 076 065 076 065 074 082570 076 061 052 060 0.54
110 0v9 072 067 079 076 064 078 067 074 083570 075 059 052 059 052
V15 080 070 067 076 076 067 076 063 076 077550 078 061 053 062 0.54
121 078 068 062 080 078 061 077 072 075 087530 073 064 048 059 057
130 080 071 065 077 079 063 076 069 076 082550 077 062 052 059 0.56
123 080 066 066 080 078 069 078 068 079 076580 0.79 072 052 070 0.63
119 076 063 061 08 075 063 076 067 073 079570 075 068 048 0.69 0.56
V8 080 073 065 077 077 063 068 060 074 076460 074 066 049 065 0.55
116 078 065 063 08 079 066 079 072 078 081560 077 070 049 0.68 0.60
112 079 066 062 082 079 064 074 069 076 078540 076 0.72 048 0.68 0.62
V11 076 062 061 081 080 063 075 073 078 078500 074 073 047 066 0.64
120 074 066 061 093 077 061 075 080 074 077580 076 068 054 065 0.56
111 084 082 063 085 073 062 068 063 068 079540 075 060 050 0.63 049
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F3 F4 L11 L1 L3 L4 L5 L6 L7 L8 NL1 NL2 NL3 NL4 NL5 NL6
114 077 068 071 08 076 070 082 072 0.77 075690 082 061 063 064 0.52
V10 077 069 064 091 080 063 081 078 076 087600 076 0.67 053 064 057
14 077 069 069 09 080 068 082 082 078 077710 083 068 064 069 057
12 073 064 066 089 076 066 081 077 074 076700 080 061 061 0.63 0.53
13 070 063 054 073 066 052 068 057 061 084490 065 050 040 051 042
V6 080 081 065 080 073 058 064 059 066 078510 072 056 052 059 045
122 078 079 066 08 076 061 065 067 070 071550 0.77 062 059 064 051
V9 076 075 066 09 078 062 069 075 073 070600 080 0.67 062 0.67 0.54
115 080 074 065 080 077 063 068 062 074 075480 075 066 051 066 0.55
127 079 075 061 08 077 058 070 069 070 084510 073 064 048 061 0.52
V12 076 077 069 09 076 064 067 071 071 066640 082 062 067 067 0.49
124 080 074 061 09 079 060 077 080 074 089570 074 066 050 061 0.58
m15 0.9 070 067 084 078 067 082 072 076 083630 079 063 055 061 0.56
118 073 079 060 087 071 053 068 075 063 081650 073 050 059 051 044
V13 070 077 060 09 071 053 064 077 061 072660 075 056 064 059 043
m18 079 072 062 08 076 060 077 071 073 088560 073 062 048 059 0.55
125 080 074 064 081 073 063 075 063 070 083570 075 056 050 059 048
V16 084 081 056 069 066 058 057 050 064 072350 067 053 038 053 046
19 09 082 061 071 074 066 065 059 072 072410 073 059 043 055 055
W20 087 078 065 072 073 070 072 060 075 074500 0.77 059 049 058 0.55
W16 085 077 055 069 066 060 059 050 066 0.70.340 0.67 054 037 054 047
V2 085 083 054 066 061 060 053 046 060 065350 0.67 048 037 049 043
032 087 080 060 070 068 068 063 058 070 063460 076 055 048 054 0.52
V5 081 073 070 o080 078 069 077 070 078 076600 081 063 059 063 057
A5 088 087 060 069 068 062 060 054 067 070410 072 050 045 050 0.47
|19 082 077 072 08 079 071 078 075 077 074690 08 063 066 066 0.55
126 077 077 071 094 08 065 076 081 075 073710 084 063 071 066 0.52
18 083 072 072 083 08 072 078 067 080 077590 082 068 057 069 0.58
V1 079 079 066 08 079 061 070 076 074 076580 079 062 062 060 0.55
129 082 077 069 088 081 066 078 077 077 084620 080 066 059 0.64 0.58
Al2 084 082 060 079 069 060 062 056 065 077430 069 056 042 058 0.46
m21 081 068 062 073 070 070 065 059 074 058430 074 066 047 065 0.58
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F3 F4 L11 L1 L3 L4 L5 L6 L7 L8 NL1 NL2 NL3 NL4 NL5 NL6
028 086 075 058 069 066 069 061 053 070 060400 0.73 058 042 058 053
Al4 086 077 061 075 071 066 063 057 071 069410 0.72 063 043 062 0.55
AT 087 074 068 077 077 073 075 066 080 0.71.500 080 066 052 064 0.60
029 083 069 062 073 070 072 066 059 075 059440 076 065 047 064 0.58
030 083 072 060 057 061 069 060 044 067 051420 073 051 045 049 053
All 081 067 060 061 061 071 061 045 069 047420 074 050 047 055 046
A2 082 070 059 064 060 070 060 045 066 051420 074 050 044 056 045
A6 081 069 057 055 058 068 058 041 065 049400 0.72 045 043 049 044
Al3 084 073 061 058 061 079 060 043 070 057430 074 048 046 051 0.50
m17 069 063 045 039 038 059 038 020 044 043380 052 049 028 054 051
031 074 070 054 078 059 060 058 056 059 054510 072 047 049 054 0.38
Q23 080 073 057 069 059 065 056 048 0.63 048440 072 050 047 057 0.42
as 083 072 055 070 068 067 063 055 067 059450 073 054 042 054 051
A4 085 077 061 069 068 068 066 058 071 063520 078 055 051 056 0.53
W22 082 078 061 077 063 066 060 053 064 056510 076 051 052 059 042
L9 084 082 061 070 065 067 061 066 067 060520 078 048 054 049 047
Q27 086 080 064 070 066 069 062 049 068 060490 078 052 051 058 046
Al 083 073 070 078 078 073 072 067 080 063570 084 066 061 066 0.59
026 08 073 068 074 077 074 073 065 080 064540 083 066 057 063 061
a9 082 070 069 070 072 075 069 057 076 057550 082 062 059 065 0.57
10 080 072 060 062 060 070 059 049 066 045490 0.76 047 053 051 0.46
Q24 0.7 068 070 0.77 077 070 074 067 078 063620 084 063 064 063 0.56
L10 059 067 062 077 081 043 068 078 064 063600 066 039 066 040 0.34
A3 055 056 057 077 074 041 070 087 068 064560 0.63 049 062 043 0.45
Q25 057 059 059 o077 073 042 071 086 068 065580 064 047 063 042 043
L2 067 069 074 076 074 046 070 081 069 059700 0.79 044 080 042 0.39
F1 08 081 060 077 071 065 068 071 071 071550 077 056 051 051 055
F5 080 084 058 091 067 058 061 073 062 068590 075 054 056 056 046
F6 082 089 063 081 067 060 062 068 063 070640 079 047 062 049 044
F7 087 089 065 08 072 063 065 071 069 071610 082 058 061 051 057
F8 078 083 060 09 071 057 065 078 064 074620 076 058 059 059 048
F2 094 093 075 081 072 065 068 072 070 0.68.740 092 054 073 052 051
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F3 F4 L11 L1 L3 L4 L5 L6 L7 L8 NL1 NL2 NL3 NL4 NL5 NL6

F9 099 087 075 073 074 070 073 064 075 078610 087 060 058 055 0.58
F3 N/A 092 073 070 068 068 067 059 070 0.71600. 0.87 053 059 050 0.52
F4 0.09 N/A 064 072 060 052 052 058 054 068 600. 079 038 060 038 0.37
L11 031 045 N/A 063 076 072 072 061 0.78 0.51700. 085 058 091 061 0.50
L1 0.36 0.33 0.46 N/A 0.3 058 073 084 067 0.74730. 0.77 061 065 0.63 049
L3 0.38 051 028 0.31 N/A 059 081 0.78 088 0.71 460. 0.76 060 065 055 0.53
L4 039 065 033 055 053 NA 061 044 071 0.54 550. 0.74 062 059 063 0.62
L5 040 065 033 031 022 050 NA 0.77 083 0.69 560. 0.71 056 060 054 0.50
L6 054 054 050 017 025 081 0.26 N/A 0.72 0.69 590. 0.66 052 064 045 046
L7 036 062 025 040 0.13 034 0.18 0.33 N/A 0.67 450. 0.77 062 0.63 057 0.58
L8 034 038 067 030 034 062 037 037 041 N/A 420. 058 053 036 043 052
NL1 050 050 036 032 077 059 058 052 080 086A N 077 053 080 0.61 048
NL2 014 024 017 026 028 030 034 042 0.26 0.55.26 0N/A 0.60 082 062 054
NL3 063 09 055 049 050 048 058 065 048 0.63.630 0.52 N/A 045 094 0.95
NL4 053 052 009 043 043 053 051 045 047 103220 0.19 0.79 N/A 0.52 0.38
NL5 069 097 050 046 060 047 062 080 056 085490 047 0.06 0.66 N/A 0.85
NL6 066 099 070 072 063 047 069 077 054 066.740 062 0.05 098 0.16 N/A
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8.4 Geographic distance between populations imrelnes. (Accession codes are given in Appendix 8.1.

28 11 15 117 113 16 10 121 1830 123 119 116 112 120 111 114 14 122
128 0
11 61 0
15 171 192 0
117 273 229 247 0
113 231 223 109 161 0
17 212 230 42 250 96 0
16 126 85 165 147 154 192 0
110 163 120 180 110 145 201 37 0
121 245 201 228 28 151 235 119 82 0
130 83 24 212 224 234 249 87 118 196 0
123 112 106 99 184 120 130 67 90 159 121 0
119 124 66 212 174 208 243 55 74 146 52 113 0
116 133 116 111 158 106 136 56 70 133 128 26 109 0
112 200 155 204 75 148 219 74 37 46 150 122 101 99 0
120 125 78 177 152 168 205 14 42 123 77 79 41 70 77 0
111 162 124 166 112 130 185 39 16 84 125 79 85 57 43 480
114 92 39 184 190 195 217 48 81 162 40 87 36 90 116 386 0
14 204 217 40 230 78 20 175 182 215 235 115 226 1189 1988 166 141 0
12 145 113 146 131 123 168 32 35 105 118 57 86 36 656 422 65 150 0
13 208 222 43 233 79 17 179 186 218 240 120 231 1233 2093 171 145 5 154 0
122 102 71 146 172 154 177 28 63 144 80 48 66 48 100 3%1 108 161 44 166 0
115 122 101 122 161 122 150 43 63 134 112 27 94 16 966 553 85 133 31 137 32 0
127 89 105 88 224 145 126 98 127 198 126 40 134 65 1407 118 140 116 95 121 72 65
124 113 88 133 164 136 162 33 60 137 98 35 81 30 95 443 94 145 33 150 18 14
118 271 228 241 7 154 243 145 109 28 224 180 174 154 40 109 86 224 128 227 170 157
125 119 110 100 176 114 129 65 85 151 125 8 113 18 11467 73 93 113 51 118 48 23
19 171 192 0 247 109 42 165 180 228 212 99 212 111 2047 166 155 40 146 43 146 122
A5 741 683 837 632 785 858 673 657 635 660 741 6346 7HB40 662 672 703 838 691 842 696 715
126 121 111 100 176 113 129 65 85 151 126 9 114 17 1158 73 92 112 51 117 49 23
18 141 136 83 174 90 107 85 97 151 150 31 136 28 1228 983 85 90 63 95 73 43
129 18 46 166 256 218 207 108 145 227 69 99 107 118 18D7 145 190 197 128 202 84 106
Al12 3365 3394 3498 3618 3590 3535 3479 3513 3591 3399633445 3498 3545 3471 3518 3569 3538 3505 35451 348486
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28 11 15 17 113 17 16 10 121 130 123 119 116 112 120 111 114 14 12 13 22 115
m21 2462 2491 2597 2716 2688 2634 2576 2610 2688 24%F4 22542 2595 2643 2569 2615 2667 2637 2603 264G9 22583
e28 2001 2007 2167 2198 2229 2208 2086 2111 2174 19999 22038 2123 2135 2074 2122 2180 2203 2117 22077 2@108
Al14 5757 5760 5923 5942 5983 5964 5837 5861 5920 57BB3 55788 5877 5883 5825 5872 5931 5959 5869 59631 58861
A7 248 274 404 502 478 446 359 394 474 278 360 329 3828 352 398 450 442 386 446 342 367
e29 1870 1872 2038 2055 2095 2080 1949 1973 2033 186F511899 1989 1995 1936 1984 2042 2074 1980 20782 19973
A11 3179 3200 3326 3416 3409 3365 3285 3316 3389 31281 33245 3311 3346 3275 3323 3378 3366 3313 33690 3383297
A2 926 929 1093 1122 1151 1135 1008 1034 1098 921 10360 1046 1058 996 1044 1102 1129 1039 1133 10060 10
A6 347 343 518 540 566 559 421 447 515 334 447 374 4803 409 457 515 550 452 555 413 444
A13 4839 4852 4996 5053 5069 5037 4933 4961 5028 484810 44888 4966 4987 4922 4970 5028 5035 4964 50322 494952
ml7 1774 1823 1852 2047 1959 1879 1900 1937 2019 1834011887 1895 1974 1898 1935 1971 1890 1916 189175 18889
023 953 994 1064 1223 1164 1098 1076 1113 1195 10029 10®54 1083 1149 1072 1114 1158 1104 1098 1106 10844
o8 2113 2166 2172 2383 2281 2195 2239 2275 2356 21802 22231 2227 2312 2238 2272 2302 2207 2252 22082 22223
A4 1494 1474 1663 1604 1688 1703 1534 1548 1587 14599 11480 1585 1559 1520 1562 1619 1691 1566 1696&7 13568
m22 2735 2772 2852 3001 2951 2886 2856 2892 2973 27BA4 22828 2867 2926 2850 2894 2942 2892 2879 289485 2@857
L9 1862 1922 1809 2054 1900 1806 1953 1980 2036 1949011979 1911 2009 1960 1968 1964 1825 1946 18226 19917
027 1301 1331 1436 1557 1526 1474 1416 1450 1529 13332 11383 1434 1483 1408 1455 1506 1477 1442 148®8 13422
Al 1221 1219 1391 1397 1442 1432 1294 1317 1375 12032311243 1335 1338 1281 1328 1387 1425 1325 143@8 12320
026 1306 1336 1442 1562 1532 1480 1421 1456 1534 13388 11388 1440 1489 1414 1460 1511 1483 1447 148%3 14428
09 2326 2383 2241 2477 2317 2229 2399 2420 2464 24BB2 22433 2350 2445 2408 2406 2390 2249 2386 22454 232359
024 706 739 841 967 931 879 823 858 939 743 817 794 832 817 862 912 881 848 884 804 828
L10 2888 2884 3058 3050 3106 3100 2956 2977 3030 2888922904 3000 2995 2943 2989 3048 3092 2988 309b2 22984
A3 1123 1114 1294 1279 1336 1335 1185 1205 1258 11@20 11133 1230 1223 1172 1217 1276 1326 1217 133B2 11214
025 1271 1322 1343 1543 1450 1369 1397 1434 1515 133®4 11387 1389 1471 1395 1431 1465 1380 1412 138T1 13384
L2 1264 1322 1194 1438 1281 1188 1345 1370 1421 134®0 11376 1300 1397 1354 1357 1348 1208 1336 12039 13307
L1 6460 6401 6537 6301 6461 6548 6380 6358 6314 63748666348 6428 6333 6371 6371 6387 6528 6392 653D6 646420
NL3 6216 6199 6386 6325 6414 6426 6260 6273 6310 61804 66205 6310 6284 6246 6287 6344 6416 6291 64262 65294
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127 124 118 125 19 A5 126 18 129 Al12 w21 28 Al14 A7 029 All A2 A6 A13 wl7 023 o8

127 0

124 67 0

118 219 161 0

125 47 33 172 0

19 88 133 241 100 0

A5 768 706 639 738 837 0

126 48 34 171 1 100 738 0

18 59 56 169 26 83 754 24 0

129 81 97 253 106 166 729 107 128 0
A12 3446 3476 3619 3484 3498 3573 3485 3504 3380 0

w21l 2544 2573 2716 2581 2597 2694 2583 2601 2478 903 0

e28 2091 2095 2200 2115 2167 1967 2116 2139 2012 17/D®31 O
Al14 5846 5848 5946 5869 5923 5607 5870 5894 5767 29&B4 33756 0

A7 335 357 501 367 404 790 369 389 262 3120 2217 1A89 0

e29 1960 1960 2058 1981 2038 1798 1982 2006 1880 189%0 1 181 3889 1638 0
A11 3265 3286 3417 3298 3326 3290 3300 3320 3193 4910 8B54 2829 2931 1534 0

A2 1015 1017 1125 1037 1093 1012 1039 1062 935 257@3 14078 4832 694 945 2319 0

A6 435 431 542 453 518 669 454 478 354 3092 2191 16887 171 1529 2878 587 0
A13 4927 4939 5055 4956 4996 4812 4957 4979 4851 18235022864 1165 4593 3022 1740 3931 4514 0

ml7 1832 1884 2044 1878 1852 2289 1879 1890 1792 19042 11568 4774 1574 1611 1945 1406 1638 3673 0

023 1024 1066 1222 1067 1064 1427 1068 1083 970 244B3 189369 5039 729 1308 2319 646 776 4036 863 0

08 2162 2219 2380 2210 2172 2673 2210 2218 2131 19BD3 11914 4863 1933 1978 2053 1814 2012 3730 4118124 0
A4 1576 1554 1608 1583 1663 1197 1584 1608 1497 258861 879 4410 1312 699 2230 714 1157 3637 1955 13BBO
m22 2810 2848 3000 2852 2852 3056 2853 2869 2752 7622 4A73 3714 2499 1625 941 2046 2501 2577 1152 17883
L9 1855 1922 2048 1895 1809 2597 1895 1888 1876 3253122824 6153 1833 2810 3326 2182 1991 5033 13952 13314
027 1382 1412 1556 1420 1436 1612 1421 1440 1316 2064621 964 4605 1056 934 1901 631 1042 3607 811 432112
Al 1310 1306 1401 1329 1391 1178 1330 1354 1229 24BGB11 809 4545 998 658 2111 309 876 3673 1503 8703191
026 1388 1418 1562 1426 1442 1616 1427 1445 1322 209%61 960 4599 1062 930 1895 634 1048 3601 811 44@012
09 2302 2366 2470 2336 2241 3067 2336 2324 2338 3743033435 6708 2342 3420 3890 2761 2509 5573 19859 211845
024 786 818 966 825 841 1132 826 844 722 2659 1757 141B7 465 1305 2488 460 485 4175 1158 295 1542
L10 2977 2971 3054 2994 3058 2692 2995 3019 2896 17B231 962 2915 2664 1040 1284 1970 2542 2200 24410 22331
A3 1210 1200 1283 1224 1294 1026 1226 1250 1129 256861 949 4666 914 789 2264 276 776 3811 1606 9076 201
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127 124 118 125 19 A5 126 18 29 Al12 w21 28 Al14 A7 029 All A2 A6 Al13 wl7 023 o8
025 1325 1379 1540 1372 1343 1834 1373 1382 1289 23281 11584 5086 1085 1568 2287 1067 1168 4027 511 4348
L2 1247 1313 1432 1285 1194 2005 1285 1275 1277 33B32 22567 6132 1274 2515 3323 1744 1442 5062 141D7 124515
L1 6478 6413 6307 6442 6537 5719 6442 6454 6447 762%6 76293 6938 6483 6170 7189 6285 6329 7285 764@3 68053
NL3 6300 6280 6330 6308 6386 5829 6309 6334 6220 4288644379 1778 6015 4446 3964 5338 5873 2718 57637 556969
A4 m22 L9 027 Al 026 09 024 L10 A3 025 L2 L1 NL3
A4 0
m22 2263 0
L9 2889 2461 0
027 1147 1460 1877 0
Al 469 1959 2432 692 0
026 1147 1455 1880 6 693 0
09 3474 2996 612 2487 3023 2490 0
024 1174 2035 1731 596 747 602 2304 0
L10 1495 1940 3762 1924 1668 1919 4373 2344 0
A3 438 2110 2455 799 156 800 3037 735 1772 0
025 1722 1602 1243 636 1253 640 1854 713 2532 1315 0
L2 2457 2562 626 1606 2029 1611 1069 1285 3529 201%710 O
L1 5693 7735 8313 6835 6143 6835 8777 6670 5907 60%bl 77723 0
NL3 4726 4905 7138 5339 5028 5334 7741 5745 3417 51@82 56945 5523 0
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8.5 — Chloroplast sequences. Full population naghes at the end of the document.

rpsl6 —GenBank accession number DQ131606

L. m N - CTATCCATCATTTTCCATAGIAATT- TTAAATGCTCTTGGCTCGACATAGTCTGITCTA
F. A Dovey GCTATCCTGC- - TTTTCCATA- TAATA- - TAAATGCTCTTGECTCGACATAGICTGITCTA
L. p. Magician - - - NNCCAC- - ATTTCCATA- TAATA- TAAAATGCTCTTGGCTCGCAATAGTCTGITCTA
L. p. 2419Rosconmon- CTATCCATC- ATTTCCATATTACGA- - CTAATGCTCTTGECTC- TCATAGICTGITCTA
Saccharum GCCATCCATC- TTTTCCATAGTAATG - AAAATGCTCTTGGCTCGACATAGTCTGITCTA
L mM  ------ TATTGGGATCCG - GTAGATAAATAACGCCCCCCCCCAATAAACGTATAGGAGG
F.ppo W - TATTGGGATCCG- - GT. AGATAAATAACGCCCCCCCCCAATAAACGT ATAGGAGG
* % % * % *k **x * * * % %
L. m N TTCCTCCCGAACCAAATTTGCGCTGCEGT TGI TTGITTTTAA- GTAATTATAGTACACGAT
F. A Dovey TTCCTCCCGAACCAAATTTGCGCTGEGT TGI TTGI TTTTAA- GTAATTATAGTACACGAT
L. p. Magician TTCCTCCCGAACCAAATTTGCCCTGEGTI TGT TTGTTTTTAA- GTAATTATAGTACACGAT
L. p. 2419RosconmonTTCCTCCCGAACCAAATTTGCGCTGEGITGTTTGT TTTTAA- GTAATTATAGTACACGAT
Saccharum TTCGTCCCGAACCGAATTTGCGCTGEGT TGT TTGTAAGT AAAGT AA- - ATAGTACACGAT
L m M TTTTCTCCTCATACGGCTCGAGA- AAATGATTTGAATTTCTGTCTATAGTCTATAGTAAT
F. p. W TTTTCTCCTCATACGGECT CGAGA- AAATGATTTGAATTTCT GICTATAGTCTATAGTIAAT
* % * % * * k* % * * k k% * * * %
L. m N GGAGCTCGAGA- - - - - - GGATAGAATTTATTTTTTATCAAGGGAAAGAATCT- - - AGGGT
F. A Dovey GGAGCTCGAGCT CGAGAGGATAGAATTGATTTTTTATCAAGGGAAAGAATTT- - - ATGGT
L. p. Magician GGAGCTCGAGCT G- - - - GAATAGAATTTATTTTTTATCA- GGGAAAGAATTT- - - ATTGG
L. p. 2419RosconmpnGGAGCTCGACCTC - - - GAATAGAATTTATTTTTTATCAAGGGAAAGAATTTT- - ACGGT
Saccharum GGAGCTCGAGA- - - - - - GGACAGAATTTCTTTTTGATCAAGGGAAAGAATCT - - - AGGGT
L m M AGAAATTAGACTAT- - - GACGTGCATTAATTTCCTTACAGAAAAAACAAATTT- - - CATT
F. p. W AGAAATTAGACT AT- - - GACGT GCATTAATTTCCTTACAGAAAAAACAAATTT- - - CATT
* % * Kk k% * % % * % *kk k% *
L. m N TAGTGAAAACTAATAAA- TTAGGCCAACTTTGTCAGT CTATCCTTAATATAAAAATAGAA
F. A Dovey TAGIGAAAACTAATAAAGT TAGGCCAACTTTGI CAGT CTATCCTTAATATAAAAATAGAA
L. p. Magician TAGTGAAAACTAATAAAAAT- GGCCAACTTTGT CAGT CTATCCTTAATATAAAAATAGAA
L. p. 2419RoscomonTAGCGAAAACTAATAAA- TTATGCCAACTTTGICAGTCTATCCTTAATATAAAAATAGAA
Saccharum TATTGAAAACTAATAAA- TTAGGCCAACTTTGI CAGTCTATCCTTAATATAGAAATCAAA
L m M TATACTCATGTATTTAAAGT TGGECTAATTTTGACTGACAGACT TCAA- - - - - AGACTAAA
F. p. W TATACTCATGTATTTAAAGT TGECTAATTTTGACTGACAGACTTCAA- - - - - AGACTAAA
* % * **k * k% * k% *%k **k*k*k *x * * * k% k% * % * %
L. m N AGGTTAAAATAAGAAGAAAGTICG- - ---- - - - TCTTTTTGAAGATAGGGAAAACTCTTTC
F. A Dovey AGGT TAAAATAAGAAGAAAGT CCCCCTNCCCCTCCTTTTGAAGATAGGEGAAAACTCTTTC
L. p. Magician AGGTTAAAATAAGAAGAAAGRCCG - ---- - - - TCTTTTTGAAGATAGGGAAAACTCTTTC
L. p. 2419RoscomonAGGI TAAAATAAGAAGAACGICC- -------- TCTTTTTGAAGATAGGGAAAACTCTTTC
Saccharum AGGTTAAAATAAGAA- AAAGTCT- - ------- AATTTTGGAAGATTGGAAAAACTTTTTT
L m M TCCTTCCAA- AATTTTTGAGICG - --------- TCTCTAAACTCTT----TTCTTTGIC
F. p. W TCCTTCCAA- AATTTTTGAGICG - --------- TCT CTAAACTCTT----TTCTTTGIC
* % *k k% * % * % **k * %
L. m N AA- TTAAAAGTATATCAGAATTAATCCGECTTATTTGATTTCTATATAAGAGGGATATGC
F. A Dovey AA- TTAAAAGTATATCAGAATTAATCCGECTTATTTGATTTCTATATAAGAGGGATATGC
L. p. Magician AAATTAAAAGTATATCAGAATTAATCCGECTTATTTGATTTCTATATAAGAGGGATATCGC
L. p. 2419RoscommonAA- TTAAAAGTATATCAGAATTAATCCGGCTTATTTGATTTCTATATAAGAGEGATATGC
Saccharum GA- TTAAAAGTCTATCTGAATCAATTGT TCATATTTGATTTCTATAGAAGAGTGAAATGC
L m M TCATTTCGAGCGAATTTACTTTTATCCCTTAT- TCTGATCCAATTCTGTTGTTGAGACAA
F. p. W TCATTTCGAGCGAATTTACTTTTATCCCTTAT- TCT GATCCAATTCT GITGT TGAGACAA
* % * % * % * * % * * kkk%* * % %
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L. m N TTTATCGAAGGAA- - ATAAGAAAAAGAGGGTATGT TGCTACTCTTTTGAAAGAAAG- AAA
F. A. Dovey TTTATCGAAGGAA- - ATAAGAAAAAGAGGGTATGT TGCTACTCTTTTGAAAGAAA- - AAA
L. p. Magician TTTATCGAAGGAA- - ATAAGAAAAAGAGGGTATGT TGCTACTCTTTTGAAAGAAA- - - AA
L. p. 2419RoscommonTTTATCGAAGGAA- - ATAAGAAAAAGAGGGTATGT TGCTACTCTTTTGAAAGAAA- - AAA
Saccharum TTTATCGAGGAAATAAGAAAAAAGAAAGGGTATGT TGCTACTCTTTTGAAAGAAA- - AAA
L. m M TTGAAAATTGTGT- - TTACTTGTTCTGGAATCCTTTATCTTTGATTTGTGAAATCCTTGG
F. p. W TTGAAAATTGT GT- - TTACT TGITCTGGAATCCTTTATCTTTGATTTGT GAAATCCT TGG
* k% % * * * % * * k k% *
L. m N GAATAGAAATTCCCGAAGT AATGT CTAAACCCAAGGATTT- CACAAATCAAAGATAAAGG
F. A Dovey GAATAGAAATTCCCGAAGT AATGT CTAAACCCAAGGATTT- CACAAATCAAAGATAAAGG
L. p. Magician GAATAGAAATTCCCGAAGT AATGT CTAAACCCAAGGATTT- CACAAATCAAAGATAAAGG
L. p. 2419RosconmdnGAATAGAATTCCCCGAAGT AATGT CTAAACCCAAGGATTTTCACAAATCAAAGATAAAGA
Saccharum GAATAGGAGT TCCCGAAGT AATGT CTAAACCCAAGGATTT- CACAAATCAAAGATAAAGG
L. m M GTTTAGACATTACTTCGGGAATTTCTATTCTTTTTTCTTTCAAAAGAGTAGCAACATACC
F. p. W GTTTAGACATTACTTCGGGAATTTCTATTCTTTTTTCTTTCAAAAGAGTAGCAACATACC
* * %% * * * k*k*k*k *kk*k*%k * * % % * * % * * k* %
L. m N AT TCCAGA: - - - - - - o m oo oo oo
F. A. Dovey ATTCCAGA: - - - - - - = o s oo
L. p. Magician AT TCCAGA: - - - = - - s oo s oo oo oo
L. p. 2419RoscommDNTTTCCEEG === === === === - s s oo o e o oo oo m oo oo oo oo -
Saccharum AT TCCGGA - - - = - - s oo oo e oo oo
L. m M Ol LI I I N L O e R T T
F. p. W (OO I I I O e
*
L. m N e - ACAAGTAAACACAATTTTCAATTGIC
F. A Dovey = @ c--mmmm e ACAAGTAAACACAATTTTCAATTGIC
L. p. Magician ~ ------------mmm ACAAGTAAACACAATTTTCAATTGIC
L. p. 2419R0SCONMDN-=-----------------“---“---“------ ACAAGTAAACACAATTTTCAATTGIC
Saccharum s ACAAGTAAACACGATTTTCAACCGTC
L. m M e TTATTTCCTTCGATAAAGCATATCCCTC- - TTATA
F.op. W e TTATTTCCT TCGATAAAGGATATCCCT C - TTATA
* **k k% * %
L. m N TCAACAACAGAAT TGGAT CAGAATAAGCGATAAAAGT AAATTCGCT CGAAAT GA- GACAA
F. A. Dovey TCAACAACAGAAT TGGAT CAGAATAAGCGAAAAAAGT AAATTCGCT CGAAAT GA- GACAA
L. p. Magician TCAACAACAGAAT TGGAT CAGAATAAGCGATAAAAGT AAATTCGCT CGAAAT GA- GACAA
L. p. 2419RoscommonTCAACAACAGAATTGG TCAGA- TAAGGGATAAAAGT AAATTCGCT CGAAATGA- GACAA
Saccharum TCAACAATAGAATTAGAT CAGAATAAGGAATAAAAGT CAATTTGT TCGAGATGA- GATAA
L. m M TAGAAAATCAAATAAGCCCGGATTAAT- - TCTGATATACTTTTAATTGAAAGAG- - - TTT
F. p. W TAGAAAATCAAATAAGCCCGGATTAAT- - TCTGATATACTTTTAATTGAAAGAG- - - TTT
* k% * k% * * k% **k* * * * % * ** %
L. m N AGAA- AAGAGT TTAGAGACGACTCAAA- AATTTTGGAAGGATTTAGTCTTTGAAGTC:- - -
F. A. Dovey AGAA- AAGAGT TTAGAGACGACTCAAA- AATTTTGGAAGGATTTAGTICTTTGAAGTC:- - -
L. p. Magician AGAA- AAGAGT TTAGAGACGACTCAAA- AATTTTGGAAGGATTTAGTCTTTGAAGTCCTC
L. p. 2419RoscommonAGAA- AAGAGT TTAGAGACGACTCAAA- AATTTTGGAAGGATTTAGTICTTTGAATTCCTC
Saccharum AGAA- AAGAGT TTAGAGACGACTCAAAAAATTTCGAA- - - - TTT- - CTTTTGAAGT T- - -
L. m M TCCCTATCTTCAAAAAGAGGACTTTCTTCTTATTTTAACCTTTCTATTTTTATATTAAGG
F. p. W TCCCTATCTTGAAAAAGAGGACTTTCTTCTTAI TTTAACCTTTCTATTTTTATATTAAGG
* k*kk*%k *k*k*%k * % * * % * k% * %
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L. m N - TCTG- AGTCAAAATTAG: - CCAATCTT- - ATTCATGAGTATAAATGAAATTTGTTTTT-
F. A Dovey - TGTG- AGTCAAAATTAG: - CCAACATA- - AATCATGAGTATAAATGAAATTTGTTTTT-
L. p. Magician - TCCA- CCTCAAAATTAG: - CCAACTTA- - AATCATGAGTATAAATGAAATTTGTTTTT-
L. p. 2419Roscormon- TCCAGTCCCAAAATTAG - CCAATTAA- - ATTCATGAGTATAAATGAAATTTGTTTTT-
Sacchar um - TGTCCAGTCAAAATTAG: - CCAACTTG- - AGTCATGAGTATAAATGAAATTGGTTTTTG
L. m M ATAGACTGACAAAGT TGGACCTAATTTATTAGT TTTCAACTTTCCCTAGATT- - CTTTG
F. p. W ATAGACTGACAAAGT TGGACCTAATTTATTAGT TTTCAACTTTCCCTAGATT- - CTTTC:
kxk*k* ** * * * % * % * * * * * k% * k%
L. m N - - - - TCTGTAAGGAAATTAATGC- ACG- - - - TCATAGTCTAATTTCTATTACTATAGACT
F. A Dovey - - - - TCTGTAAGGAAATTAATGC- ACG- - - - TCATAGTCTAATTTCTATTACTATAGACT
L. p. Magician - - - - TCTGTAAGGAAATTAATGC- ACG- - - - TCATAGTCTAATTTCTATTACTATAGACT
L. p. 2419Roscormmon- - - - TCTGTAAGGAAATTAATGC ACGC- - - TCATAGTCTAATTTCTATTACTATAGACT
Sacchar um ATTTTCTTTAAGGAAATTAATGC- AAG - - - TCATAATCGAATTTCTATCTATTTGCATT
L. m M - - - - CCTGATAAAAAATAAATTCTATCCTC- TCGAGCTCCATCGT GTACTATAATTACTT
F. p. W - - - CCTGATAAAAAATAAATTCTATCCTC- TOGAGCT CCATOGT GTACTATAATTACTT
* % * * k% % * % % * * * % * % * * * % *

L. m N ATAGAC- AGAAATTCAAATCATTTTCTCGAGCC- - GTATGAGG: - - - AGAAAACCTCCTA
F. A Dovey ATAGAC- AGAAATTCAAATCATTTTCTCGATGCC- GTATGAGGA- - - GAAAGACCTCCTA
L. p. Magician ATAGAC- AGAAATTCAAATCATTTTCTCGAGCC- - GTATGAGGA- - - CCAAAACCTCCTA
L. p. 2419RoscommonATAGAC- ACAAATTCAAATCATTTTCTCGATTCC- GTATCAGGA- - - CCAAGACCTCCTA
Sacchar um ATAGACCAGAAATTCGAATCATTTTCTCGAGCC- - GTATGAGGA- - - - GGAAACCTCCTA
L. m M AAAAACAAACAACCCAGCGCAAATTT- - GGTTC: - - - GBGAGGA- - - ATAGAACAGACTA
F. p. W AAAAACAAACAACCCAGOGCAAATTT- - GTTC: - - - GBGAGGA- - - ATAGAACAGACTA

* % * % * * * * * * % * * k% * % * k%
L. m N TACGTTTATATG GGGGGGOGTTATTTATCTACCT- - - = = = === = === = - = -
F. A Dovey TACGTTTATATG GGGGGGOGT TATTTATCTACCT- - < = - - -« == = e e - - -
L. p. Magician TACGTTTATAAT GGGGGGGOGT TATTTATCTACCTCGGTCCCACT - - - - - - - -
L. p. 2419RoscommonTACGTTTAAATA- - GGGGGCGTTTTTT- - CTACCTCATTCCCAT- - - - - - - - -
Sacchar um TACGTTCTAGGG - GBGGTTGTTTTTTGOGT- - < = = =< == = c s = o c oo - -
L. m M TG - - TCGAGCC- - AAGAGCATTTATTAATTACTATGGAAAATGATGGTGTGC
F. p. W TG - - TCGAGCC- - AAGAGCAT TTATTAATTACTATGGAAMATGATGITGTGC

* * % * * *
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trnL-F intergenic spacerGenBank accession number DQ123585

- - - AGCCAACTGATCTATCCTGACCTTTTCTTGI GCAT- ATCCT- AGTAGAGTATTTCGT
- - - AACCAACTGCACTATCCTGACCTTTTCTTGTGCATTATCCT- AGTAGAGTATTTCGT
--------------- TATCCTGACCTTTTCTTGTGCATAATCCT- AGTAGAGTATTTCGT
TTACTCAGACTGICCTATCCTGACCTTTTCTTGT GCAACATCCTCAGTAGAGTATTT- GT
- - - - ACCAACTGATCT- TCCTGACCTTTA- TTGTGCACCTTCCT- AATAGAGTATTT- GT'
----- ACCAACGCACT- TCCTGACCTTTTCTTGIGCATATACCT- AGTAGAGTATTTCGT
--------------- T- TCCTGACCTTTTCTTGTGCTATCTCCT- AGTAGAGTATTT- GI'
---------------- ATCCTGACCCTTTCTTGTGC- TNNTCTT- AGTAAAGTATTT- CC

kkkkkkk*k K% *kkkk*k * * % k% *kkkkk*k

ATGCTATGT - CAATTAAAGGGACT AAAAAATAAATTAAATAAAGTATTTCAAATTCGAAA
AT- CTATGT- CAATTAAAGGGACTAAAAAATAAATTAAATAAAGT ATTTCAAATTCGAAA
ATGCTATGIGCAATTAAAGGGACT AAAAAATAAATTAAATAAAGGATTTCAAATTCGAAA
AT- CTATGT- CAATTAAAGGGACTAAAAAATAAATTAAATAAAGGATTTCAAATTCGAAA
AT- CTATGTI - CAATTAAAGGGACT AAAAAATAAATTAAATAAAGGATTTCAAATTCCAAA
ATGCTATGT - CAATTAAAGGGACT AAAAAATAAATTAAATAAAGGATTTCAAATTCGAAA
AT- CTATGT - CAATTAAAGGGACT AAAAAATAAATTAAATAAAGGATTTCAAATTCGAAA
AT- CTATGT- CAATTAAAGGGACTAAAAAATCAAT- - - - - AAAGTATTCG - ATTCAAAA

*k khkkhkhkkhkk *Fhkhkhkhkhkhkkhkkkxkhkkdkkdkhkhkkxk K*x*k *kxkk*x *kk X **xk*x Kk Kk

TTGTAAAATGEGEEEEEGE - - - - TAGTCCTATGC- ATTG TACATGGCTTACTTAATAATA
TTGIAAAATGEEEEEGEG - - - - TAGTCCTATGC- ATTG TACATGGCTTACTTAATAATA
TTGTAAAAT GEEGEEGEEEEEEG- TAGTCCAATGCTATTGI CACAGCSGT TTACTTAAAAATA
TTGIAAAAT GEGEEEEEEEEEGTATCCCTATGCTAT TG CACAGGGCTTCATTTAATATT
TTGTAAAAT GEECGEEGEEEEGE - - TAGTCCTATGC- ATTGICACATGGCTTACTTAATAATA
TTGTAAAAT GEEGEEGEEEE - - - TAGTCCTATGC- ATTG TACATGGCTTACTTAATAATA
TTGTAAAAT GEEGEEGEEEGE - - - TAGTCCTATGC- ATTG TACATGGCTTACTTAATAATA
TTAGGAAATGEGGAGEEG- - - - TAGTCCTATGC- ATTG TGGATGGCTTACTTAATAATA

* % kkkkkhkkkh*k (k% * % *k kkkk K*khkk*k * k% k% **x % * %

CTGAAAAATAGAGC- TGAATAACCGGGATTCTT- TCCCG- - - - ATACTCTAATAAAAAAA
CTGAAAAATAGAGC- GTAATAACCGGGATTCTT- TCCCG- - - - ATACTCTAATAAAAAAA
TTGGAAAATATAAACCGAAAAACCGEGT TTTTTGTCCGG: - - - ATCCTTTGGTAAAAAAC
TCGGAAAAAA- ACCGCGAATAACGGEGT TTTTT- TCCCA- - - - ATCCTTTAATAAAAAAC
CTGAAAAATATAA- - CGAATAACCGGEGATTCGITTCCCG: - - - ATCCTCTAATAAAAACA
CTGAAAAATATAGT- CGAACAACCGGEGATTCTT- TCCCG- - - - ATACTCTAATAAAAAAC
CTGAAAAATATTAT- CTAAAACCCGGATTCTTT- GCCCG- - - - ATGCTCTAATCGAAAAC
CTTAAAAAAATCGAATTATTAATCGAGAT TCCTTGCCGGT GGTGTACTCTAATAAATAAA
*

**xk*x % * * * * * * % * k% % * *

AAA- - - = e e e eaa o TATATTCTA---- - - GGATAAGATCCATTGAGITCTC
AAA- - - m e e e e TATATTCTA---- - - GGATAAGATCCATTGAGITCTC
N N TTTTTTTTG - ---- GGGTAAAATCCTTTGATTTCTT
N TTTTTTCTG ----- GGATAAAACCCTTTGGTTTTTT
A ATTATTCTA---- - - GGATAAGATCCTTGGGIT- CTC
Y TATATTATATTCT- AGGATAAGATCCATTGAGTTCTC
Y TATATTATATTCTCAGGATAAGATCCATTGAGTTCTC
AAAAAGAAAT AAAAAAGAAAT CATCTATTTAATGAATAGCATAAGATTCATTGAGTTCTT
* % * * % * * % % * * * * * *
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TTCGCACTCCTTTGTI GAAAGAGTAGAAT GAGAAAGCTAATGAATCTTAAACCC- GTGATA
TTCGCACTCCTTTGI GAAAGAGTAGAAT GAGAAAGCTAATGAATCTTAAACCCCGTGATA
TTGGAATTCCTTTGGGAAAGAGTAAAAT GAAAAAGCTAATGAATTTTAACCCCGGEGGT TA
TTCCCCCTCTTTTGTIGAAAAATTAAATTGAAAAACCTAATGATTTTTAACCCTGGTGATA
TTCCCCCTCCTTTGI GAAAGAGTAGAAT GAGAAAGCTAATGAATCTTAAACCCTGTGATA
TTCGCACTCCTTTGI GAAAGAGTAGAAT GAGAAAGCTAATGAATCTTAAACCCTGTGATA
TTCGCACTCCTTTGI GAAAGAGTAGAAT GAGAAAGCTAATGAATCTTAAACCCTGTGATA
GT CGCACTCCTTTGT GAAAGAGT AGAATGAGAAAGCTAGTGAATCTTAAACCCATTGATA

*k *kkkk *kkhkkk *k *kk * *k*xk *xk*k *kk **k*k * *k*kk*k *% * k%

AAAAGAAAAAAGAGGATAAATACTATAAGT TAGGEG AATAAAGGAGGEG TTTGGGGATAG
AAAAGAAAAAAGAGGATAAATACTATAAGT TAGGG AATAAAGGAGGEE TTTGGEGGATAG
AAAAGAAAAAAGAGGATAAATCCTATAATTTAGGG AATAAAGECEGEG TTTGGGGATAA
AAAAAAAAAAAGGGGATAAATCCTTTATTTTAGGEG AATAAGGEEGEGEE TTGGEEGGT TAA
AAAAGAAAAAAGAGGATAAATACTATAATTTAGEG AATAAAGGAGGEG TTTGGGGATAG
AAAAGAAAAAAGAGGATAAATACTATAAGT TAGGGGAATAAAGGAGEEGT TTGEGGATAG
AAAAGAAAAAAGAGGATAAATACTATAAGT TAGGG AATAAAGGAGGEG TTTGEGGATAG
AAAGAAAAAAA- - GGATAACAACTATG GTTAGGG AATAAAAGAGGEG TTTGEGGATAG

* % % * k% kx k% * %k k k% % **x % *kkkkkx kkkxk * kkxk K,k kxk*x **%

AGGGACTTGAACCCTC- CAACTTAATAAAGTC- GACGGA- - - - TTTTTCCTTTTAACTAG
AGGGACTTGAACCCTC- ACACTTA- TAAAGTC- GACGGGGAGGI TTTTCCTTTTAACTAG

AGGGACTTGAACCCTCACAACTTTATAAAGT G- GACGGA- - - - - - TTTTCCTTTTACTA-
AGGGACT- GACCCTTCACAACT T- ATAAAGT - - GACGGA- - - - - - TTTCC- - TTTACTA-
AGGGACTTTAACCCTCCCAACTT- ATAAAGT G- CACGGA- - - - - - TTTTCCTTTTCCTAC
AGGGACTTGAACCCTCACAACT T- ATAAAGTC- GACGGA- - - - - - TTTTCCTTTTACTAG
AGGGACTTGAACCCTCACAACT T- ATAAAGTC- G CGGA- - - - - - TTTTCCTTTTACTAG
AGGGACT TGAACCCTCACGACT T- ATAAAGT CGGACGGA- - - - - - TTTTCCTTTTACTAG

*kkkkkk*k * k% k% *k k% *kkkk* * k% *k*k * * % * k%

AAATTTCATTGITGGTCAG TATT- GACATGTAAGAA- - TGEGACT- CTCTCTTTGGICC
AAATTTCCTTGGT GGTCAGGTATTTGACATGTAAAAA- - TGEGACTTCTCTCTTTG - TC
GAAATTCATTGGIT- GCAG- TATT- GACATGTAGAAT- - - GGGACT- CTCTCTTTG TCC
GAATTTCATGIGT- - - CAG TATT- GACATGTAGAAT- - - GGGACT- CTCTCTTTG TCC
AAAATTCATTGITG TCAG TATT- GACATGTAGAATATGGGEGACT- CTCTCTTTG TCC
AAATTTCATTGITG TCAG - GI'T- GACCTGTAGAAT- - GGGGACT- CTCTCTTTG TCC
AAATTTCATTGITG CCAG TATT- GACATGTAGAAT- - G- - GACT- CTCTCTTTG TCC
AAATTTCATTGITG TCAG TATTTGACATGIAGAAT- - - GGGACT- CTCTCT TTTATCC

*k *kk*k * * * %k **k *k*k*k **kkx%x * *kkkhkk K*hkkhkkkhkkk*

CTCGTCCGGATTAATCCACTTTTTTAAAG- ACCTCAAAAACTTTGAATTGGAAG- GATTT
CTCGTCCGATTTAATCCACTTTTTTAAAG- ACCTCAAAA- CTTTGAATTG AAG- GATTT
- TOGTC- GATTAATCC- ACTTTTTTAAAG- ACCTCAAAAC- TTTGAATTGAAG - GATTT
- TOGTCCGATTAATCCCACTTTTTTAAAG- ACCTCAAAAC- TTTGAATTGAAG - GATTT
- TOGTCCGATTAAATCCACTTTTTTAAAGGACCT CAAAACCTTTGAATTGAAG: - GATTT
CTCGTCCGATTAATCC- CCTTTTTTAAAGACCCT CCAAAACTTTGAAT TGAAGGGGATTT
- TOGTCOGAT- AATCC- ACTTTTTTAAAGACCT- - CAAAACT TTGAATTGAAG - GATTT
- TOGTCOGGATTAACCCACTTTTTAAAAG: ATCTCGAAAACAATGAATTGAAG: - GATTT

*kxkxk K * kkxkkkkhk kxkx * % % *kxkkkkkk * * % k% %
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- GATTAC- AAAATATTCAATTGGAATGGATTCACAATAAAATAATTC- - CAAAAAAAAAT
- GATTAC- AAAATATTCAATTGGAATGGATTCACAATAAAATAATTC- - CAAAAAAAAAT
- GATTAG- AAAATATTCAATTGGAATGGATTCACAATAAAATAATTG- - AAAAAAAAA- T
- GATTAC- AAAATATTCAATTGGAATGGATTCACAATAAAATAATTG- - AAAAAAAAA- T
TGATTAC- AAAATATTCAATTGGAATGGATTCACAATAAAATAATTC- - AAAAAAAAAAT
- GATTCCAAAAATATTCAATTGGAATGGCT TOCCAATAAAAT AATTCCAAAAAAAAAAAT
- GATTG- - AAAATATTCAATTGGAATGGATTCCCAATAAAAT AATTCAAAAAAAAAAAAT
- GATTAC- TCAATATTOGATTGGAATAGATTCACAA: - - - - TAATTG - - - TAAAAAAAT

* k k% kkkhkkkhkkk kkhkkkkkkrkk *x *k* K*x*k *kkk k% *kkkk*x *

TCTGAAT- TTTTGATTTCATAATCATTTCTGT TTAAAATTGCATTCTAAAAA- AGAATAA
TCTGAAT- TTTTGATTTCATAATCATTTCTGI TTAAAATTGCATTCTAAAAA- AGAATAA
TCTGAAT- TTTTGATTTCATAATCATTTCTGT TTAAAATTGCATTCTAAAAA- AGAATAA
TCTGAAT- TTTTGATTTCATAATCATTTCTGI TTAAAATTGCATTCTAAAAA- AGAATAA
TCTGAAT- TTTTGATTTCATAATCATTTCTGT TTAAAATTGCATTCTAAAAA- AGAATAA
TCOGAATCTTTTGATTTCATAATCATTTCTGI TTAAAATTGCATTCTAAAAA- AGAATAA
TCTGAAT- TTTTGATTTCATAATCATTTCTGI TTAAAATTGCATTCTAAAAA- AGAATAA
TATGAAT- TTTCTATTTCATAATCATTCCT- - - - - - AATTTCATTCTAAAAATAAAATAA

* *kxk*x kx*k kkxkkkxkxkkhkkkhkkhkkx **k kkkk khkkhkkdkxkkhkkhkk *k kxkkx*k

AGAACCTATATTATAATATGGGT TCCATGATTAATCGI TTGCTATGCC- AGTATCTATAC
AGAACCTATATTATAATATGGGT TCCATGATTAATCGTTTGCTATGCC- AGTATCTATAC
AGAACCTATATTATAATATGGGT TCCATGATTAATCGI TTGCTATGCC- AGTATCTATAC
AGAACCTATATTATAATATGGGT TCCATGATTAATCGTTTGCTATGCC- AGTATCTATAC
AGAACCTATATTATAATATGGGT TCCATGATTAATCGI TTGCTATGCC- AGTATCTATAC
AGAACCTATATTATAATATGGGT TCCATGATTAATCGT TTGCTATGCCGAGTATCTATAC
AGAACCTATATTATAATATGGGT TCCATGATTAATCGTTTGCTATGCC- AGTATCTATAC
AGAACCTATATT---------mmmmmmm e e o - CCCceeeeeeeeeee- - -------- - T

*kkkhkkkhkkhkkkhkkkhx*k * *

GTGTTTATTAGATGTATAAAGCCCTTCTTTCTCAAATTTAGAA- GGATATACCACTAACA
GTGTTTATTAGATGTATAAAGCCCT TCTTTCTCAAATTTAGAACGGACATTCCACTAACA
GTGTTTATTAGATGTATAAAGCCCT TCTTTCTCAAATTTAGAAGGCATATTCCACTAACA
GTGTTTATTAGATGTATAAAGCCCTTCTTTCTCAAATTTAGAAGGAA- - TTCCACTAACA
GTGTTTATTAGATGTATAAAGCCCTTCTTTCTCAAATTTAGAAGGAA- - TTCCACTAACA
GCGTTTATGAGATGTATAAAGCCCTTCTTTCTCA- - TTTAGACCATA- - TTCCACTAACG
GTGTTTATTAGATGTATAAAGCCCT TCTTTCTCAAATTTAGAAGGAA- - TTCCACTAACA
GTGATTAATAGTTAT- -« = - - - - - B e

* * kk*x **x * % * kk k%

ACGCAAAATA- ATTATCOGAT TCGT TAGAACAGCT TCCATCGAGT CTCTGCACCTATCCT
ACACAAAGTT- ATTATCOGAT TCGT TAGAACAGCT TCCATCGAGT CTCTGCACCTATCCT
ACACAATGTATAT TACCOGAT TCGT TAGAACAGCT TCCATCGAGT CTCTGCACCTATCCT
ACACAATCOGTAAT TACCOGAT TCGT TAGAACAGCT TCCATCGAGT CTCTGCACCTATCCT
ACACAA- OGTAAT TACCCGAT TCGT TAGAACAGCT TCCATCGAGT CTCTGCACCTATCCT
GCGOGGGGTA- ATTACCCGATTCGTTAG - CAGCT TCCATCGAGT CTCTGCACCTATCCT
ACGCAAGGTATAT TACCCGAT TCGT TAGAACAGCT TCCATCGAGT CTCTGCACCTATCCT
------------------ GATTCGT TAGAACAGCTTCCATTGAGT CTCTGCACCTATCCT

*kkkkkkkkxk khkhkkdhkhkhxdk Fhkdkdkhkdkkhkkrhkkxdxdxkkxx
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TTTCCTTTGTATTCTAGITCGAGAA- - CCTCCTTGITTTC- TCAAAAC- ACGGATTTGEC
TTTCCTTTGTATTCTAGITCGAGAA- - CCTCCTTGITTTC- TCAAAAC- ACGGATTTGGEC
TTTCCTTTGTATTCTAGI TCGAGATATCCTCCTTGI TTTCCTCAAAACCACGGATTTGEC
TTTCCTTTGTATTCTAGITCGAGAA- - CCTCCTTGITTTC- TCAAAAC- ACGGATTTGEC
TTTCCTTTGTATTCTAGITCGAGAA- - CCTCCTTGITTTCCTCCAAAACACGGATTTGEC
TTTCCTTTGTATTCTAGITCGAGAA- - CCTCCTTGITTTC- TCAAAAC- ACGGATTTGEC
TTTCCTTTGTATTCTAGTI TCGAGAA- - CCTCCTTGITTTC- TCAAAAC- ACGGATTTGGC
TTTCCTTTGGGTI TCTAGT TTGAGAA- - - CCACTTGI TTTT- TCAAAAAAGGGGATTTGGEC

*kkkkhkkkx%x kkkkkhkkkhk*k *kkx%x * kkkkkkk*k ** * k% *kkkkkkkkx%x

TCAGGATTGCCCTTTTTT- - AAGTCCAGGGTTTCTC- ATTTTTGGAAGT TACC- ACTTAG
TCAGGATTGCCCTTTTTT- - AGTTCCAGGGT TTCTCTGAATTTGGAAGT TACC- ACTTAG
TCAGGATTGCCCTTTTTTTAGATTCCAGEGT TTCTCTGAATTTGGAAGT TACC- ACTTAG
TCAGGATTGCCCTTTTTT- - AATTCCAGGGT TTCTCTGAATTTGGAAGT TACC- ACTTAG
TCAGGATTGCCCTTTTTTAAGT TGCCAGGGT TTCTCTAGTATTGGAAGTI TACCCACTTAG
TCAGGATTGCCCTTTCTTTAGI TCCAGGCGT TTCTCAAGT TATAAAAGT T- CC- ACTTAG
TCAGGATTGCCCTTT- TTTAATTCCAGG- GTTTCTCTAGT TATGGAAGT TACC- ACTTAG
TCAGGATTGCCCATTCCT- - CGTTCCAGGGT TTCTCAAAATTTGGAAGT TACC- ACTTAG

kkxkkkkkhkkkhkkhkkx *% * * * K*kkkkkx * *kkkkk *k *kkkx*k

CAGGI TTGCCATCACCA- -
CAGGTTTGCCAT- ACCA- -
CAGGITTACCATCACCAGA
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L. p. 2419Rosc - - - NNCNAAANGACCTCOONCGAACT TT- CTTTTTTTCTTG TTGANTAATGCG: - - - AA
L.m N e TCOOCCGAATTTTTCTTTTTTTCTTGGT TACCTAATGOC: - - - AA
FEAF e NGAGGATTCONG- CGAATTTTTCTTTTTTTCTTG TTNAATAATGCC- - - - AA
F. A Dovey ------ AAAAAGGATTCCCGOGAATTTTTCTTTTTTTCTTG TTGAATAATGCG: - - - AA
L. p. Magician —  ----eeeoooe- GANTCCC- CGAATTTTTCTTTTTTTCTTG TTGAATAATGCG: - - - AA
LmM e AGGGGGGACCGTCGAATTTTTCTTTTTTTCT TG TTGAATAATGCC: - - - AA
L. p. 2483Mex  ------ TAAAAAGANACGTCGCAATTTTTCTTTTTTTCTTG TTGAATAATGCCTGTCAA
Fopo W s AAAAGGGACCOGTCGAATTTTGOGT TTTTTCTTG TTGAATAATGCG: - - - AA
Sacchar um CTAAAAAAAAGECAATTTGTOGAATTTT- - TTTTTTTCTTG: TTGAATAATGLG - - - AA
*k Kk *k kkhkkkkhkkhkkkkk k% *kkkkkk
L. p. 2419Rosc ATCAAA- TCAAAAAAATATCCAAAAAT ACAAAAGNTAAAGAGAAAATGAATTAG- TTAAT
L. m N ATCAAA- TCAAAAAAATATCCAAAAATACAAAAGATAAAGAGAAAATGAATTAG- TTAAT
F. A F ATCAAA- TCAAAAAAATATCCAAAAATACAAAAG: TAAAGAGAAAATGAATTAGATTAAT
F. A Dovey ATCAAA- TCAAAAAAATATCCAAAAATACAAAAG: TAAAGAGAAAATGAATTAG: TTAAT
L. p. Magician ATCAAA- TCAAAAAA- TATCCAAAAATACAAAAG- TAAAGAGAAAATGAATTAG- TTAAT
L. m M ATCAAACTCAAAAAAATATCCAAAAATACAAAAG- TAAAGAGAAAATGAATTAG- TTAAT
L. p. 2483Vex ATCCAATGCAAAAAAATATCCAAAAATACAAAAG: TAAAGAGAAAATGAATTAG: TTAAT
F.op. W ATCAAA- TCAAAAAAATATCCAAAAATACAAAAG: TAAAGAGAAAATGAATTAG: TTAAT
Sacchar um ATCAAA: - - - - AAAAATATCCAAAAAT CCAAAAGT CAAAAGGGAAATGAATTAT- TTAAT
* kK kK *hhkk Fhkxkhkdkhkxkdkhkxk Frxhkkhkx * k ok L * ok ok kK
L. p. 2419Rosc TCAATAAGAGAGAAAAGGEGECCAGGACT TTATT- TOGT TGCCCAAGCGAATCCCATTCA
L. m N TCAATAAGAGAGAAAAGGEGEOCAGGACT TTATT- TOGT TGCOCAAGCGAATCCCATTCA
F. A F TCAATAAGAGAGAAAAGGEGEOCAGGACT TTATT- TOGT TGCOCAAGOGAATCCCATTCA
F. A Dovey TCAATAAGAGAGAAAAGGEGEOCAGGACT TTATT- TOGT TGCOCAAGCGAATCCCATTCA
L. p. Magician TCAATAAGAGAGAAAAGGEGECCAGGACT TTATTATCGT TGCCCAAGCGAATCCCATTCA
L.m M TCAATAAGAGAGAAAAGGEGECCAGGACT TTATT- TOGT TGCCCAAGCGAATCCCATTCA
L. p. 2483Vex TCAATAAGAGAGAAAAGGEGEOCAGGACT TTATT- TOGT TGCOCAAGOGAATCCCATTCA
F.op. W TCAATAAGAGAGAAAAGGEGEOCAGGACT TTATT- TOGT TGCOCAAGCGAATCCCATTCA
Sacchar um TCAATAAAAAAGAAAAGGGGACT CBCACT TGATT- TOGT TGCCCAAGCGAATCCCATTCA
*kkhkkhkkkkhkk * *kkkkkkkhkkhkkk X * kkkk kkk khkkhkkkhkkhkhkkkhkkhkhkhkkhkhkhkhkkhkhkhkkhkhkhkkk
L. p. 2419Rosc ATCGTTTACTCATGGAATGAGTCOGT TGGAAA: - ATTCAAT- - - CAATGTTTTTTTCCTA
L. m N ATCGTTTACTCATGGAATGAGTCCGT TGGAAA: - ATTCAAT- - - CAATGTTTTTTTCCTA
F.AF ATCGTTTACTCATGGAATGAGT COGT TGGAAATCATTCAAT- - - OG- TGTTTTTTTCCTA
F. A Dovey ATCGTTTACTCATGGAATGAGT COGT TGGAAATCATTCAAT- - - OG- TGTTTTTTTCCTA
L. p. Magician ATCGTTTACTCATGGAATGAGT COGT TGGAAA: - ATTCAAT- - - CA- AGTTTTTTTCCTA
L.m M ATCGTTTACTCATGGAATGAGT COGT TGGAAA: - ATTCAGGGEGGCAATGTTTTTTTCCTA
L. p. 2483Vex ATCGT TTACTCATGGAATGAGT CCGT TGGAAA: - AGT TGGGEG- CAATGTTTTTTTCCTA
F.op. W ATOGTTTACTCATGGAATGAGTCOGT TGGAAA: - ATTCAAT- - - CAATGTTTTTTTCCTA
Sacchar um ATTGTTTACTTATGGAATGAGTCOGT TGGAAA- - GTTCAAT- - - CAAT- TTTTTTTCATA
Kk kkkhkkhkkkhkk kkhkkhkkkkhkkhkhkhkkhkkhkhkkhkkhkhkhkkhkkhkkkk *kkhkkkkkkk K%k
L. p. 2419Rosc TACTATA- AATTTTGC- - - CTTTTG- - TGGAAGATCTGTGOCTACTCTACTTTCCTATCT
L. m N TACTATACAATTTTGCACACTTTTGOCT GGAAGATCTGTGOCTACTCTACTTTCCTATCT
F. A F TACTATA- CATTTTGC- - - CTTTTG - TGGAAGATCTGTGCCTACTCTACTTTCCTATCT
F. A Dovey TACTATA- CATTTTGC- - - CTTTTG - TGGAAGATCTGTGOCTACTCTACTTTCCTATCT
L. p. Magician TACTATA- AATTTTGC- - - CTTTTG - TGGAAGATCTGTGCCTACTCTACTTTCCTATCT
L.m M TACTATA- CATTTTGC- - - CTTTTG - TGGAAGATCTGTGOCTACTCTACTTTCCTATCT
L. p. 2483Vex TACTATA- AATTTTGC- - - CTTTTG - TGGAAGATCTGTGCCTACTCTACTTTCCTATCT
F.op. W TACTATA- CATTTTGC- - - CTTTTG - TGGAAGATCTGTGCCTACTCTACTTTCCTATCT
Sacchar um TA------ AATTTCGG - - CTTTTG - TGAAGGATCTGTGOCTACTCTACT TTCCTATCT
*kkx kk * k ok ok kk dkhk ok kxkhkdhkxkhkAkxhkhkAkrhkdkAkrhkd Ak rd A rohkkkx
L. p. 2419Rosc AGGACT TCGATATACAAAATATATACT ACTGT GAAGCATAGATTGCTGT CAACAGAGAAT
L. m N AGGACT TCGATATACAAAATATATACT ACTGT GAAGCATAGATTGCTGT CAACAGAGAAT
F. A F AGGACT TCGATATACAAAATATATACT ACT GTGAAGCAT AGATTGCTGT CAACAGAGAAT
F. A Dovey AGGACT TCGATATACAAAATATATACT ACT GTGAAGCATAGATTGCTGT CAACAGAGAAT
L. p. Magician AGGACT TCGATATACAAAATATATACT ACT GT GAAGCATAGATTGCTGT CAACAGAGAAT
L.m M AGGACT TCGATATACAAAATATATACT ACTGT GAAGCATAGATTGCTGT CAACAGAGAAT
L. p. 2483Vex AGGACT TCGATATACAAAATATATACT ACT GTGAAGCAT AGATTGCTGT CAACAGAGAAT
F.op. W AGGACT TCGATATACAAAATATATACT ACT GTGAAGCATAGATTGCTGT CAACAGAGAAT
Sacchar um AGGACT TCGATATACAAAATATATACTACTGTGAAGCATA- ATTGCTGT CAACAGAGAAT

EE e R R R
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L. p. 2419Rosc TTTCTTAGTATTTAGITAGG TATTTGCACTCAAAATAAGAAAGGAGCCTATTAATAACT
L. m N TTTCTTAGTATTTAGITAGG TATTTGCACTCAAAATAAGAAAGGAGCCTATTAATAACT
F. A F TTTCTTAGTATTTAGITAGG TATTTACACTCAAAATAAGAAAGGAGCCTATTAATAACT
F. A Dovey TTTCTTAGTATTTAGITAGG TATTTACACTCAAAATAAGAAAGGAGCCTATTAATAACT
L. p. Magician TTTCTTAGTATTTAGITAGG TATTTGCACTCAAAATAAGAAAGGAGCCTATTAATAACT
L. m M TTTCTTAGTATTTAGI TAGGGTATTTGCACTCAAAATAAGAAAGGAGCCTATTAATAACT
L. p. 2483wex TTTCTTAGTATTTAGITAGG TATTTGCACTCAAAATAAGAAAGGAGCCTATTAATAACT
F. p. W TTTCTTAGTATTTAGITAGG TATTTGCACTCAAAATAAGAAAGGAGCCTATTAATAACT
Saccharum TTTCTTAGTATTTAG - - - G TATTTAGATTCAAAATATCAAAGGGGCCTATTAAGAACT
EE R * * k Kk kK * *kkkkkk*k * k Kk k% kkkkkkkk*k * k k%
L. p. 2419Rosc T--eemm - GTAAAATAAGAATTAGGAATTGATTTGGGT TGCGCTATATCTATCAAAGAG
L. m N T-------- GTAAAATAAGAATTAGGAATTGATTTGGGT TGCGCTATATCTATCAAAGAG
F. A F T-------- GTAAAATAAGAATTAGGAATTGATTTGGGT TGCGCTATATCTATCAAAGAG
F. A Dovey T--eemm - GTAAAATAAGAATTAGGAATTGATTTGGGT TGCGCTATATCTATCAAAGAG
L. p. Magician T--eemm - GTAAAATAAGAATTAGGAATTGATTTGGGT TGCGCTATATCTATCAAAGAG
L. m M T-------- GTAAAATAAGAATTAGGAATTGATTTGGGT TGCGCTATATCTATCAAAGAG
L. p. 2483Wex T-------- GTAAAATAAGAATTAGGAATTGATTTGGGT TGCGCTATATCTATCAA- GAG
F. p. W T--eemm - GTAAAATAAGAATTAGGAATTGATTTGGGT TGCGCTATATCTATCAA- GAG
Saccharum TTTAAAATTGT AAAATAAAGAT TAGGGAT TGGT TTGGGT TGCGCTATATCTATCAAAGAG
*kkkkkkk*k Kk kk k% * k k% ER R R I I * % *
L. p. 2419Rosc TATACAATAATGAAGGATTTGGTAAATCAAATCCACGGT TTAATAATGAACCGTGT TAAC
L. m N TATACAATAATGAAGGATTTGGTAAATCAAATCCACGGT TTAATAATGAACCGTGT TAAC
F. A F TATACAATAATGAAGGATTTGGTAAATCAAATCCATGGT TTAATAATGAACCGTGT TAAC
F. A Dovey TATACAATAATGAAGGATTTGGTAAATCAAATCCATGGT TTAATAATGAACCGTGT TAAC
L. p. Magician TATACAATAATGAAGGATTTGGTAAATCAAATCCACGGT TTAATAATGAACCGTGT TAAC
L. m M TATACAATAATGAAGGATTTGGTAAATCAAATCCACGGT TTAATAATGAACCGTGT TAAC
L. p. 2483wex TATACAATAATGAAGGATTTGGTAAATCAAATCCACGGT TTA- TAATGAACCGTGTTAAC
F. p. W TATACAATAATGAAGGATTTGGTAAATCAAATCCATGGTI TTAATAATGAACCGGGT TA- C
Saccharum TATC - ATAATGATGGATTTGGTGAATCAAATCC- CGGITTA- - - - TACACCGIGITA- C
* % % * k ok ok kk ok kkhkkkkkkkk Kk kkkkkkkkk * k ok k ok k * * % k% * % k% *
L. p. 2419Rosc TTACCATAACAACAACTCAATTCCTATTGAATTCCT- - ATAACGGAAYNCCTGTAGGATA
L. m N TTACCATAACAACAACTCAATTCCTATTGAATTCCT- - ATAACGGAATTCCTGTAGGATA
F. A F TTACCATAACAACAACTCAATTCCTATTGAAT TCCTATGAATCGGAATTCCTGTAGGATA
F. A Dovey TTACCATAACAACAACTCAATTCCTATTGAATCTCCTGATAACGGAATCCC- GTAGGATA
L. p. Magician TTACCATAACAACAACTCAATTCCTATTGAATTCCT- - ATAACGGAATTCCTGTAGGATA
L. m M TTACC- TAACAACAACTCAATTCCTATTGA- - - === === mmmmmmmmmmmmm e e oo e o o
L. p. 2483Wex TTACCATAGC- - ACCACTCA- TTCCTATTGAAT T- == - = - - s e e o e oo oo
F. p. W TTAC- ATACCA- - CACTCAATTCCTAT- - GATCTATACGATCTG - -----=---------
Sacchar um TTTCCATAC- - ACCACCCAATTCC- ATCAATCTCCTACATTCCTAATAA- - - ATTCCATG
* % * * % * % * % * k k% * %
L. p. 2419Rosc GAAGATACACAGAGTGTACACAGTATATATGATATGAAACATCTTCATTAA- CTTAAGTA
L. m N GAAGATACACAGAGT GTACACAGTATATATGA- ATGAAACATCTTCATTAATCTTAAGTA
F. A F GAAGATACACAGAGT GTACACAGTATATATGA- ATGAAACATCTTCATTAA- CTTAAGTA
F. A. Dovey GAAGATACACAGAGTGTACACAGTATATATGA- ATGAAACATCTTCATTAA- CTTAAGTA
L. p. Magician GAAGATACACAGAGTGTACACAGTATATATGA- ATGAAACATCTTCATTAA- CTTAAGTA
| 1 T e R
L. P. 2483WEX s e e e e e e oo oo
F. P W oo
Saccharum GAAACTCCCCBEEEGETCG = = = == === s m s o e o oo oo oo oo
L. p. 2419Rosc TGCCCTCAATTTTCTTTAATGAGT TGATATTATATTAATTGAATATCCCTTTTTGITTTA
L. m N TGCCCTCAATTTTCTTTAATGAGT TGATATTATATTAATTGAATATCC- TTTTTGITTTA
F. A F TGCCCTCAATTTTCTTTAATGAGT TGATATTATATTAATTGAATATCC- TTTTTGITTTA
F. A Dovey TGCCCTCAATTTTCTTTAATGAGT TGATATTATATTAATTGAATATCC- TTTTTGITTTA
L. p. Magician TGCCCTCAATTTTCTTTAATGAGT TGATATTATATTAATTGAATATCC- TTTTTGITTTA
| 1 1 T e e T
L. P. 2483WX oo oo
F. P W oo
Sacchar Um s e e e e e e e e eoeaaooo-
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. p.2419Rosc:
. Mm.N:
.AF:

. A.Dovey
. p- Magician:
. m.M:
. p.2483Wex:
.p.W:
. p. B:

Saccharum

CG AGATTTTTGCTAAAGT TGGA- - TTTACGCCTAATTCACATCGAGTAGCACCCTGITA
CG AGATTTTTGCTAAAGTI TGGG - TTTACGCCTAATTCA- ANNAAGTAG- ACCCTGITA
CGGAGATTTTTGCTAAAGT TGGA- - TTTACTCCTAATTCACANNGAGTAG- ACCCTGITA
CG AGATTTTTGCTAAAGI TGGA- - TTTACTCCTAATTCACATCGAGTAG- ACCCTGITA
CG AGATTTTTGCTAAAGT TGGGATTTTACGCCTAATTCACATCGAGTAG- ACCCTGITA

TTGIG AGAGGCT TANTNCAAGNNTNGNGGGEGEGEE- -
TTGIG AGAGG TTAATCCA- - --------------

TTGIG AGAAGGT TANTCAAGGT TNGNGGGEGEGEE- - -
TTGIGGAGANTGI TNCNTCCAGNT TTTAGGGEGEGEGENC

Lolium perenndRL-OP-02419 Roscommon
Lolium multiflorumcv ‘Nivak’

Festuca arundinaceev ‘Festorina’

Festuca arundinacea cDbvey’

Lolium perenne cWWlagician’

Lolium multiflorumcyv ‘Multimo’

Lolium perenndRL-OP-02483 Wexford
Festuca pratensis cwendelmold’

Festuca pratensis cBarpresto’
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8.6 Euclidean distances between populations fophmlogical data. Accession codes given in Appeidlx

V3 128 V14 11 15 117 v7 113 17 V4 16 110 V15 121 1 123 119 V8 112 V11 120 111 114
V3 0
28 5.67 0.00
V14 4.38 5.98 0.00
11 6.0¢ 3.2¢ 5.8¢ 0.0C
15 562 276 5.73 3.46 0.00
117 6.88 4.14 5.60 3.73 3.60 0.00
V7 568 396 6.44 568 515 7.06 0.00
13 6.15 4.72 6.40 497 3.67 3.66 7.17 0.00
17 598 4.01 4.86 387 351 276 641 3.84 0.00
V4 527 292 6.12 450 348 6.06 2.89 553 4.94 0.00
16 512 445 373 432 389 353 588 483 219 5.0000
110 494 432 518 447 410 492 6.56 5.36 3.17 4.989 30.00
Vi5 3.64 3.70 431 4.09 321 523 4.08 513 456 3.27434.16 0.00
21 6.75 3.40 530 2.79 334 255 6.24 463 215 4.8D633.86 4.64 0.00
130 5.1€ 4.5¢ 4.7C 3.5C 3.5C 3.8t 6.7¢ 3.04 3.4c 4.94 4.0¢ 43¢ 3.9t 3.71 0.0C
23 599 339 6.69 288 398 543 556 5.09 451 35385447 4.66 4.02 3.89 0.00
119 6.18 1.83 6.37 294 345 482 363 514 464 27D65531 4.00 3.79 462 2.88 0.00
V8 350 4.06 4.62 529 532 6.42 393 6.36 6.00 43B05553 391 6.00 547 5.18 4.32 0.00
112 575 477 593 402 332 347 7.67 3.13 3.73 5.8%744.25 502 4.07 266 455 544 6.30 0.00
V11 299 4.66 3.08 4.63 4.32 5.09 560 4.43 424 44313449 328 483 284 4.63 490 3.62 4.21 0.00
20 6.5¢ 3.47 5.6( 4.11 458 3.3¢ 6.01 3.9¢ 3.7¢ 5.1€ 4.64 554 53t 3.4/ 408 45/ 3.61 49¢ 49z 4.5t 0.0C
11 7.18 455 5.65 4.79 4.67 242 7.74 454 325 6.7D24454 592 3.05 464 593 554 644 431 5.54%53.0.00
114 6.19 3.23 584 438 426 3.76 559 356 4.02 46884571 521 399 411 439 347 473 472 42451423 0.00
V10 4.48 430 3.95 492 507 538 434 524 422 39904530 4.14 475 443 476 4.15 3.62 592 2863583 3.51
14 6.16 3.61 5.38 3.89 380 3.08 579 3.22 291 4.6Z33517 492 3.06 348 4.15 3.65 532 4.16 3.9D72393 1.85
12 9.02 692 7.47 6.52 697 6.47 939 844 6.36 7.95766.64 7.83 547 712 7.17 7.66 8.66 6.70 7.48357.6.53 7.42
13 6.09 466 478 3.09 385 3.00 7.18 390 2.88 574M034.14 4.62 258 220 425 476 6.00 3.06 3.9893.351 4.45
V6 558 5.09 328 580 528 429 6.68 505 4.18 6.269 3512 4.83 452 463 6.62 582 494 555 4.0B33353 4.34
22 725 445 6.25 379 370 196 7.72 4.08 3.60 6.5@344.73 538 290 401 546 519 686 3.34 5.6&64.241 4.78
V9 458 3.76 3.67 350 3.86 458 442 522 414 4.1%73456 3.00 4.00 3.73 4.46 358 347 5.05 3.32045.07 4.52
115 6.43 275 6.15 2.73 298 293 577 314 333 43314492 470 274 321 314 270 535 355 45382387 2.36
27 533 450 449 324 426 420 6.03 558 332 53372333 397 343 406 4.68 4.70 528 4.68 4.4®354.57 5.59
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V3

28 V14

11

15

117 V7

113

17

V4

16 110

V15

121

130

123

119 V8

112

V11

20 111

114

V12
124
ml5
118
V13
ml8
125
V16
u20
ml6
V2
032
V5
A5
mlS
126
18
V1

5.02
6.82
5.95
6.48
5.50
4.66
5.96
3.33
6.88
7.4
411
5.23
4.78
6.07
5.14
5.60
5.36
5.32

4.50
4.30
4.21
4.98
3.75
4.40
4.47
2.84
4.55
6.2¢

3.06
3.50
3.60
2.86
5.4¢

3.37
3.64
4.04

5.39
5.75
5.67
5.48
6.06
4.64
5.28
4.12
5.73
7.3¢
4.32
5.95
4.22
6.85
4.5¢
4.57
4.87

4.16
3.10
4.45
3.06
5.01
3.79
3.15
3.97
3.13
7.2¢

3.26
3.60
291
4.01
3.72
3.80
3.65
3.59
4.36
5.1¢

4.41
2.33
3.93
3.20
5.49
4.75
2.99
4.86
3.45
5.7¢

6.53
6.77
6.09
7.41
4.20
5.66
6.84
4.00
7.03

9.0C 4.4:

3.03
3.93
2.75
3.66
4.01
4.66
3.43
5.02
5.07

5.2¢

3.12
2.60
3.52
2.99
4.58
2.63
2.00
4.12
2.69

7.14 5.92

4.340 43.89
5.381 34.89
4.1@5 45.18
5.790 34.61
2.539 45.72
4.037 22.81
5.283 33.81
3.463 33.47
5.847 33.85
5.1¢

3.76 3.39 3.88 4.89 391 2.64 3.90722.96
420 4.32 573 485 595 3.92 34874298
495 458 4.68 4.62 4.98 340 4.183734.18
411 3.85 582 410 520 4.70 2.38854.75

5.0¢

4.5t

5.3C 6.3

5.0¢

3.06 4.7¢ 3.3¢

3.9¢

422 322 3.17 533 4.27 328 4.6b724.33
282 321 3.31 555 3.74 254 4.02034.28

644 564 360 545 455 5.68 4.87 4.1817 44.99

4.21
4.91
4.05
4.95
4.02
3.50
4.67
2.47
5.37
6.52
3.37
4.44
4.27
4.31
4.5¢
3.55
3.68
4.22

4.08
2.19
3.97
2.97
5.00
3.62
2.65
4.24
2.30
5.9¢

4.4=

2.12
3.43
2.87
2.05
4.25
3.28
2.52
4.20
4.01

3.8¢ 4.8:

3.66
4.53
4.62
4.18
4.15
3.74
3.93
414
4.21
5.4¢ 7.01

4.79
4.44
4.44
4.88
3.46
4.53
4.58
3.54
4.64

5.76
6.68
6.12
6.59
4.92
5.35
6.16
2.42
6.42

2.72
3.72
3.78
3.12
5.42
4.31
3.05
4.79
4.28

3.161 4.5.27
4.8B7 3.3.98
3.8828 4.5.22
4.347 4.4.24
3.9814.6.40
3.5@2 5.5.32
4.1®3 3.3.90
3.0@29 4.4.88
5.287 4.3.65

7.3 7.8¢ 4.8¢ 6.3¢ 6.3¢ 4.9C
3.48 350 3.92 3.71 3.78 4.06 3.140 3.3.99
427 5.08 3.22 3.89 4.70 540 4.72155.78
405 477 486 4.15 3.75 5.55 3.660 3.4.46
458 4.86 2.71 235 4.79 572 5.14674.6.16

5.6z 6.07

4.7t

3.65

5.6¢ 6.0z

3.05 423 525 412 495 4.63 4.269 3.3.39
283 264 3.66 3.69 538 3.71 3.40034.72
547 6.11 592 5.06 553 558 5.4286.641

431
4.03
3.74
4.60
3.47
5.08
4.23
4.20
5.00
6.3¢
3.55
5.17
3.42
4.41
5.51
3.90
3.55
5.62
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Vio 14 12 I3 V6 122 V9 115 127 V12 124 w15 118 Vi3 wml8 125 V16 w20 wml6 V2 32 V5
V10 0.00
14 3.33 0.00
12 7.93 7.09 0.00
13 494 3.36 6.69 0.00
V6 421 424 7.60 4.36 0.00
22 6.46 421 6.66 2.87 4.81 0.00
V9 352 416 8.10 3.69 4.18 4.98 0.00
115 4.44 2,00 7.07 3.09 5.04 3.38 399 0.00
127 4.8t 4.77 7.60C 3.1& 494 431 2.6¢ 4.4t 0.0C
V12 440 359 7.15 347 547 4.87 452 357 455 0.00
24 491 272 6.02 272 515 3.18 473 282 425 3.7®00
ml5 444 318 7.11 4.05 512 4.66 4.83 3.35 544 2522 30.00
18 5.15 346 7.06 136 520 3.35 4.18 3.09 356 3.13823.71 0.00
V13 3.31 3.37 851 534 56€ 6.2¢ 45z 3.7¢ 5.8 3.61 4.8z 2.87 5.21 0.0C
ml8 3.83 407 7.40 345 520 516 353 421 281 2.7B03399 341 422 0.00
25 458 290 7.08 1.74 491 3.42 396 287 3.07 27822364 145 473 257 0.00
V16 3.42 419 7.60 438 4.02 507 261 4.09 357 43915479 503 419 354 439 0.00
m20 5.33 386 6.98 234 528 3.46 4.02 347 254 44253523 270 592 340 212 4.64 0.00
ml6 754 6.06 866 562 561 510 7.08 590 6.92 52396547 6.09 6.60 6.18 5.69 6.14 6.40 0.00
V2 3.1€ 3.1€ 7.6¢ 3.5z 3.7¢ 4.4C 2.7% 331 2.9¢ 3.3t 411 4.1: 3.9t 3.87 256 2.9¢ 1.9¢ 3.4¢ 54& 0.0C
e32 438 4.83 7.46 5.09 6.13 6.04 419 455 3.83 42855549 531 471 297 437 331 419 6.88 2.9000.
V5 234 317 7.66 4.64 338 553 359 414 430 45984481 520 396 3.73 425 2.67 452 6.24 2.1633.0.00
A5 450 441 865 526 637 6.01 410 3.64 485 44415481 528 335 397 472 375 485 681 3.5B224.21
ml9 396 439 7.42 429 561 6.12 445 506 411 272454413 414 446 198 3.36 4.66 4.44 6.65 3.596 3.4.22
126 431 326 7.06 3.61 3.11 3.44 3.65 354 4.07 4.76034.00 4.37 451 422 382 312 411 525 3.04153.18
18 351 271 635 3.15 489 4.28 3.77 288 3.82 26172242 275 353 277 249 4.00 3.80 6.55 3.2@28 4.4.02
V1 542 533 8.07 642 642 6.16 535 539 557 51b254.96 6.60 4.67 491 567 4.17 6.29 6.91 4.26544.73
AS  mlS9 126 18 V1
A5 0.00
=19 5.12 0.00
26 4.92 5.11 0.00
18 4.37 3.30 3.77 0.00
V1l 521 519 454 4.81 0.00
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8.7 Transformation of characters in Chapter 3

Square root transformation:

Data from the remaining non-normally distributecuccters (spikelets per spike, date of
ear emergence, spring growth, and summer growthg wansformed using a square root
transformation. Histograms with fitted normal distitions were constructed (Figure 1).
None of the characters had a typically normal idistion, and were either skewed to the
left (square root transformed spikelets per spik@é square root transformed date of ear
emergence) or had too few values in the tails efdistribution (square root transformed
spring growth and square root transformed summewtty). Probability plots were
constructed for each character using the Kolmog&mirnov test statistic (Figure 2).
None of the plots followed a straight line. The mmrmality of the transformed

characters was confirmed by the Kolmogorov-Smirest statistic (Table 1).

A & B |
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5 L 200
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e
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=1 C i D I
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100 H_E—
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| i ~—] o= 3 — ]
2.0 25 20 315

0.0 os 1.0 15 105 1.40 175 2.10 245 280

Figure 1 Histograms with fitted normal distribution curves fthe data of square root
transformed characters: A: spikelets per spike,d8te of ear emergence, C: spring
growth, D: summer growth. Y-axis: frequency. X-axisg transformed character of
interest.
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Figure 2 Probability plots using the Kolmogorov-Smirnov tést the following square
root transformed data of characters: A: spikeletsgpike, B: date of ear emergence, C:

spring growth, D: summer growth. Y-axis: percenta§@xis: character of interest.

Table 1 Kolmogorov-Smirnov statistics and p-values for esghare root transformed

character

Character Kolmogorov-Smirnov  p-value
statistic

Spikelets per spike* 0.035 <0.010

Date of ear emergence* 0.048 <0.010

Spring growth* 0.022 <0.010

Summer growth* 0.044 <0.010

*Non-normal characters

Reciprocal transformation:

Data from the remaining non-normal characters @ptk per spike, date of ear

emergence, spring growth, and summer growth) wasstormed using a reciprocal

transformation. Histograms with fitted normal distitions were constructed (Figure 3).
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None of the histograms followed a typical normaitdbution, and were either skewed to
the right (reciprocal transformed spikelets pekspmnd reciprocal transformed date of
ear emergence) or had too few values in the tafilghe distribution (reciprocal
transformed spring growth and reciprocal transfarmemmer growth). Probability plots
were constructed for each character using the Kgbrav-Smirnov test statistic (Figure
4). None of the normality plots followed a straigiie. The non-normality of the
reciprocal transformed characters was confirmedth®y Kolmorgorov-Smirnov test
statistic (Table 2).
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Figure 3 Histograms with fitted normal distribution curvesr fthe data of reciprocal
transformed characters: A: spikelets per spike,d8te of ear emergence, C: spring
growth, D: summer growth. Y-axis: frequency. X-axisg transformed character of

interest.
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Figure 4 Probability plots using the Kolmogorov-Smirnov tefstr the following
characters: A: Reciprocal transformed spikeletsspéee, B: Reciprocal transformed date
of ear emergence, C: Reciprocal transformed sgymogvth, D: Reciprocal transformed

summer growth. Y-axis: Percentage. X-axis: charautenterest.

Table 2Kolmogorov-Smirnov statistics and p-values for esstiprocal transformed

character

Character Kolmogorov-Smirnov  p-value
statistic

Spikelets per spike* 0.096 <0.010

Date of ear emergence* 0.086 <0.010

Spring growth* 0.178 <0.010

Summer growth* 0.188 <0.010

*Non-normal characters

Natural log transformation:

Data from the remaining non-normally distributecuccters (spikelets per spike, date of

ear emergence, spring growth, and summer growtk)traasformed using a natural log

338



transformation. Histograms with fitted normal distitions were constructed (Figure 5).
None of the histograms followed a typical normatdbution, and were either skewed to
the left (natural log transformed spikelets pekspand natural log transformed date of
ear emergence) or had too few values in the tdilshe distribution (natural log
transformed spring growth and natural log transgdnsummer growth). Probability
plots were constructed for each character usingKiblenogorov-Smirnov test statistic
(Figure 6). None of the normality plots followedtaaight line. The non-normality of the
natural log transformed characters was confirmedth®y Kolmorgorov-Smirnov test
statistic (Table 3).
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Figure 5 Histograms with fitted normal distribution curvesr fthe data of natural log
transformed characters: A: spikelets per spike,d8te of ear emergence, C: spring
growth, D: summer growth. Y-axis: frequency. X-axisg transformed character of

interest.
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Figure 6 Probability plots using the Kolmogorov-Smirnov tést the data of natural log

transformed characters: A: spikelets per spike,d8te of ear emergence, C: spring

growth, D: summer growth. Y-axis: percentage. Xsagharacter of interest.

Table 3 Kolmogorov-Smirnov statistics and p-values for eaeltural log transformed

character

Character Kolmogorov-Smirnov  p-value
statistic

Spikelets per spike* 0.051 <0.010

Date of ear emergence* 0.053 <0.010

Spring growth* 0.053 <0.010

Summer growth* 0.069 <0.010

*Non-normal characters
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8.8 Raw data, chapter 4. Values for dry matter, frustofucose, WSC, and crude
protein. *missing data

Dry Matter Fructose Glucose
“ 1 2 3 4 5 1 2 3 a4 5 1 2 3 4 5
va I8 2L 25 20 AT 667 669 s8a T o522 29 4P oase fD 1D
18 2L 25 09 22 g1 459 658 Y7 798 32 32 08 20 42
(2 2h 26 2017 766 783 513 2 s Y 47 266 2P 33
1. 2L 26 22 18 g g5 135 53 ggp 35 50 oo 36 45
2 20 25 25 2L 16 goq g 108 26 4o5 15 54 o, 24 24
19 24 26 22 10 348 747 914 %7 a9 MO 42 3ee 0 1P
19028 % 2 1T 6as 686 995 O as2 20 ‘T sm 2L 27
20 2326 51 1> 547 816 499 9 528 25 7 243 33 23
hoar 22 1T 1% 738 301 eo07 %) as0 %9 %7 347 3% 20
o Pl a5 70a 360 %0 ) ear 37 22 516 22 2
6 20 22 I 15 763 672 480 Oy 647 25 53 300 33 23
18 2L 22 17 16 g5 gy 108 65 g4 42 22 5, 38 35
20 2% 20 2% 3T 704 437 610 °7 700 %Y % a0 3 5O
20, 20 2. 2 16 g4 g5 132 54 5,0 37 48 g4, 35 22
gl 25 20 24 15 702 754 678 °p 659 25 47 3s7 ¢ 18
9 2 24 2019 63y 353 924 77 862 %) 21 se0 MO 22
5 21 27 29 22 18 95 287 416 O se1 2y 22 1g7 37 30
19. 55 28 2. 16 475 g7 1S 77 555 30 66 45 58 32
20. 27. 28 22 15 123 107 559 54 g5 35 65 g 38 18
20 28 28 215 g7 247 736 4D 596 2) 2D 330 31 24
7 22 28 28 25 16 148 g5, 130 52 oo 47 29 oo 33 22
2.2 20 26 45 114 ggu 4y 53 gy 39 58,0 43 22
ol. 26 28 20 45 962 451 526 7, 700 > 30 333 5 32
2L 26. 28 26 17 goy g5 117 45 gy 32 24 g 37 31
vi U 25 18715101 gop ILL 44 gi; 42 59 go 29 28
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17. 22 25 18 16 g5 555 135 48 49 37 26 g 34 19
;7 Zb 24 1815 oo o 135 38 g 31 52 oy 30 37
6. 22,5 18 16 oo gpg 100 44 5 38 50 o 33 41
s 22 20 B 2 1o 108 o0 ILT 38 oop 38 57 .o 20 28
2L 26 2. 2. g, 105 gy, gp5 26 g4 35 61 g 20 35
2 5 0. 2 18 g5 gy 168 33 5 32 60 gp5 29 45
21 25 2. 20 18 120 40, 145 48 gog 45 31 g 28 42
7 3L 26 2120 18 76 746 811 %3 796 O 4 205 20 49
2125 28 24 11 gy g 120 59 gog 35 53 5 38 49
22 > B 1% 4ee 782 919 1 752 2 D eus 32 47
19023 % 25 1% 627 652 947 °1 706 %5 Yo 405 37 28
va 20 2 2210 g 50,109 31 g0y 22 50 4, 28 49
1928 24 20 M ga0 517 774 23 es0 3% 4% 4se 21 40
& 22 19 0T 315 345 672 YL 683 Sp O7 324 30 40
1. 5y 218 17 g4 gop 11 43 gy 38 4l g, 37 48
6 19 27 28 22 18 g g 188 54 (o0 38 62 ooy 31 37
20 2 2> 22 75 750 363 668 g 563 ‘5 27 266 P o
21 21 % 20 % 101 695 580 °7 500 7 %2 260 31 33
I 20 20 2L 17 ggy gy 103 49 ggq 37 52 5y, 34 38
10 20 5 2 26 I g gy 140 59 105 32 44 o 38 69
20 25 2> 2L 7% 565 656 627 ) 755 o9 YT 243 20 S)
& 2 2> 215 713 350 499 °) 720 0 22 243 41 52
20. 24. %6 24 1 583 720 462 Y0 732 40 O 225 47 38
gho20- 2 g9 22 8 562 959 706 V0 804 >f O% 329 37T 42
1. 2328 2L 18 ;49 g4 129 37 ;55 48 39 g 28 47
20. 2. 28 22 18 555 g9 127 49 734 19 61 5 31 48
1o 23 20 2L 18 o 107 135 67 goy 30 62 gy 41 53
21 22 21 2 28 18 g4 g4, 168 22 gqp 30 51 ooy 18 44
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2. 28 28 25 10 107 o0 140 54 o)) 44 31 g 33 48
22, 27. 28 25 2. 115 112 138 33 g5 51 60 g 19 49
g 20 20 24 17 874 689 698 7 596 0 Y7 3z 25 4
30 19 25 g7 23 18 565 703 100 38 g0 21 ST 632 37 40
2. 21 29 24 19 102 ,q) 165 42 g4 50 58 gg5 28 50
2L 25 55 24 18 gy5 gy 175 38 g 44 55 oy 31 46
22. 2. 29 25 18 123 105 100 34 4 60 66 4oy 20 51
s 2 28 2 22 19 (o o) 124 52 (o 48 28 oo 42 45
ol 24 20 23 18 53 677 526 75 635 ¢ 42 204 29 39
20 24 20 24 2L 506 451 618 OF 778 20 32 242 3] 42
2L 20 21 5 18 g5, ggy 138 76 g5 46 64 goo 61 49
o 2 2% 26 24 % 522 811 444 °7 710 2 %% 224 40 4/
2. 5, 2. 24 18 g g5 122 53 g5 40 46 gy 51 47
19 2426 24 98 570 gs1 703 25 797 28 4D g4 23 A
29 24 2 231 793 788 513 9 540 Y7 00 242 42 32
ve 21 2L 2 18 I BT Lo 5745 oo 5126 554 24 59
1. 2L,y 18 11 132 ,q, 104 51 101 59 26 o 43 57
1o 2L 24 1o 17. 110 g5 108 31 108 61 40 50 26 58
8 20 7 18 1% 821 606 838 °) 967 0 4P 100 30 4
6 Z- 20 26 22 18 123, 115 &1 4o 54 22 g0 38 48
20. 25 2. 2 15 g5 g5y U8 48 735 46 39 5oy 36 44
2 27 21 219 103 g gy 40 7 48 38 5y 36 45
20. 20 25 2L 18 g5 59 1T 4T gy 47 24 g 38 49
nz gh 2> 20 22 79 963 gas 980 > 774 P 2 4es t0 4/
2. 26 55 22 18 107 g4 750 46 gog 48 38 547 40 4
2. 26 5 22 18 102 g5 108 42 g5 53 38 g 37 38
2. 2179 53 19 g0 346 as8 °) 763 ) 22 208 42 4%
VI gy 2L 2 5 18 102 oo 118 31 g 44 48 g, 28 53
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20. 24. 21. 18. 12.2 126 3.1 102 54 35 28 5.7

1 6 % 5 5 3 806 T 5 T g T, 607 77 7y
20. 23 24 5 18 g15 gue 115 32 g 38 42 g 26 SO
19. 22 24 2L 11 gop ggy 138 42 106 47 51 g 38 56
20 24 2% 20 23 0 123 790 402 4T 7m OF 52 3s0 39 47
2. 28. 29 24 5 125 g 130 53 ;40 48 51 o 40 47
2L 25 55 22 0. 55 ggo 17 22 545 30 37 gqp 18 46
2L 26 2. 2L 19 g, ggy 126 63 g0 32 43 g4 44 42
g1 2 28 290 25 190100 (o 4oy 48 ooy 42 37 o, 38 33
2228 21 94 18 601 534 540 3 632 22 40 346 4D 33
21 28 2 2% 1% 118 705 957 O2 668 T 0 s04 O 8
2,20 28 5 ) 135 ggy 126 63 gy 50 45 g4, 50 37
a 100 25,5 B 2103 g 118 26 . 44 54 oo 25 61
2L 28 29 24 2. LT gg 474 69 g5 51 53 g 49 58
20 2629 %2 20 952 208 65575 743 0 20 384 32 O3
22,28 30 B 5y 187 439 g4 36 759 5T 26 5g, 27 53
o B2 2L 20 439 456 450 D gss 22 31 264 30 80
20 2% 20 2L "9 743 588 905 D ssa 37 50 se2 0 02
20. 25 20 22 2. 122 45 gy 45 754 48 31 44 41 53
22 B 20 974 518 526 Y0 595 40 37 23 40 O3
4 20 20 2822 19 78 725 511 %7 704 A7 42 323 27 4D
202 a6 o1 1% 108 64g 560 Y 640 o Y2 330 30 S
1. g5 2 22 18 oo ggg 124 44 545 48 44 o) 3L 49
29 24 24 20 18 g6 620 620 20 a7a 37 P a2 37 42
2 2 2 20 2 22 LZ g5 g5 51 ggp 49 41 55, 39 58
aho24 %0 220 20 479 as9 479 3 eo1 22 32 107 37 47
ob. 26 21 24 21 736 277 538° 891 22 27 195 2 OF
ol 26 5 23 20 g9 a4 635 Of 7sa 3% 32 105 50 60
o 2 2 2L 5 20 14 g, 128 52 g, BL 42 g0 21 62
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2024 26 2L 19 970 823 478 % 88 *p °0 213 M5 O7
1. 25 21 2. 2 44 735 148 47 g, 18 45 123 36 67
20 20 28 2 20 985 607 591 7 866 Vg i 519 %2 OO
ve 18 22 25 19 18 g0 g,y . 23 116 47 45, 3763
18 22 2. 10 17 120 g7) gp6 69 110 53 45 o 94 58
18. 2. 24 5y 18 115 g5 g5 53 1LS 45 27 g 77 70
1. 23 26 20 18 126 g4y gyg 41 118 54 43 1,5 59 69
22 2t 26 2% 2% 22 M7 58 343 31 72 47 2D 1se °) 5O
20. 25 20 20 190 11 gog gog 25 g4 39 38 g4p 22 53
22. 2. 28 2. 2L 137 g4q 123 52 ;49 51 41 119 42 43
2. 20 20. 26 22 124 oo 455 27 73y 52 45 g5 25 48
vo 1 2L 2020019109 o) gy, 28 108 46 45 g0 22 67
20 22 28 2019 143 g0 5o 64 g5 68 65 o 45 ST
20 22 23 19 17 6g6 437 907 >, 660 = %0 s33 35 47
20, 22 2. 19 17 134 540 gp5 40 ggg 53 29 5oy 29 52
s 20 2 55 g 200 103 5, g, 57 1T 41 43 5 42 69
20. 2. 8. 22 5 gy g5 W1 33 g5 21 27 g4 22 44
2L 26 20 23 20 105 79 545 35 ggp 4L 52 gy 25 47
ah 2 2 92 19 3% 733 165 °7 684 4D O7 253 40 42
7 242 a7 2 2L 923 goa 508 %P sar P S0 550 0 52
2L g5 2. 2L 19 102 g4 gy 62 75 50 62 g 47 S
2L 25 28 2. 2. 13 g5, 79 gep 51 52, 48 ST
20 24 28 2 20 855 720 538 %7 754 3D 4% 50 48 52
WSC Crude protein
cut 1 2 3 4 s 1 2 3 4 s
V3 965 1152 840 1119 706  22.68 2326 19.33.22 26.63
11.67 7.86 956 6.94 1227 2496 2312 17.625124.26.58
10.67 12.83 7.79 7.46 1151 2522 22.83 18.41012127.16
11.8: 1427 20.07 8.9¢ 13.11  23.6] 2491 10.0¢ 19.57 25.5:
28 53¢ 13.6: 16.8° 501 7.2 246, 2127 19/ 22.2¢ 28€
516 1245 1280 955 676 2595 2522 19.5262629.07
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8.94 11.75 1546 532 7.23 26.99 25.11 19.525122.28.3
780 1358 7.42 837 7.65 * 22.72 19.32 21.38.427

V14 1041 6.62 954 893 7.50 25.17 22.68 19.93.82 27.14
10.24 6.14 16.11 817 9.18 23.45 2511 19.05530.26.78
11.53 12.07 7.79 7.24 9.45 25.25 2448 195 721.06.92
13.94 532 1794 10.36 11.99 23.43 23.93 21.58.972 25.86

11 10.59 791 10.10 9.68 10.71 26.23 20.75 19.88.51 27.26
10.11 12.33 1831 8.96 9.71 26.08 22.01 19.3252326.18

9.85 1230 1035 894 844 26.61 21.94 19.377124.25.48

9.34 563 1484 457 11.08 27.67 2478 20.96830.26.51

15 10.44 503 6.03 834 931 20.89 2256 19.93.20427.7
10.77 16.6¢ 16.4 13.5¢ 8.64 214 22.& 18.9: 24.4t 28.1¢
15.89 1726 8.70 932 6.88 21.2 2193 20.12 2527.89
11.19 454 1076 7.70 842 2246 21.86 20.227 2427.05

117 1956 6.26 19.14 855 8.24 21.9 1951 18.69.92 25.69
15.36 1242 6.41 9.65 7.38 24.08 17.64 18.38236.26.96
13.38 7.60 8.60 542 10.29 23.67 19.31 19.37694.26.31
10.20 641 16.61 8.32 11.20 26.47 19.07 18.58.38425.51

V7 14.42 1396 14.78 7.38 7.76 2293 22.66 18.20.22 27.4
13.5¢ 5.9¢ 19.3C 8.3t 6.1¢ 22.7¢ 2103 18.¢ 242z 26.7¢
9.79 1194 19.25 6.65 943 31.32 21.74 22.42085.28.66
9.91 1131 15.04 7.84 11.58 23.06 21.16 18.038 2426.8

113 14.67 13.49 16.63 5.57 9.08 23.87 20.66 17.8%.15 25091
14.09 14.22 13.77 4.64 10.01 2457 23.23 20.03.2& 26.9
13.19 13.84 23.07 6.30 1251 24.06 21.79 18.08.0& 25.64
1740 7.13 20.15 7.68 13.19 23.56 22.47 18.44.82524.76

g 12.6f 12.1¢ 11.0¢ 6.1¢ 12.9¢ 25.4  19.7¢ 19.4: 22.3¢ 23.:
11.95 1295 1781 9.79 13.94 25.33 19.52 18.1202 26.2
7.65 13.82 1566 7.40 11.73 27.45 20.3 18.82943.27.9
9.79 11.01 1442 8.65 9.93 27.06 21.85 19.033&3.26.74

V4 6.33 12.05 1591 597 1154 257 21.98 19.3 .7 26 26.55
10.24 9.63 1230 4.49 11.07 25.85 22.62 19.843&727.81
515 6.76 996 7.42 11.67 26.52 24.16 20.13 4£6.26.99
11.2¢ 12.27 16.11 8.0¢ 11.3¢ 264 22.61 17.4% 22.2¢ 26.8¢

16 11.89 13.30 20.16 8.57 9.83 27.39 20.63 18.24.26 27.27
11.78 654 934 895 8.59 25.03 2244 19.89 72527.44
1464 13.15 8.40 833 8.36 25.07 19.48 19.0234£223.3
10.53 11.60 1543 8.31 10.25 26.61 21.83 20.94.68 28.5

110 8.77 979 19.64 9.84 17.15 25.58 23.64 23.2281 21.31
9.03 1141 8.71 6.13 11.46 20.51 2256 19.267722.28.04
11.1C 6.0C 7.4z 10.0z 11.2¢ 26.47 22.7% 20.4: 24.7¢ 27.1¢
9.91 1337 6.87 8.76 11.12 27.54 2212 20.436%5.23.14

V15 8.81 15.27 10.36 8.75 12.22 23.08 2295 19.26.15 27.84
1270  9.90 1853 6.66 12.29 23.59 22.53 19.11.212327.16
5.30 15.25 18.00 8.07 11.95 23.21 228 18.971&5.26.51

9.07 16.92 18.70 10.93 14.02 23.1 21.52 18.24912226.7

121 10.39 12.60 22.58 4.04 10.50 2498 2047 189195 274
15.19 7.18 1955 8.82 10.71 24.45 21.19 19.4408327.19
16.6¢ 17.3t 19.3¢ 5.2¢ 13.6¢ 26.3¢ 22.0z 19.2¢ 26.0¢ 23.5i
13.05 11.34 1030 6.61 10.15 25.42 20.49 19.88912 28.49

130 5.86 13.69 17.29 7.34 12.98 25,57 21.24 18.23.36 27.72
15.30 13.73 21.21 7.12 14.35 25.76 2046 17.73.04& 20.7
13.56 13.02 2449 6.81 12.83 2478 22.3 19.9332123.9
18.44 17.23 25.77 548 14.89 23.8 19.26 19.41.5%425.43

123 1141 7.69 1815 9.49 11.12 26.93 23.06 19.25.64 27.66
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411 1167 820 640 9.84 28,55 24.01 19.37 &5B7.91
762 7.87 860 9.00 12.07 26.31 2188 174 2228.72
11.7¢ 15.92 19.2¢ 13.7¢ 12.8( 26.3¢ 24.3: 18.2¢ 21.77 26.3¢
119 8.13 13.58 6.68 10.16 11.80 24,26 22.43 19.88.05 27.67
10.91 11.87 18.15 10.54 11.02 28.03 23.17 198315 27.47
8.59 13.34 11.41 5.14 12.67 26.45 20.22 18.9 8 2126.18
12.38 13.88 7.55 10.11 9.38 26.47 24.81 20.21.242628.56
V8 18.20 641 723 6.97 1554 21.16 21.12 20.18.0£ 26
19.25 550 1541 9,55 15.93 21.94 21.11 18.54.82024.56
17.17 10.45 15.66 5.79 16.67 22.98 20.14 19.00.34& 23.45
12.85 10.58 10.29 6.49 15.11 21.89 20.48 18.72.52 23.96
116 17.8C 5.0¢ 16.9¢ 8.0¢ 12.0Z 23.2¢ 19.1¢ 19.51 23.2¢ 26.81
14.06 10.49 16.87 8.44 11.62 2481 20.23 20.327& 25.97
15.17 10.18 854 7.74 1157 22.35 21.59 21.79.43326.58
1416 5.30 18.04 8.64 10.72 23.52 22.13 20.44.08227.52
112 14.44 13.65 14.48 10.38 12.49 23.5 20.76 28.25.45 26.66
15.65 9.11 11.27 8.69 11.06 22.66 19.46 18.2582526.1
15.62 9.17 16.71 8.03 10.46 225 19.15 20.09995.26.58
12.1C 578 6.8 9.7z 12.4¢f 23.9¢ 19.4¢ 18.0¢ 22.61 26.1:
V11 14.7¢ 11.6¢ 17.0¢ 5.9¢ 14.2¢ 22.917 23.4: 18.8¢ 22.07 26.31]
17.70 1158 18.73 6.02 15.96 21.92 20.89 19.385 2 26.56
13.00 9.71 17.67 595 1457 22.73 21.95 19.9422426.19
13.84 13.19 19.76 8.17 16.25 23.1 22.07 19.615%325.06
120 18.58 13.89 8.42 882 11.28 22.13 23.19 19.23.95 27.59
17.47 12.79 19.12 9.36 12.07 2344 17.1 19.91.32525.74
10.38 9.07 17.82 4.14 11.96 24.1 20.21 20.06923.26.45
11.04 10.22 19.10 10.80 11.62 2296 20.24 1953597 26.57
111 1432 1042 735 876 9.12 23.09 21.34 19.39.39 26.96
854 941 865 9.99 10.24 21.42 21.38 20.48 725.86.53
16.73 11.70 14.60 11.83 10.42 21.89 21.04 193363 26.75
18,55 1136 17.71 11.32 9.80 21.53 17.32 19.2858 26.05
114 1482 14.26 17.40 5.19 12.62 23.32 20.53 719.23.33 26.76
16.90 14.17 7.40 11.88 15.37 22.36 18.09 18.149% 25.73
13.1¢ 5.3¢ 10.3¢ 7.4¢ 12.7¢ 22.31 20.81 18.31 24.31 26.71
2149 740 7.28 6.42 1271 20.72 18.14 18.19332.26.29
V10 6.67 7.70 7.23 7.83 14.62 24.74 25.1 20.36.9 26 28.42
11.41 948 14.67 9.30 15.07 23.38 22.21 20.22.8482426.72
17.01 7.62 1271 8.66 13.05 21.85 20.38 19.85842627.36
14.04 860 757 882 11.27 22.1 1955 20.95 2230.18
14 13.03 1151 8.34 594 11.85 2495 20.1 19.3%.92 25.76
16.07 10.7¢ 9.0¢ 7.4C 11.5¢ 23.6t 26.11 19.8¢ 23.1¢ 24.9i
13.23 10.40 16.34 7.57 1232 25.18 20.08 19.13.3& 26.97
12.57 10.74 1045 6.78 9.00 2454 20.78 20.52.6&5 28.06
12 16.16 10.30 850 9.11 14.38 23.12 20.03 16.83.37 26.03
714 785 586 792 11.86 26.16 19.31 19.84 &2.49.79
991 499 734 6.26 15.68 21.24 19.63 18.24 25258
11.94 1042 7.60 11.58 13.60 25.59 19.89 20.33.3@ 24.52
13 16.60 11.75 15.82 7.98 15.47 2299 20.3 18.28.01 25.98
13.6¢ 13.9: 6.91 4.5¢ 15.5¢ 24.08 19.9¢ 20.3¢ 25.4%f 26.5¢
579 11.73 2719 8.39 16.05 24.64 19.4 18.96325.25.51
13.83 10.20 11.09 7.43 14.53 25.11 2041 17.3553 25.88
V6 14.70 10.73 * 6.07 17.95 24.19 20.04 19.95 921.26.59
17.34 10.28 10.92 16.36 16.94 22.14 21.23 182346 24.07
16.12 6.64 9.07 13.08 18.56 23.44 20.56 19.65.8&2125.11
18.11 10.76 6.92 10.17 18.75 23.56 20.98 19 120.24.75
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122 16.45 492 499 855 1342 2422 18.76 17.26.15 26
15.01 10.49 13.08 4.80 13.53 23.16 19.83 18.5 .64526.6
18.93 10.09 2432 951 12.38 22.65 18.78 18.742 2 255
17.61 1141 9.03 5.24 11.78 23.67 18.31 18.9 325.25.14
V9 15.5¢ 11.0¢ 14.0¢ 5.1f 17.6¢ 24.5¢ 1891 19.1¢ 21.6¢ 23.9¢
21.25 1442 13.39 1091 15.16 2441 20.32 1838468 25.68
9.56 8.06 1440 931 1151 22.86 20.98 19.33421.25.33
18.85 6.89 10.23 7.09 14.13 22.61 20.78 19.82.88026.52
115 1445 1155 6.05 9.99 18.05 23.49 19.49 19.28.31 26.54
8.53 6.25 19.57 5.64 12.29 23.29 20.17 18.352 2125.66
1471 1239 8.62 6.02 12.68 23.75 18.49 19.095%526.4
18.27 13.0:  4.1& 9.37 11.0¢ 20.91 19.1¢ 19.2¢ 22.3t 24.4¢
127 14.0¢ 12.0C 10.6¢ 12.0¢ 14.3¢ 26.9: 21.5¢ 18.7¢ 26.4¢ 26.0%
15.24 1590 10.21 10.98 12.76 25.15 21.66 1838258 27.68
16.52 1250 * 12.76 14.71 24.06 20.1 18.04 25.06.71
12.46 12.04 7.88 11.33 12.82 24.69 2347 18.8822 27.73

348



8.9 Nei's (1973) nuclear genetic identity (abovagdinal) and genetic distance (below diagonal) bertvedl populations

V3 28 11 15 17 113 17 V4 16 10 V15 1212 130 123 119 112 Vi1 20 111 114 V10 14
V3 0 0.75 0.76 08 081 058 057 078 061 063 0.7D.7 079 069 067 043 0.76 0.43 0.59 05 023105
128 029 O 08 08 08 074 066 085 0.77 062 07™™1L 0.78 0.77 0.83 0.7 082 058 0.78 06 0.3850.6
11 028 023 O 081 087 073 076 076 066 056 0m4/7 0778 078 079 055 081 062 062 0.65 0.3663
15 022 016 021 O 0.84 0.8 0v 081 071 063 0.77/80081 083 082 062 084 061 0.74 0.63 0.44570.
117 021 015 014 018 O 078 075 079 069 057 0.87/9 0.76 0.78 08 058 085 057 068 057 03350
113 0.55 03 031 023 025 O 0.74 062 064 053 0688 069 083 076 061 081 063 074 056 0585 0.
17 055 041 027 035 0.29 03 O 0.7 0.81 0.7 0.66840.0.58 068 0.75 043 076 052 058 049 039804
V4 025 0.16 027 021 024 047 035 O 08 063 0877 082 076 084 055 0.85 0.52 06 054 0286 0.
16 049 026 042 034 037 045 022 022 O 0.74 0.m81 067 071 081 055 076 054 069 051 0.8952
110 047 048 058 046 056 064 035 0.47 03 O 0.5D.7 055 062 059 0.46 06 048 063 047 042404
vi5 0.26 0.23 03 026 022 047 042 016 028 056 0 0.73 0.79 0.7 0.8 053 0.84 0.5 0.62 05 032 051
121 036 022 026 024 024 022 018 0.27 0.21 0.363100 0.73 0.76 076 059 085 058 0.73 057 0.4859
130 023 025 025 0.22 0.28 036 0.55 0.2 0.39 0630232 0 0.86 0.79 0.6 083 063 063 061 0.3920.6
123 037 026 025 019 025 019 039 0.27 034 049350027 015 O 082 066 085 075 078 0.63 0506
119 0.4 019 0.24 0.2 023 028 029 018 0.21 05230228 0.24 02 O 062 082 065 068 062 044605
112 0.85 0.36 0.6 0.48 0.54 0.5 0.84 0.59 06 077 O0@52 052 041 048 O 062 0.82 065 0.79 0.6 0.8
vil 0.28 0.2 021 018 016 022 0.28 0.16 0.27 0.51170.0.17 0.18 0.16 0.2 048 O 063 0.74 0.56 0.39580.
120 0.84 055 048 05 056 046 065 065 062 0.73690.055 046 029 043 019 046 O 057 0.85 0.64730
111 054 025 048 0.3 0.39 03 055 051 038 04780431 046 024 038 043 031 055 O 0.49 0.52480.
114 0.69 05 044 046 057 058 0.71 062 0.68 0.76 7 00.56 05 046 048 023 059 016 071 O 0.58 8 0.7
vio 147 09 103 082 111 055 095 128 095 087131074 094 067 083 051 093 044 066 055 0 0.46
14 0.68 043 047 0.56 06 069 074 051 065 0.81680.053 048 052 058 022 055 032 074 024700
12 0.74 047 046 049 0.5 0.65 0.63 0.5 0.6 0.85 083454 0.51 05 044 0.19 047 0.2 08 022 0.7520.2
13 092 064 045 061 0.62 059 0.54 0.7 0.62 0.750.057 072 054 047 033 062 0.22 0.88 0.23 0.86835
122 068 068 058 061 058 066 037 061 039 037630043 076 062 059 078 048 0.62 0.65 0.66151.0.77
115 063 032 036 033 035 024 041 047 041 0.5440.0.35 0.44 0.22 0.29 04 026 041 021 051 0.4859
127 035 023 029 023 024 0.21 04 033 041 047360.035 0.29 018 032 056 022 054 0.28 0.6920.D.59
vi2 119 064 0.75 0.65 0.76 05 0.76 0.92 0.7 09 0869 0.77 051 053 031 071 029 056 045 0.7662
ml5 057 039 058 038 046 029 056 047 051 051450046 039 028 051 069 036 066 035 0.92610.0.92
Vi3 083 048 0.63 047 0.63 0.5 0.7 06 056 059 O0.@57 049 033 045 029 045 021 046 0.4 0.45570
ml8 075 044 064 051 056 042 0.66 06 051 0.58470.055 053 037 054 054 049 064 032 0.76 20.50.8
V16 09 0.64 0.61 05 0.65 0.35 0.7 0.9 0.7 081 0.79620 0.6 037 052 034 06 028 047 039 0.23
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12 13 122 115 127 Vi2 w15 V13 w18 V16 w20 wml6 V2 32 V5 A5 ml9 Vi
V3 0.47 04 051 0.53 07 031 056 044 047 04190469 052 043 046 054 038 041
128 0.63 053 051 0.73 08 053 067 062 065 053690.0.75 062 049 059 063 055 0.52
11 063 0.64 0.56 0.7 075 047 056 053 053 054590.0.74 065 056 057 068 048 0.51
15 061 054 054 0.72 0.8 052 0.68 0.62 06 06180®.82 065 054 058 066 054 0.59
117 061 054 0.56 07 079 047 063 053 057 052590.078 063 055 057 064 051 0.55
113 052 056 052 079 081 061 075 061 0.65 0.7 7 00.82 0.6 0.53 06 066 055 0.62
17 053 058 069 066 067 047 0.57 0.5 0.52 0580®.72 056 045 048 053 0.39 045
V4 0.61 05 055 063 0.72 04 063 055 0.55 04 0587 064 041 052 059 045 0.45
16 055 054 068 066 0.66 0.49 0.6 0.57 0.6 0.5 0.6865 0.63 04 054 056 051 0.46
110 0.43 05 069 061 063 041 06 056 056 0.4540®.63 0.49 04 049 051 047 051
vi5 058 047 053 065 069 043 064 054 063 046570066 061 046 055 062 0.57 0.47
121 058 057 065 071 0.71 05 063 056 058 0.54610.0.72 0.63 05 059 061 048 0.5
130 06 049 047 065 075 046 068 062 059 0.5560.0.72 067 052 061 075 057 0.54
123 061 058 054 081 0.84 06 075 072 069 069760.0.79 0.74 059 067 078 0.63 0.72
119 065 062 055 075 073 0.59 06 0.64 0.58 0.596 0.0.75 0.7 046 056 0.67 0.51 0.56
112 083 0.72 0.46 067 057 0.74 05 075 058 0716 0054 082 072 082 082 0.75 0.75
vil 062 054 0.62 0.77 0.8 0.49 0.7 064 061 05530®.76 0.72 047 0.6 0.7 0.5 0.58
120 0.82 08 054 066 058 075 051 081 053 0.76580.0.58 0.87 0.75 0.8 0.86 0.72 0.86
111 045 041 052 081 076 057 071 063 072 062760065 056 046 057 062 054 0.62
114 081 0.79 0.52 0.6 0.5 0.64 04 0.67 047 0.68 0.%256 08 0.75 0.77 0.79 0.6 0.68
vi0o 047 059 032 062 049 077 055 064 059 0.7%40052 049 061 061 058 0.57 0.63
14 08 071 046 055 055 0.54 04 057 045 06 08151 0.77 066 0.74 0.73 0.62 0.58
12 0 0.82 05 055 048 065 038 065 042 063 04655 0.83 0.7 076 0.77 0.62 0.68
13 02 O 054 059 049 074 034 063 043 0.67 0.5580 0.75 0.68 0.71 0.74 0.59 0.65
122 0.69 062 O 053 048 037 043 047 041 042 0345 059 043 051 0.55 0.4 0.48
115 06 053 063 0 082 068 073 067 083 072 0874 069 056 0.63 0.7 0.6 0.66
127 074 0.72 0.74 02 O 0.54 08 062 0.75 0.63 0.81840 0.57 05 058 0.65 0.59 0.59
vi2 044 031 099 038 062 O 05 072 061 079 0®&56 063 065 063 0.69 0.63 0.7
ml5 098 109 084 031 0.22 07 O 0.61 0.82 0.6 0.8740.0.45 0.53 0.1 0.6 059 0.61
vi3 044 046 076 039 048 033 049 O 0.56 0.7 O0.@&462 0.73 058 063 0.76 0.63 0.79
ml8 088 084 089 019 0.29 0.49 0.2 058 O 0.62 0.867 051 056 062 063 0.66 0.56
Vie 047 041 088 033 046 024 051 035 047 O 06866 069 072 066 075 0.71 0.77
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V3 128 11 15 117 113 17 V4 16 110 V15 212 130 I3 119 112 Vi1 120 111 114 V10
w20 071 038 053 039 053 035 054 054 046 045570049 042 0.28 042 0.5 046 054 0.28 0.6550.49.67
ml6 0.38 0.29 0.3 0.2 0.25 0.2 033 035 043 047 04233 033 0.23 029 063 028 054 043 057 O0.€667
V2 066 047 043 044 046 052 058 045 047 0.71490 046 0.41 0.3 0.35 0.2 033 0.14 057 0.22 0.7m27
e32 085 0.72 0.58 0.62 06 0.63 0.1 09 091 09180707 065 053 078 033 076 029 078 0.29 0.4942
V5 0.77 053 056 0.54 0.56 05 074 065 061 0.72590.0.52 0.49 04 057 019 051 023 056 0.26 0.4929
A5 061 046 039 042 045 041 064 053 058 067480 05 0.29 0.24 0.4 0.2 036 0.16 048 0.24 0.3632
ml9 097 059 073 0.62 0.66 06 0.95 08 067 07760®.73 057 047 0.67 0.28 0.7 0.33 0.62 0.5 0.57480
V1 0.89 0.65 0.67 0.53 0.6 047 08 081 077 06760069 062 033 058 028 055 0.16 048 0.38 0.4655

12 13 122 115 127 V12 ml5 V13 ml8 V16 20 ml6 V2 032 V5 A5 ml9 V1

20 0.78 0.7 0.94 0.16 0.22 0.44 0.22 0.44 0.15 039 0 0.79 0.53 0.56 0.57 0.65 0.62 0.6
ml6 0.6 0.54 0.8 0.3 0.17 0.58 0.31 0.49 0.4 0.42 0.a3 0.54 0.55 0.56 0.63 0.52 0.57
V2 0.19 0.29 0.53 0.37 0.56 0.47 0.8 0.32 0.66 0.38 630. 061 O 0.68 0.78 0.83 0.68 0.73
32 0.35 0.39 0.85 0.59 0.7 0.43 0.64 0.54 0.58 0.33 590. 0.59 038 O 0.77 0.74 0.78 0.67
V5 0.28 0.34 0.68 0.46 0.54 0.46 0.66 0.46 0.48 0.42 .570 0.58 0.25 027 0 0.78 0.78 0.69
A5 0.26 0.3 0.6 0.35 0.42 0.38 0.51 0.28 0.47 0.29 40.40.46 0.18 0.31 025 0 0.74 0.78
ml9 0.47 0.53 0.91 0.52 0.53 0.46 0.53 0.46 0.42 0.35.480 0.65 0.38 0.25 0.25 031 O 0.73
V1 0.39 0.44 0.74 0.42 0.53 0.36 0.49 0.23 0.57 0.27.520 0.56 0.31 0.4 0.37 0.25 032 0
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8.10 Published articles — see over
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