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Abstract

Microsatellite markers were screened and selected for use in barley (Hordeum

vulgare) variety identification and in the characterisation of a Scottish barley

landrace, bere barley. Of the 134 cultivars on the 2003 UK National List 96 were

differentiated using a robust set of 6 Simple Sequence Repeat (SSR) primers

following extensive screening. A tiered system for the identification of 91% of the

cultivars was then established using a BioNumerics ™ database. Genetic non-

uniformity was observed, though bulked seed sampling may overcome this problem

when identifying varieties.

The application of microsatellites (Expressed Sequence Tagged (EST)-SSRs and

SSRs) was extended to a population genetic analysis ofbere barley collected from the
\

islands of Scotland. A high genetic diversity was found which was analysed using

Analysis of Molecular Variance (AMOVA) to determine the partitioning of the

diversity at three hierarchical levels: (i) Island groups; (ii) Populations within island

groups; and; (iii) Within populations. Diversity within populations was highest (63%)

with significant variance between island groups (32%). A low level of diversity was

found between populations within island groups (5%). The results are discussed in the

context of population evolutionary theory and support the urgent need for effective ex

situ and in situ conservation.
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Thesis overview

The thesis reported here has been separated into two chapters in order to report clearly

on the two distinct parts of the work carried out.

Initially, the work focused on the development of a genotyping method for the

differentiation of barley cultivars on the UK National List. This involved marker

screening and the development of their application and is described in Chapter 1.

Chapter 2 reports on the application of the methodologies described in Chapter 1 to the

analysis ofbere barley genetic diversity, across Scotland.
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Chapter 1: Differentiation of UK barley varieties
1.1: Introduction

Chapter 1: Differentiation of UK barley varieties

1.1: Introduction

1.1.1 Barley taxonomy and morphology
Barley (Hordeum vulgare) is a member of the grass family Poaceae and the tribe Triticeae

along with other important crop species such as wheat (Triticum aestrium) and rye (Secale

cereale). The genus Hordeum is of moderate size and contains approximately 32 species

with a total of 45 taxa. Species within the genus are annual monocots with a graminoid

growth habit (USDA, 2006).

Within the genus it is recognized that Hordeum vulgare is most closely related to

Hordeum bulbosum, which has been demonstrated by combined analysis of molecular

data (Peres en and Sedberg, 2003). The species Hordeum vulgare is the only species of

Hordeum to be cultivated and includes 2 sub species:

(i) Barley Hordeum vulgare subsp. vulgare (cultivated barley) which includes the

two forma:

• Hordeum vulgare f. distichon (two-rowed barley)

• Hordeum vulgare f. hexastichon (six-rowed barley)

(ii) Wild barley Hordeum vulgare subsp. spontaneum

Hordeum vulgare is distributed worldwide and is cultivated in all temperate areas mostly

in grassland and meadows with variations that characterise specific habitats. It is relatively

common within the areas that it populates, with modem cultivars dominating over

traditional landraces (von Bothmer et aI, 1995). Barley has the greatest ecological range

amongst all the cereals with an ability to tolerate diverse environments except for acidic

and wet soil. It can be grown at higher altitudes than wheat and oats and is able to

withstand salt and drought conditions (Gramene project, 2006).
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1.1.2 Barley cultivation
The earliest evidence of the use of barley as a food source dates back to 17,000 BCE with

the remains of wild barley (Hordeum spontaneum) having been found amongst other grain

food sources (Fischbeck, 2002). The cultivation or domestication of barley dates back to

the Old World approximately 10,000 years ago. At archaeological sites on the Fertile

Crescent within the Eastern Mediterranean, the remains of cultivated barley (Hordeum
. .

vulgare) have been unearthed that date to approximately 8000 BCE (Zohary and Hopf,

1993; Diamond, 1998). Cultivated barley originated from its wild ancestor Hordeum

spontaneum but whether or not it had a monophyletic or polyphyletic origin is still

debated (Badr et ai, 2000; Molina-Cano et ai, 2005).

The movement of peoples with their seed crops across the ages has led to the growth of.
barley nearly worldwide. The spread of barley to Central and Northern Europe has been

dated to during the 3rd Millennium BeE and consisted of only the 6-row ear type. It is

suggested by Fischbeck (2002) that the 2-row ear types of barley arrived in Central and

Northern Europe as late as the 12th and 13thCenturies with the returning crusaders. Natural

selection and other evolutionary processes in addition to the deliberate choice of

preferable plants by growers led to a large genepool of diversity within barley. Thus, there

existed barley that was better adapted to specific areas and with selected traits preferred by

growers, with regards to soil, climate and husbandry conditions. These 'landraces' formed

the genetic base from which modem day cultivars were developed.

Barley is a major global cereal crop, ranking fourth amongst the cereal crops in 2005

behind maize, rice and wheat (FAOSTAT, 2005). In 2005 the United Kingdom provided

4% of the world's barley production iGramene project, 2006). The production of barley

has a prominent economic position in Scottish agriculture with barley output being the

greatest in the arable sector for the year 2005. The price per ton of barley for malting is

higher than that for feed (SEERAD, 2006). The result of this is that barley is a 'value

added' crop in Scotland due to its use in the malting industry and thus provides a greater

economic gain than other cereal crops (Hall, 2006 personal communication).
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Modem day plant breeding began approximately 150 years ago (von Bothmer et aI,

2003) and has led to an extensive number of varieties bred purposefully to improve

agronomic and other quality traits. During the 19th Century landraces within the l.)K

began to be replaced by cultivars with better yields and qualities; a trend which spread

to other areas of Europe and subsequently the rest of the world (Fischbeck, 2003). The

demand for increased cereal production, industrialisation and the economic benefits

gained from improved yields and quality led to the replacement of the majority of

landraces across Central and Northern Europe. The exceptions were small crops

restricted to marginal land largely untouched by the demands of modem cultivation. In

the present day this trend can be seen globally with the exception of West Asia and

North Africa where the percentage of barley acreage as landraces is as high as 85%

(Fischbeck, 2003).

Barley production is overseen globally by a number of organising bodies. The European

Union maintains a Common Catalogue of barley varieties and requires its member states

to only market seed that has been certified. This system allows the end user a known

standard of seed and provides protection for plant breeders and a mechanism by which

royalties can be collected (Hall, 2006 personal communication).

Within the UK barley is required to be tested for Distinctness, Uniformity and Stability

(DUS) and Value for Cultivation and Use (VCU) before acceptance onto the UK National

List (Defra, 2001). National list testing is the UKs implementation of the EU Common

Catalogue directive [The Seeds (National List of varieties) regulations 2001 (SI N0351O)].

DUS and VCU testing is advised upon globally by the International Union for the

Protection of New Varieties of Plants (UPOV) who publish guidelines for testing (UPOV

Guidelines for the conduct of tests for Distinctness, Uniformity and Stability; Barley:

TG/19/10 : DateI994-11-04).Within the EU, however, the Community Plant Variety

Office (CPVO) advise the member states as to the minimum requirements for such testing

(CPVO protocols for barley: CPVO-TP/19/2 Final; Date 06/1112003). To facilitate seed

certification The International Seed Testing Association (1STA) provides protocols for
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seed tests, for example variety identification using electrophoresis, germination tests and

purity.

It is within this framework that modem day barley is bred and marketed and within

Scotland SASA fulfills its part in overseeing the production and marketing of barley

through seed certification and by testing for VCU in barley varieties that have been bred in

Scotland.

1.1.3 Utilisation of barley
Historically, barley was grown as a food staple for human consumption being used in

bread making, soups and porridge. The realization that natural yeasts began a fermentation

process when bread dough or porridge was not used in time led to the use of barley grain

in the production of alcoholic drinks in ancient times (Fischbeck, 2002). The use of this

process produced 'barley beer', which was one of the most important drinks in ancient

Egypt (von Bothmer et al, 2003).

A refinement of the fermentation process using pure malt and malting barley varieties is

now used in beer production worldwide. In addition barley is also used in the distillation

process, which is used for the production of whisky. As well as these global uses specific

countries and regions of the world have special uses for barley. Such uses include: 'barley

tea' in Japan and Korea (Bothmer et al, 2002) and bere barley bannocks in the Orkney

Isles of Scotland.

The use of barley for animal feed has developed more recently and has become the main

global use of the barley crop. Of the harvested barley grain between 60% and 95% is used

as animal feed in nearly all countries (Fischbeck, 2003). The use of malting barley in the

production of alcoholic drink is the second highest use world wide, whilst the use of

barley in human food production ranks third. Exceptions exist with countries such as

Ethiopia, Peru and Tibet mainly using the harvested barley for food.
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In addition to the use of barley in the production of food and drink Briggs (1978)

identified other potential uses for barley, in particular the utilization of the barley straw,

which is often destroyed. Briggs (1978) suggested that straw from barley could be used in:

building, soil protection and conditioning and in the production of paper, cardboard and

millboard.

1.1.4 Barley reproduction and genetics

Barley is a predominantly self-fertilizing, diploid plant (2n=14) with a large genome

approximately 5000 Mb in size, of which very approximately 75% is repetitive sequence

(Arumuganthan and Earle, 1991).

Molecular maps of the barley genome have been constructed. The first map was

constructed by Kleinhofs, Chao and Sharp (1988) and was of chromosome 6 using

restriction fragment length polymorphisms (RFLPs). Since this first mapping the barley

genome has been extensively mapped using RFLPs (Graner et al, 1991; Kleinhofs et al,

1993), amplified fragment length polymorphisms (AFLPs) (Becker et al, 1995) and

simple sequence repeats (SSRs) (Waugh et al, 1997; Ramsay et al, 2000).

Comparative mapping with the 7 wheat chromosomes has revealed that the barley

chromosomes 1,2,3,4,5,6 and 7 are homeologous to wheat chromosomes 7H, 2H, 3H,

4H, 1H, 6H and 5H respectively (Namuther et al, 1994; Dubcovsky et al, 1996). This

observed synteny led Linde-Laursen et al (1997) to suggest the use of Triticeae

nomenclature (7H, 2H, 3H and so on) when describing barley chromosomes in order to

ease comparisons.

1.1.5 Methods for the identification of barley cultivars

The accurate identification of barley is necessary to address issues of commercial interest.

For example: assurance of seed quality, protection of intellectual property rights and the

support of plant breeders' rights and patents (Lee and Henry, 2001). Traditionally, variety

identification has been determined using a combination of morphological and

physiological markers.
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Identification methods based on plant phenotype require time consuming assessments of

adult plant morp~ology and microscopic examination of seed (William et al, 1997). In

addition, morphological characteristics can be influenced by environmental conditions.

The identification of grain uses morphological characters of barley grain detailed by

Ul'Ov (1994). The identification of barley varieties using grain characters, and in

particular when there is a discrepancy between two grains, can take between 30 minutes

and a full day depending on the degree of similarity between the morphological

characteristics of the two varieties. Even then some varieties are particularly difficult to

separate and with the morphology of varieties becoming more similar an alternative

method of identification is required.

Physiological markers have been developed for barley differentiation which include the

use of isoenzymes (Anderson, 1982) and gel electrophoresis of hordein proteins (Gebre et

al, 1986; Heisel et al, 1986; Nielson and Johansen, 1986). The use of gel electrophoresis

for variety identification is recognised by The International Seed Testing Association

I (1STA) which provides a standard reference method for the separation of barley hordein

proteins using Polyacrylamide Gel Electrophoresis (PAGE) (1STA, 1992).

The 'Handbook of variety testing: electrophoresis testing' describes in detail the ISTA

standard reference methods for wheat and barley variety identification as well as giving an

explanation as to the interpretation and statistical analysis of the data (1STA, 1992). The

result of a working group for variety identification, which involved collaborative testing,

was a method using PAGE to separate barley hordeins, which are alcohol soluble proteins.

Two PAGE methods exist: SDS-PAGE and acid PAGE, whereby acid PAGE can be used

if only Hor-I and Hor-2 are under scrutiny. The protein expression at the 3 hordein

compound loci is examined (Hor-I, Hor-2, Hor-3). Depending on the allele type at these

loci, differing banding patterns are produced which correspond to different hordein

proteins. The differing protein profiles are used as variety characteristics and are defined

by Ul'Ov in their DOS guidelines for barley (Ul'OV, 1994). Testing requires ideally 100
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seeds but it is recognised that a simple check of a single major constituent of a seed lot can

be achieved using 50 seeds.

The PAGE method is considered of benefit when compared to morphological methods as

proteins are closer to the actual genotype and are therefore less affected by environmental

factors. However, some differences due to environmental changes do occur, making the .

analysis of the genotype preferable. Further, the method is relatively simple, has a low

capital equipment cost and is relatively quick (results in 24-48 hours). These factors made

this method the one of choice by 1STA for the short to medium term, whilst future

methods were under research and development. Indeed, at present the PAGE method is the

only test recognised by 1STA for barley variety identification.

However, physiological markers are not ideal. Profiles can be difficult to interpret, poor

resolution of bands can occur (Lee and Henry, 2001) and there exists no one method that

can differentiate a large set of barley varieties (William et ai, 1997). Reports of the use of

the method at SASA have highlighted inconsistencies with control samples and a low

level of reliability in producing results. These problems have led to the need for more

accurate means of identifying barley varieties.

Much work has centered on DNA-based methods which change the basis of identification

from phenotype to genotype (Macaulay et ai, 2001). Thus, such methods eliminate the

problem of changes caused by environmental factors. In addition, the use of molecular

markers is advantageous due to increased reliability and reduced time and cost (Smith,

1997).

An array of DNA based techniques havebeen applied to variety identification. Initially

these were non-Polymerase Chain Reaction (PCR) based and included the use of

Restriction Fragment Length Polymorphisms (RFLP) (Botstein et al , 1980) and DNA-

hybridisation techniques such as mini satellites (Jeffreys et al, 1985). More recent

techniques have been based on the use of PCR and include generic priming methods such

as Random Amplified Polymorphic DNA (RAPD) (Williams et al, 1991), AFLP (Vos et
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al, 1995) and Sequence-Specific Amplification Polymorphism (S-SAP) (Waugh et al,

1997). These methods detect multi-locus differences within the genome (Caetano-Anolles,

2001).

Further methods utilize sequence specific primers such as (SSR) (Powell et al, 1996a),

Single Nucleotide Polymorphisms (SNPs) (Coryell et al, 1999) and retrotransposon based

methods (lnter-Retrotransposon Amplified Polymorphism [IRAP] and Retrotransposon-

Microsatellite Amplified Polymorphism [REMAP]; Kalendar et al, 1999). SSR and SNP

methods target specific loci within the genome, requiring the prior knowledge of

nucleotide sequence in order to develop primers (Caetano-Anolles, 2001).

Marker assays based on PCR have been found to be the most user-friendly (Holton et al,

1999), reducing testing time (Smith, 1997) and the amount of sample DNA required. Each

PCR-based method has its own advantages and disadvantages and studies have been

carried out to evaluate the utility of each of these marker types in variety identification and

gennplasm evaluation (Kraic et al, 1998; Powell et al, 1996b; Russell et al, 1997a).

Powell et al (1996b) compared methods using RFLP, RAPD, AFLP and SSR in soybean

gennplasm analysis. Each marker was assigned a 'marker index' which considered the

information content at each locus (degree of polymorphism) and the number of loci

capable of being analysed per experiment or reaction (the multiplex ratio). AFLPs were

found to have the highest multiplex ratio and SSRs the highest degree of polymorphism.

However, the high degree of informativeness at each locus and the ease in which they

could be genotyped meant that SSRs were deemed to be the better marker. These results,

demonstrating the usefulness of SSRs, were also supported by the findings of Russell et al

(1997a) and Kraic et al (1998), when comparing marker types. '

The disadvantage incurred by the low multiplex ratio of SSRs has the potential of being

reduced through the application of multiplex PCR, which allows the amplification of a

number of loci in one PCR reaction. In addition, multi-loading of samples into single gel

lanes or capillaries allows for multiple loci to be analysed. Initial work on multiplexing
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SSRs revealed problems with primer combinations and resolution as compared to

individual amplifications (Donini et ai, 1998). However, it has been shown that with

careful selection of primers and optimisation of conditions, marker panels can be created

that allow simultaneous analysis of several SSR loci (Coburn et ai, 2002).

Retrotransposons are mobile genetic elements that are widespread in the genomes of

plants (Voytas et ai, 1992). For example, the retrotransposon BARE-l has a copy number

of at least 3 x 10-4and was found to be generally well dispersed throughout the barley

genome (Suoniemi et ai, 1996). The number and even spread of retrotransposons has led

to work on their potential use as molecular markers (Kalendar et ai, 1999). Firstly, two

methods exist which utilise primers designed from the long terminal repeats (LTR) that

flank the retrotransposon conserved region, and which are unique to each retrotransposon

family. These two marker methods are termed IRAP and REMAP (Kalendar et ai, 1999).

A further technique, that exploits retrotransposons, is S-SAP (Waugh et al., 1997). This

method detects polymorphisms created by differing distances of retrotransposons from

restriction sites (Leigh et al, 2003a). Even though these methods detect a high level of

polymorphism, which can differentiate barley varieties (Kalendar et al., 1999), the

techniques involve the use of gels and a wide range of band sizes. In addition, these

techniques have been found to be time consuming and profiles are not consistently

reproducible in some labs (Leigh, 2003: personal communication).

SNPs are biallelic markers that exploit the polymorphism that exists between an individual

nucleotide at the same locus within the genome (Edwards and Mogg, 2001). They have

been shown to be the most abundant sequence variation within genomes (Paris et ai,

2001). For example, two SNPs were found in every 400bp'of sequence at an RFLP locus

in soybean (Coryell et al, 1999). Further, analysis of the flanking regions of

micro satellites in maize found a SNP every 40bp (Mogg et ai, 1999). Studies in barley

have also revealed the abundance of SNPs in the genome. Neuhaus et al (2003), who

assessed Sequence Tagged Sites (STSs) that flank resistance genes in barley, in 300 winter

barley genotypes, found a SNP frequency of between one per 39bp and one per 311bp.
,

10



Chapter 1: Differentiation of UK barley varieties
1.1: Introduction

The abundance of SNPs and the fact they are completely characterised sequence

polymorphisms, which makes them the least ambiguous marker, has attracted much

interest in their application (Kanazin et aI, 2002). In addition, SNPs share some of the

benefits of SSRs; being co-dominant and amenable to very high throughput using

automated systems (Lee and .Henry et aI, 2001), including analysis using micro arrays

(Lemieux, 2001). Further, SNPs have a lower mutation rate as compared with

microsatellites (Bhattramakki and Rafalski, 2001), which potentially could mean less

intra-varietal differences. However, as SNPs are biallelic each locus only provides two

possible alleles, making them less informative than multi-allelic systems such as SSRs.

The potential of multiplexing SNPs, however, eliminates this problem. Loci containing

more than one SNP can be used as well as the amplification of multiple loci, thus

increasing the informativeness obtained from one reaction many fold (Edwards and Mogg,

2001). Also, the availability of large-scale EST resources allows the development of

functionally-associated SNPs (Noel, 2006).

The use of SNPs has many benefits but the cost of SNP development and detection has

limited their use as markers (Chiapparino et aI, 2002). Further, in plant genotyping they

are not at present in general use (Lee and Henry, 2001). The development of cost effective

SNP genotyping techniques (Chiapparino et aI, 2002) and SNP detection methods (Kota et

aI, 2003) are becoming available and have meant that there has been an increase in the use

of SNPs as molecular markers. However, the likely time frame for the application of SNPs

in the routine genotyping of plant species is such that a robust method is needed in the

interim (Macaulay et aI, 2001). SSRs are at present the marker of choice and as recognised

by Macaulay et al (2001) are the only marker system, along with SNPs, that provide a

possible means for transfer of data between labs and construction of databases, accessible

to the community as a whole.

Microsatellites (SSRs) are tandemly repeated DNA sequences with repeat units of

between 1 and 6 bases long. It is the number of times these motifs are repeated at a

particular locus that creates the polymorphism utilised in genotyping. This variability is

due to relatively high mutation rates in satellite DNA (Caterino et al, 2000), which is
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thought to occur due to slipped-strand mispairing, with evidence of a possible role for

recombination (Hancock, 1999). SSRs are codominant markers and hence show

heterozygosity unlike AFLPs and RAPDs. Also, many SSRs have been mapped, which

allows assessment of allele flow in different chromosomal regions across generations

(Roder et 01, 2002). These features as well as their abundance, dispersal throughout the

genome and potential for automation make them useful markers (Holton et 01, 1999).

Primer pairs can be designed from the flanking regions of the repeat region, which can be

used in PCR. The resulting labelled fragments can then be visualised using either slab-gel

or capillary electrophoresis. The differences in the size of the fragments reveal the

sequence length polymorphism at that locus. It is the time and cost of development of

primers for a given taxon that constitutes the major disadvantage of SSRs as compared to

generic primer methods (Lee and Henry, 2001). As SSR primers are sequence specific and

SSR mutation rate is high, there is low transferability of SSR primers between species

(Ezenwa et 01, 1998).

The proliferation in use of SSRs has, however, meant that there are an increasing number

of available primers for a wide range of taxa including many crop species, for example,

wheat (Roder et 01, 1995), common bean (Masi et 01,2003), rice (Wu and Tanksley, 1993)

and soybean (Akkaya et 01, 1992).

SSRs have also been developed and mapped in barley (Saghai-Maroof et 01, 1994; Becker

and Heun, 1995; Liu et 01, 1996; Struss and Plieske, 1998; Petersen and Seberg, 1998;

Ramsay et 01, 2000). Development of barley SSR primers has been carried out using both

sequence data mining (EMBL and GenBank) and through the construction of genomic

libraries. Using both methods Liu et 01 (1996) developed 40 mapped SSRs and also

performed a microsatellite characterisation of the barley genome. Dinucleotides were

found to be the most frequent class of micro satellite with (GA)n being the most prevalent,

with one repeat region every 330kb. (CA)n regions were found only once in every 620kb

of the genome.
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The development of primer sets resulting from these studies has meant that more than 600

barley SSR primer sequences are available in the public domain. The availability of a

large set of primers means that primer design is not usually required. However, it does not

provide information as to the usefulness of any given sub-set as a marker system. The

need for a well distributed, highly informative and robust set of barley SSR primers led

Macaulay et al (2001) to analyse and screen available SSR markers. The results revealed

48 primer pairs that they deemed to be the most useful. Their results revealed difficulties

with interpreting profiles fro~ certain SSRs and highlighted important considerations that

would need to be applied when developing SSR marker sets. For example, the difficulty of

estimating allele sizes where there is pronounced stutter (Goldstein and Schlotterer, 1999)

and also when there is a large PCR product size.

Detection of SSR fragment size was initially carried out using radioactive labeling and

polyacrylamide gel electrophoresis (Ramsay et ai, 2000? Liu et ai, 1996; Saghai-Maroof et

ai, 1994). Developments in the systems used for DNA fragment analysis has meant that

fluorescent labeling can be used in place of radioactive techniques. Such platforms

include: ALFexpress (Pharmacia, Cambridge, UK), ABI377 (Applied Biosystems,

Warrington, UK) and LICOR (MWG, Milton Keynes, UK), as used by Roder et al (2002).

Further, platforms are available that are based on capillary electrophoresis, replacing slab-

gels. These include the ABI310 (Applied Biosystems), as used by Williams et al (1999)

and the later version, with a greater number of capillaries, The ABI3100 (Applied

Biosystems). These systems are also linked to software that can automatically size

fragments, removing the need for manual sizing (GeneScan™, Applied Biosystems). In

addition, packages are available that can automatically assign sized fragments to particular

allele 'bins' (Genotyper+" and Genelvlappert'", Applied Biosystems) and can compare the

obtained genotypes to those previously stored in a database (BioNumerics™, Applied

Maths). Such developments have meant that semi-automated genotyping systems are

possible.

Comparisons between platforms in respect to size calling have been made (Williams et ai,

1999; Macaulay et ai, 2001) ..Williams et al (1999) compared allele sizes of the CAG
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repeat, found in the Huntington disease gene, using radioactive and fluorescent PCR

amplification and also between slab gel and capillary electrophoresis. Their results

revealed consistent differences between allele sizes obtained from the different methods.

The use of radioactive labeling with slab-gels was found to be the most accurate in terms

of actual sequence length. However, the ABI31 0 system was deemed to be preferable due

to the fact that it is rapid, simple and semi-automated. Comparisons between radioactive

and fluorochrome labeling which were carried out on standard PAGE gels and using an

ABI377 system respectively, also revealed sizing differences (Macaulay et aI, 2001). In

addition, several of the problems with interpreting scores that were encountered by

Macaulay et al (2001) would be alleviated through use of capillary electrophoresis, for

example, leakage ofPCR products from adjacent lanes and large allele size ranges.

The use of SSRs for plant genotyping has led to the construction of databases containing

large numbers of SSR markers and accessions. For example, studies have been carried out

using the crops wheat (Roder et aI, 2002) and tomato (Bredemeijer et al, 2002). These

studies involved a consortium of laboratories using a variety of detection platforms

enabling the robustness and reliability of the technique to be assessed. With wheat, greater

than 99.5% accuracy between datapoints obtained from the different laboratories was

found. The most useful 19 SSRs, from an original number of about 40, were found to

discriminate between all of the 502 varieties except those with identical parents. The

tomato database of 20 SSR markers did not provide the same level of differentiation, with

90% of the 500 varieties displaying different profiles. Both studies also revealed

heterogeneity within varieties and highlighted the potential problems that such variance

can cause in using databases for variety identification ..

Barley microsatellite databases are under construction and can be accessed via the World

Wide Web. For example, the Australian National Barley Molecular Marker Database

(NBMMD) (http://www.scu.edu.aulresearch/cpcglbarley) contains SSR primer

information and alleles scored on either an ABI377 or ABI310 platform, for a large

number of barley varieties. However, the database does not include most of the varieties

on the UK National List and also does not provide data as to the degree of heterogeneity
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within varieties. The Barley Database accessed through UK Cropnet (http://ukcrop.net)

provides details of barley primers and map locations but does not give variety allele

information. Thus, at present there is not a published database of barley SSR markers that

exists that has been tested for reliability and robustness between laboratories, using

different platforms. Also, reports as to the degree of uniformity for different SSR markers,

in different varieties, have not been made.

1.1.6 Project aims

1. Part one of the project set out with the primary aim of developing a genotyping

method that would allow for the differentiation of barley varieties on:

(i) The Scottish Agricultural College (SAC) Recommended List

(ii) The UK National List

2. As part of developing the method it was proposed that the following criteria would be

evaluated:

• Ease of use

• Reliability

• Reproducibility

• Intra-varietal uniformity

• Inter-varietal differentiation

3. Following method development the aim was to construct a molecular database to

enable barley of unknown identity to be tecognised if it was a cultivar maintained

within the National List.
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1.2: Materials and Methods .

. 1.2.1 Plant material

Seed of the 134 winter and spring barley cultivars from the UK National List (2003)

was obtained from the definitive collection held as part of the cereals genebank at The

(SASA) (Roddinglaw Road, Edinburgh) and was stored at 4°C. Table 1.1 displays

cultivars used and pedigree information. Plant material (leaf, seed and root), for tests on

reproducibility of allele scores between plant parts, was obtained from farm-grown plots

at SASA. Plants were identified as being morphologically 'true to type' whilst growing

by staff from the Cereals Section at SASA and were stored at -70°C.

1.2.2 DNA extraction

Extractions were performed on seed, root and leaf material using two different

commercial kits: Nucleon PhytoPure kit (Tepnel, Manchester) and Qiagen DNeasy

(Crawley, UK) Plant mini kit. Following analysis of the resulting DNA the Nucleon kit

was chosen due to its ease of use. From both kits equivalent amounts and purities of

DNA were eluted. However, The Nucleon Kit required less time and involved fewer

steps (data not shown).

Following initial experiments DNA was extracted from the 134 cultivars on the
f

National List. These cultivars were those deemed eligible for certification and

marketing in the UK as of February 2003 by the Plant Variety Rights Office (PVRO)

and seeds division of The Department for Environment, Food and Rural Affairs (Defra).

Approximately three barley seeds (0.1g) or 0.1g of either leaf or root tissue were ground

to a fine powder in liquid nitrogen using a sterilised pestle and mortar. The Nucleon kit

protocol was then followed with modifications, using all the ground material.
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Table 1.1: Cultivars and parental pedigrees of the barley on the UK National List
(February 2003).

Reference Variety R* G" Accession Pedigree
22 Adonis 2 S 2/1666 Wren X Trinity
23 Alliot 2 S 211563 Chariot X Alexis
24 Amadea 2 W 2/1449 Sonatel Aladin
25 Amourette 2 S 2/1842 91-3 X 93-5
26 Anais 2 S 2/1687 413287 X Alexis
11 Angela 6 W 2/1397 Borwina X Express
27 Antelope 2 W 2/1721 (Epic X Hanna) X Intro
28 Antigua 2 W 2/1276 Puffin X Kira
12 Antonia 2 W 2/1438 (Waveny X 50-1019) X Puffin
29 Artist 2 W 211468 (Puffin X Astrid) X Intro
30 Aspen 2 S 211409 Vintage X Chariot
31 Athena 2 S 2/1863 Annabel X (Pongo X Colada)
32 Avenue 2 W 2/1510 (Willow X Bronze) X Intro
33 Blanche 2 W 2/1002 Isobella X Mogador
34 Boreale 2 W 2/1736 selection from F2 population
35 Braemar 2 S 2/1654 NFC 5563 X NFC 94-20
36 Brazil 2 S 2/1780 Trebon X Cooper
37 Brise 2 S 2/1576 (Chalice X Optic) X NFC 94-20
38 Calcutta 2 W 2/1722 (Hanna X Intro) X Antigua
39 Campala 2 S 2/1762 selection from F2 population.
40 Cannock 2 W 2/1700 Rifle X Hanna
41 Carafe 2 S 2/1862 (Linden X Cooper) X Extract
16 Carat 2 W 2/1606 VolleyX Cabrio
42 Celebra 2 S 2/1673 (Chieftain X Riviera) X (Brewster X

Fortune
9 Cellar 2 S 2/1574 (NFC 94-20 X Cork) X NFC 94-11)
43 Century 2 S 2/1410 Cooper X (Chariot X Brahms)
4 Chalice 2 S 2/1354 (Cooper X NFC 414-5) X Chariot
7 Chariot 2 S 2/1031 Dera X CSB 626-12
135 Chime 2 S 211480 Heron X 92.25
44 Cindy 2 S 2/1490 Composite
45 Clara 2 W 211698 Babylone X Athere
46 Clarity 2 S 211246 (488 X Sewa) X Fergie
47 Class 2 S 211777 Prestige X Optic
48 Cocktail 2 S 2/1769 (NFC 496-12 X Saloon) X Linden
49 Colston 2 S 2/1766 (NFC 495-7 X Optic) X Extract
50 Connoisseur 2 W 2/1790 Dancer X Mystique
51 County 2 S 2/1572 NFC 94-2- X NFC 94-4
52 Dandy 2 S 2/674 Egmont X Atem
6 Decanter 2 S 211411 Heron X Dallas
129 Delibes 2 S 2/1133 Regatta X Corniche
53 Diamond 2 W 211604 Rifle X Trasco
54 Drum 2 S 2/1867 (Trinity X Optic) X NFC 94-20
55 Duet 2 W 2/1161 Marinka X Torrent
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Reference Variety R* G" Accession Pedigree
56 Effect 2 W 2/1699 Hanna X 1474c

57 Emilia 2 W 2/1281 9187 X 8751

58 Existenz 2 W 2/1729 Milana X Babylone

130 Fanfare 2 W 2/1171 Torrent X Finesse

59 Flute 2 W 2/1386 Puffin X Eagle

60 Fontana 2 S 2/1594 Chariot X 405282

61 Fractal 2 S 211375 Fortune X Vintage

62 Gleam 2 W 2/1228 Torrent X Puffin
63 Global 2 S 2/1761 Selection from F2 population
131 Golden Promise 2 S 2/235 X Ray mutation from Maythorpe
64 Golf 2 S 2/421 (Armelle X Lud) X Luke
65 Granta 2 S 2/1835 Fractal X Steffi
66 Graphic 2 S 2/1029 Casino X Dandy
132 Haka 2 W 2/1528 Puffin X Intro
67 Halcyon 2 W 2/514 (Warboys X Maris Otter)
68 Harriot 2 S 2/1676 N94193 X N92 K0012 Dl4
69 Hart 2 S 2/836 Egmont X Atem
70 Heligan 2 W 2/1402 Tosca X Intro

71 Indola 2 S 2/1874 8290 X Cooper

72 Intro 2 W 2/1071 P30 X SEC 5276EHI

18 Jewel 2 W 2/1320 Clarine X Firefly

73 Kestrel 2 W 2/1705 Intro X Sunrise

74 Kirsty 2 S 2/1748 91053D24 X (Melton X Krona) X
Annabell

75 Lambada 2 W 2/1808 Regina X Rifle

76 Laurel 2 W 2/1456 (Hobby X Firefly) X Br 1283

77 Leonie 2 W 211471 Anthere X Labea
78 Macarena 2 S 2/1837 Linden X Berwick
79 Mandolin 2 S 2/1841 91-3 X 08-5

134 Manitou 6 W 2/0951 1055 X Gerbel
80 Maris Otter 2 W 2/232 Proctor X Pioneer
81 Maypole 2 S 2/1775 Prestige X Extract
82 Mead 2 W 211728 Falcon X Finch
83 Montage 2 W 2/1541 Madrigal X Clarine
19 Muscat 6 W 2/1214 Plaisant X Gaulois
84 Neruda 2 S 2/1580 NSL 90-1446 X Chariot
85 Nocturne 2 W 2/1792 Magnolia X Regina

86 Novello 2 S 2/1768 (Dray X Linden) X (Extract X NFC
496-12)

Optic 2 S 2/1188 Chad X (Corniche X Force)

87 Parasol 2 W 2/1730 Falcon X SE 22778

13 Pastoral 2 W 2/816 IGRI X Mogador

21 Pearl 2 W 2/1318 • Puffin X Angora

38 Pedigree 2 W 211715 NFC 4230 X Puffin

89 Perth 2 S 2/1834 CSBA 4661-16 X Extract

90 Pewter 2 S 2/1575 NFC 94-20 X NFC 94-11

14 Pict 6 W 211626 92-301 X Muscat
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Reference Variety R* GA Accession Pedigree
133 Prestige 2 S 211566 Cork X Chariot
2 Prisma 2 S 2/802 (TrumpfX Cambrinus) X picolo

91 Protege 2 S 211567 Riviera X Cooper
92 Quartet 2 S 2/1291 CSBA 85-2 X CSBA 241-6
93 Rakaia 2 S 211741 (Chieftain X NFC 93-12) X Cork

94 Rangoon 2 S 2/1758 Ferment X Capex X Chariot
95 Rebecca 2 S 211871 (Nord 1852 X Henni) X Viskosa

20 Regina 2 W 211204 Labea X Marinka
96 Ricarda 2 S 2/1350 Norman X Chariot
5 Riviera 2 S 2/1203 Stanza X cebeco 8331
127 Rounder 6 W 211457 5-89 X (NFC 1074 X Fiction)
97 Royale 2 W 211464 Mimosa X Puffin
98 Sacha 2 S 211651 Prisma X Amber
99 Saigon 2 W 211702 Opal X 93-5758
100 Saloon 2 S 211501 Cork X Hind
15 Scylla 2 W 2\1628 Antigua X Melanie
101 Sebastian 2 S 211770 Lux X Viskosa
128 Sequel 6 W 211717 LW 90.502 X Hamu
10 Siberia 6 W 211463 (Clarine X Energy) X (Monaco X 3627)
102 Spike 2 S 2/1669 Crusader X Optic

8 Spire 2 S 2/1668 Crusader X Optic

3 Static 2 S 2/1427 Landlord X Cork

103 Sumo 2 W 2/1547 lntro X Puffin

104 Sunrise 2 W 2/1162 Torrent X Puffin

105 SW Alison 2 W 2/1788 Gaelic X Epic

106 SW Farrier 2 W 2/1733 Madrigal X Duet

107 SW Sienna 2 W 2/1787 Digby X Tempo
108 Swallow 2 W 211706 Fanfare X Beauty.
109 Tabora 2 S 211688 Cherie X Lenka
110 Tallica 2 W 2/1820 Sumo X NFC 297-12
111 Tavern 2 S 2/1498 . NFC SB 94-20 X NFC SB 94-4
112 Thrift 2 S 2/1554 Chariot X Riviera
113 Toby 2 S 211864 Extract X Colada
114 Troon 2 S 2/1755 NSL 95-2949 X Extract
115 Tyne 2 S 2/750 (Goldmaker X Athos) X (Goldmaker X

Ma num
116 Valencia 2 W 2/1732 Angora X 1159g
117 Vanessa 2 W 2/1448 Breun 652h X Breun 1201a X Astrid
118 Velvet 2 S 2/1836 Linden X Berwick
119 Vertige 2 W 2/1335 (Tompouce X Marinka) X Emeraude

120 Vilna 2 W 2/1451 lntro X (Ceb.87262 X Tamara)

121 Violet 2 W 211540 Sunrise X 169810H2

122 Volley 2 W 211262 Puffin X NRPB 87-5378

123 Vortex 2 S 2/1764 NFC 5563 X NFC 94-20

124 SW Weitor 2 S 211680 Portia X SW8102

125 Whisper 2 W 2/1506 (NSL 90-6602 X Swift) X lntro

126 Wigwam 2 W' 2/1794 89569-922 X Magnolia

R* denotes row number; G" the classification of growth conditions (S spring, W
winter).
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Tissue powder was placed in a 1.5ml Eppendorf tube and 600111Qiagen extraction kit

Reagent 1 and 20J.!glml RNase was added. Samples were gently mixed using a vortex

and incubated for 30 minutes at 37°C. Tubes were inverted several times to mix the

contents thoroughly before the addition of 200111Reagent 2. Samples were further

inverted to achieve a homogeneous mixture. Samples were incubated at 65°C in a

shaking water bath for 10 minutes and then placed on ice for 20 minutes.

Following cell lysis, 500111of chloroform was added which had been stored previously

at -20°C. To this, 100111of Nucleon PhytoPure DNA extraction resin suspension was

added. Samples were shaken on a tilt shaker for 10 minutes at room temperature and

centrifuged at 1300g for 10 minutes. Using a pipette, the upper DNA-containing phase

was carefully transferred to a new tube. Special care was taken not to disturb the

Nucleon resin suspension layer. An additional centrifugation step was added at 3000g

for 5 minute to increase the purity of the DNA sample. The supernatant was then

transferred to a clean Eppendorftube.

DNA was precipitated by adding an equal volume of cold isopropanol. Following

which, tubes were inverted several times until the precipitated DNA became visible. If

DNA was not visibly precipitating, samples were left on ice for 30 minutes.

Centrifugation at 4000g was performed to pellet the ONA and the supernatant was

discarded. The DNA pellet was washed with cold 70% ethanol (aq. v/v) and centrifuged

for 5 minutes at 4000g. The supernatant was discarded and DNA pellets were air-dried

for 10 minutes. Any remaining droplets of ethanol were removed using a pipette. The

final DNA pellet was resuspended in 100J.!1sterile DDH20. When pellets were difficult

to resuspend the samples were placed in a 55°C water bath and / or incubated at 4°C

overnight.

DNA from individual seed for tests on intra-variety uniformity was extracted using the

GeneScan extraction system (Adgen, Auchincruive, Scotland). The GeneScan method

was trialled using potato (Reid, 2003 personal communication) and was found to

produce equivalent DNA quantities and quality as the Nucleon kit but was quicker to
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perform and cheaper. The method was thus trialled using barley material and the same

conclusions were drawn (data not shown). This method was used for the remainder of

the project work concerning the National List barley varieties.

The GeneScan protocol was followed with modifications. Individual seeds were ground

in liquid nitrogen using a sterile pestle and mortar. The resulting powder was mixed

with lml lysis buffer by inversion in a 1.5ml Eppendorf tube. To this was added 10J.lI

(20mg/ml) Proteinase K solution and IJ.lIRNAse A (30mg/ml). A 60 minute incubation

at 65°C was carried out under constant shaking. The samples were centrifuged at

13,000rpm for 10 minutes and 800!!1of the supernatant transferred to a new l.Sml tube.

To the supernatant 600J.ll chloroform / isoamyl alcohol was added and centrifugation

was carried out for 15 minutes at 13,000rpm to separate the phases. Into a fresh 1.5ml

tube 600111of the aqueous supernatant was aliquoted and 480111of cold isopropanol

added. Samples were incubated on ice for 30 minutes to precipitate the DNA.

Centrifugation at 13,000rpm was carried out for 15 minutes to pellet the DNA.

The supernatant was discarded and the DNA pellet washed in 500J.ll 75% ethanol (aq.

v/v) followed by centrifugation for 5 minutes at 13000rpm. The supernatant was

discarded and the ethanol wash repeated. The DNA pellet was centrifuged again for 1

minute at 13,OOOrpmand the remaining supernatant removed using a micropipette. The

pellet was then air dried for 5 minutes. The DNA was dissolved in 100111DDH20 and

20J.lIwas diluted to give a concentration of 10ng/J.lIand kept at 4°C. The remaining 80J.lI

was kept at -20°C.

DNA from bulk seed samples for tests on intra-variety uniformity were extracted using

the GeneScan method as described above with a different homogenisation step. Using a

Moulinex Super Junior's Coffee Mill (Birmingham) 100 seeds were ground to a flour.

The flour was then placed in a 50ml conical based centrifuge tube (Fisherband®,

Abgene, Epsom). Approximately 15ml of the sample was then used for DNA extraction.
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1.2.3 DNA quantification and visualisation

Extracted DNA was examined for quality using agarose gel electrophoresis. To each

2J.d sample of extracted DNA was added 8111DDH20 and 2J..lIloading buffer (40%

glycerol; 0.25% bromophenol blue). Agarose gels lOcm (10 samples) or 20cm (20

samples) containing 0.7% agarose (lxTBE w/v) and 50J..lg/mlethidium bromide were

used and run for 60 minutes at 80volts in lxTBE (Sigma, Gillingham, UK).

DNA was quantified using a GeneQuant (Pharmacia, Cambridge, UK)

spectrophotometer. Readings were obtained for the A260/ A280 ratio, DNA

concentration and purity. Sample DNA yields ranged from 4 - 271lg and were diluted

with sterile DDH20 to give a working dilution of l Ong/ul. Part of the sample was stored

at 4°C for frequent use; the remainder of each sample being stored at -20°C.

1.2.4 SSR markers

Over 600 barley SSR markers are available in the public domain (Ramsay et al, 2000)

and primer sequences for these SSRs can be found in the appendix of the Ramsey et al

(2000) paper. From these primers, 30 were chosen for screening. Table 1.2 provides

forward and reverse primer sequences, SSR repeat motifs, forward primer labels and the

peR cycling conditions used.

Forward primers were fluorescently labeled at the 5' with one of PEPM, FAMTM,

NEDTMor VICTM(Applied Biosystems) to allow detection in capillary electrophoresis.

The use of four different fluorescent labels (red, blue yellow and green respectively)

allows future multiplexing whereby four primers could be used in a single PCR reaction

and! or detected in a single sample.

Reverse primers (MWG) were "PIG-tailed" (Brownstein et aI, 1996) to facilitate

accurate genotyping. This was achieved by the addition of the sequence GTTTCTT on

the 5' end which promotes the adenylation of the 3' end of the forward strand. 'PIG -

tailing' helps in the analysis of genotypes as it has been found to alleviate the problem
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of the addition of a 3' non-template A nucleotide during the elongation step in PCR

(AB!, 2002). The addition of an extra A nucleotide can cause a 'shoulder' to the right of

the true allele peak, thus interfering with accurate allele calling. The use of the 'PIG-

tail' maximises the' A' addition thereby providing clearer and consistent results.

1.2.5 peR cycling optimisation
.Amplifications were performed using an MJ Research (Massachusetts, USA) PTC-200

Peltier Thermal Cycler and a GeneAmp®PCR system 9700 (Applied Biosystems,

Warrington, UK) thermal cycler. Results otained from both were shown to be similar

(data not shown).

Primers trialed from those screened and or developed by Macaulay et al (2001) were

initially amplified using cycling conditions provided by the Scottish Crop Research

Institute (SeRI) (Macaulay, 2003, personal communication).

Those primers that amplified weakly using these conditions and for primers not

screened by SCRI a temperature gradient peR was performed on the PTC-200

instrument, to determine the optimum annealing temperature (10 minutes at 95°C; 30

cycles of: 30 seconds at 94°C/ 30 seconds at a 50-70°C gradient, which allows for

~ifferent annealing temperatures within this range for different positions on the same

peR block / 30 seconds at 72°C; 10 minutes at 72°C). For primers that amplified

inconsistently 'touch down' cycles were investigated to determine whether this would

improve amplification of alleles in certain cultivars. peR cycling conditions for the

primers screened are detailed below:
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(i) TD_TRIAL (Touch down trial)

Hot Start: 10 minutes at 95°C

7 cycles: 30 seconds at 94°C
30 seconds at 65°C-58°C «1°C each cycle)
30 seconds at 72°C

30 cycles: 30 seconds at 94°C
30 seconds at 58°C

Hold: 5 minutes at 72°C

ii) TD64-55 (Touch down 64-55°C)

Hot start: 10 minutes at 95°C

10 cycles: 1minute at 94°C
1minute at 64°C-55°C«1°C each cycle)
1minute at 72°C

30 cycles: 1minute at 94°C
1minute at 55°C
1minute at 72°C

Hold: 5 minutes at 72°C

(H) 30at50 (30 cycles at 50·C (annealing temperature) (Cycling conditions for the
programs: 30atS5, 30at58, 30at60 and 30at70, as above but with corresponding
alteration in annealing temperature)

Hot start: 10 minutes at 95°C

30 cycles: 30 seconds at 94°C
30 seconds at SO°C
30 seconds at 72°C

Hold: Sminutes at rrc
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1.2.6 peR reagent optimisation

At first, Taq DNA Polymerase (Sigma, Gillingham, UK) was used. The use of

AmpliTaq Gold® (Applied Biosystems, Warrington, UK), however, was found to

be more efficient especially when primers had been stored for several months (data

not shown). The established PCR mixture and PCR cycling conditions were altered

when AmpliTaq Gold® was used, due to the need for enzyme activation using a

'hot start' and the need for the separate addition of Mg2+.The concentration of Mg2+

was optimised for use with AmpliTaq Oold®, which meant experimenting with

concentrations from 1.5-SmM. Primer concentrations were those optimised for use

with potato SSRs by Reid (2003, personal communication). Final concentrations

that were used in the SSR master mix for PCR are shown in Table 1.3.

Table 1.3: Reagent co~centrations used in the PCR master mix

Component Volume per reaction Concentration per,
reaction

10xbuffer Ix
dNTP mix (1OmM) ImM
MgCh (25mM) 2.5mM

Forward primer (Zpmol/ul) 0.2 pmol/ul
Reverse primer (lOOpmol/J.1l) 0.5111
AmpliTag Oold® 5units/gl 0.1 III 0.05 units/ul

DNA (lOng/ill) 1 ng/ul

1.2.7 Fragment analysis

To 1111ofPCR reaction was added 0.25111OeneScan™ -500 LIZ® size standard and

8.75f.l1 Hi-DiTM Formamide 1 (Applied Biosystems). The LIZ® size standard

fluoresces orange and is the fifth label in the Applied Biosystems Filter Set 05. The

samples were denatured by incubation at 95°C for 5 minutes and cooled on ice for 5

minutes prior to loading. Samples were loaded onto the ABI Prism® 3IOOAvant

Genetic Analyzer (Applied Biosystems), utilising the 36cm capillary array and
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POP-4™ Performance Optimised Polymer. Data were collected using Data

Collection software (Applied Biosystems) and analysed using GeneScan® Analysis

Software version 3.7 (Applied Biosystems). Detected peaks were sized using

GeneScan® and alleles scored manually.

1.2.8 Data analysis

1.2.8.1 Microsatellite data
Alleles were recorded manually as present (1) or absent (0) for each primer and

cultivar and were entered into a database constructed using Microsoft Excel.

Discrimination of the cultivars by the primer sets was determined using

BioNumerics™ version 3.0 (Applied Maths, Gent, Belgium).

Number of alleles observed for each marker was recorded. Rare alleles were

detected and classified as such if their frequency within the data set for that marker

was less than 2% (Roder et ai, 2002). In practice this corresponded to an allele

frequency ofless than 21.44 in a data set of268 (134 diploid cultivars).

The genetic diversity of each marker was calculated by determining its Polymorphic

Information Content (PIC). This provided a means of assessing the value of each

marker by analysing the frequency and number of alleles produced in the data set of

National List barley cultivars. Thus, for differentiation purposes the markers

showing higher PIC values would be of greater use.

PIC values were calculated using Microsoft Excel software using equation 1.

Gene diversity = 1- ~ P2ij (Struss and Plieske, 1998) (1) ,

P represents the frequency of an allele in a diploid population. The i and j signify

the frequencies of the i and j alleles at that locus. An example of its use in this study

would be in determining the PIC for Bmag 0211 which was found to produce 4
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alleles. The possible number of alleles in a diploid population of 134 barley

cultivars is 268. For one allele (length 185) 49 homozygotes were revealed and thus

the frequency of this allele could be determined by 98/268. The frequency of each

of the 3 remaining alleles was determined and each value then squared. The sum of

these values was then taken from 1, which provides the PIC value for that marker.

1.2.8.2 Characterisation of barley cultivars on the UK National List

Differentiation of cultivars was calculated in BioNumerics™ using Dice's

coefficient (Dice, 1945) for binary data that measures similarity based upon

common and different alleles. A Dendrogram was produced for the resultant

similarity matrix of each single marker and for the composite marker sets using the

Unweighted Pair Group Method using Arithmetic averages (UPGMA).

The stability of the resulting clusters was determined using the cophenet function as

originally devised by Sokal and Rohlf (1962). This served to compare the values

within the similarity matrix with those of the dendrogram by computing their

correlation, providing a cophenetic correlation value.

Principal Components Analysis (PCA), a generalisation of Principal Co-ordinates

Analysis (PCoA) devised by Gower (1966) was performed on the data using

BioNumerics™. This allowed variance to be analysed between specific cultivars,

between spring and winter cultivars and 2-rowed and 6-rowed barley over the

marker sets. This analysis also visualized the weight of each allele from the SSR

markers used with respect to co-ordinates in each principal component.

1.2.9 Testing unknowns

The accuracy of the database was assessed using a blind test. Staff from the Cereal

Section of SASA prepared 6 'unknown' barley seed samples. The DNA from the

samples was extracted as described in Section 1.2.2 and then analysed using the 6

primer set (BmagOI20, Bmac0093, Bmag0211, Bmag0009, HvM36 and HvM54).
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The allele sizes obtained were entered into BioNumerics™ to determine whether the

profiles matched any of the cultivars in the database.

1.2.10 Reproducibility and reliability of SSR allele calls

1.2.10.1 Reproducibility and reliability between plant parts

An investigation was carried out to assess the reproducibility and reliability of SSR

allele calls using the ABI Genetic Analyzer®. The investigation had the following 4

objectives:

To determine whether:

(i) Allele calls were consistent between different plant parts of the same

individual.

(ii) Allele calls were consistent from the same plant part.

(iii) Allele calls were reliable from the same DNA extract with repeated PCR

amplification and analysis.

(iv) Individual primers were reliable in producing product detectable by

GeneScan® software from the same DNA extract.

Five spring barley cultivars (cvs. Decanter, Spire, Optic, Cellar and Riviera) were

used to determine whether allele size calls were consistently obtained from different

plant parts of the same plant. Three samples were taken from each of the 3 plant

parts: root, leaf and seed to give a total of 9 DNA extracts from each variety. The

GeneScan (Adgen) protocol, as described previously in Chapter 2.2.2 was used to

extract the DNA. PCR and analysis using 4 primers (Bmac0093, Bmag0211,

Bmag0l20 and HvM62) was repeated 5 times on each extract to assess the

reproducibility and repeatability of the technique. A diagram which shows the

method outline for this investigation is shown in Figure 1.1.
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1.2.10.2 Comparison with ABI 377 results

A DNA sample of lOOng, from each of the 21 cultivars on the SAC list, was put into

a 1.5ml Eppendorf tube. Samples were sent to SCRI for analysis using a set of 11 .

primers (Bmag0223, Bmac0093, BmagOl20, Bmac0134, BmagOl25, Bmag0211,

Bmag0067, BmacOl56, Bmag0378, EBmac0701, Bmag0206). PCR conditions and

fragment analysis using the ABI 377® Genetic Analyzer was performed, as

described previously (Macaulay et al, 2001).

1.2.11 Intra- variety uniformity

1.2.11.1 Individual seed tests
Tests were carried out to determine whether allele uniformity existed within varieties.

Twenty four individual seeds were randomly selected from each of eight barley

cultivars (cvs. Antonia, Angela, Muscat, Regina, Optic, Carat, Prisma and Static).

DNA was extracted using the GeneScan (Adgen) method (as described previously in

this chapter) and analysed with 2 SSR primers (Bmag0009 and HvLEU). In order to

extend this analysis the number of cultivars was reduced and the number of primers

increased. Four of the barley cultivars (cvs. Antonia, Angela, Muscat and Regina)

were analysed using a further 5 primers (BmagOl20, HvM36, HvM54, Bmac0093,

Bmag0211).

1.2.11.2 Bulk seed tests

Seed bulks of two barley cultivars (cvs.Muscat and Antonia) were analysed for allele

uniformity using two SSR primers (Bmag0009 and HvLEU). Random samples of

100 seed of each variety were ground to flour and DNA extractions performed as

described previously.

1.2.12 Test sensitivity

1.2.12.1 Bulk DNA tests

To determine the DNA concentration necessary for allele detection following PCR

and analysis, dilutions of DNA with known allele size were prepared. Following
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initial individual seed tests three individuals from three different varieties were

shown to have different allele types to the majority of that variety. Dilutions of DNA

from these 'off-type' individuals were made in a progressive ratio with DNA from

individuals that had shown to produce the 'normal-type' allele for that variety. The

following individuals and varieties were used:

(i) Individuals 6 and 1 cv. Antonia (I 74bp and I76bp at locus Bmag0009)

(ii) Individuals 12 and 2 cv. Regina (174/180bp heterozygote and 174bp at locus

Bamg0009)

(iii) Individuals 17 and 4 cv. Muscat (l72bp and 175bp at locus HvLEU)

DNA dilutions were made for each cultivar using the two individual DNA samples as

shown in Table 1.4. DNA samples were assessed using locus Bmac0009 (cvs.

Antonia and Regina) or HvLEU (cv. Muscat), as it was at these loci that the two

individuals from each variety had shown to differ in allele size in the individual seed

tests, as shown above. The profiles obtained from the samples following PCR and

analyses were observed.

Table 1.4: Table showing DNA ratios prepared to assess at what concentration level
an allele can be detected following peR and analysis.

Sample DNA % 'off-type' 'off-type' ,normal-type'
ratio DNA (I:!I} DNA (I:!I)

a 1:10 10 1 9
b 1:5 20 2 8
c 3:10 30 3 7
d 2:5 40 4 6
e 1:2 50 5 5
f 6:10 60 6 4

7:10 70 7 3
h 4:5 80 8 2
I 9:10 90 9 1
j 1:20 5 0.5 9.5

34



Chapter 1: Differentiation of UK barley varieties
1. 2: Materials and Methods

1.2.12.2 Seed mixes
In addition to the DNA tests an assessment was also made as to the number of

heterogeneous seeds required in a batch before detection was viable. Mixes of seed of

cvs. Angela and. Prisma were made as the two cultivars had been shown to give

different sized alleles with the primer sets HvLEU and Bmac0009. Samples of 100

seed were made as described in Table 1.5. Seeds of cvs. Angela and Prisma were

analysed as true to type morphologically by the Officiall Seed Testing Station

(OSTS) section of SASA. Seed batches were than ground to flour and the DNA

extracted as described previously. PCR was then carried out using the primer sets

HvLEU and Bmac0009 and fragment analysis performed.

Table1.5: Table showing number of seeds of each cultivar used in each sample batch
of 100 seeds to test the sensitivity of detection of allele peaks.

Sample Number of cv. Number of cv. Ratio Detection
Angela seed in Prisma seed in the level / %

the batch batch
1 1 99 1:100 99%
2 3 97 3:100 97%
3 5 95 1:20 95%
4 10 90 1:10 90%
5 20 80 1:50 80%
6 30 70 3:10 70%
7 40 60 2:5 60%
8 50 50 1:2 50%
9 0 100
10 100 0
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1.3: Results

1.3.1 Microsatellite data

1.3.1.1 Primer choice

As described in Chapter 1.2, 30 primers were screened in the process of identifying

a set of SSRs that would differentiate the barley varieties on the UK National List,

2003. Initially, 11 primer sets were chosen from the 48 barley SSRs described by

Macaulay et at (2001). These were selected based upon two criteria: those that had

similar annealing temperatures, to facilitate possible future multiplexing, and those

with a high PIC, providing more informative markers.

The 11 primer sets were screened on the 21 barley varieties on the SAC list, 2002

(cvs Optic, Prisma, Static, Chalice, Riviera, Decanter, Chariot, Spire, Cellar, Siberia,

Angela, Antonia, Pastoral, Pict, Scylla, Carat, Opal, Jewel, Muscat, Regina and

Pearl). Of these, 3 amplified with consistent profiles that were amenable to scoring
(

and displayed polymorphism (Bmac0093, Bmag0211, and BmagOI20). These 3

primer sets were chosen to be used for screening the entire National List. Primers

that were not selected were rejected either because they produced no product

(Bmag0384) or because a weak signal (Bmac0378) was produced. In addition some

were monomorphic or revealed only 2 allele types (BmagOI36).

. The SSR screening was extended with the use of further primer sets. These were

chosen following personal communication with Macaulay (2003, personal

communication) concerning the 48 barley SSRs. It was indicated that primers with

lower PIC values could give profiles that were easier to score and would possibly

show less intravarietal differences. However, the benefit of using such primers may

be outweighed by the increase in SSRs that would be required to provide the

equivalent level of information and thus, differentiate between all the varieties.

Primers that had been found by SCRI to have a strong signal and clean peaks were

selected for screening.

All primers were screened initially against the SAC recommended list of barley

varieties.' If they revealed polymorphisms, had strong peaks and amplified
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consistently they were then applied to the whole National List of barley cultivars. Of

the 30 sets of primers, 6 were chosen that were polymorphic, amplified well and

gave consistently clear profiles. These primers would form the basis of the tiered

system for varietal identification as described in Chapter 3. The results for these

primers are shown in Table.I.6 and an example of how SSRs are used to

differentiate cultivars is shown in Figure.l.3. The results for the remaining primers

screened and the reasons for not including them in the final primer set are shown in

Table.i.7

Table 1.6: Table displaying the 6 primer sets chosen for differentiating varieties on
the National List.

Primer Motif PCR Allele no Allele sizes PIC
program (rare

alleles)
Bmag0120 (AG)15 TO_TRIAL 8 (4) 229/231/233/235/237/241/261/263 0.7
Bmac0093 (ACh4 TO 64-55 5(1 ) 157/1601162/164/166 0.7
Bmag0211 (CT)16 TO_TRIAL 4(1 ) 185/187/189/191 0.7
BmagOO09 (AG)13 30@60 4(0) 174/176/178/180 0.6
HvM36 (GAh3 30@55 5(2) 111/113/117/123/141 0.7

HvM54 (GAh4 TO 1@55 6(3) 153/157/159/161/165/169 0.6

Mean 5.3 Mean 0.7

Table 1.7: Results of primers screened and not used in the final set for National List
differentiation.

No product
Bmag0378; Bmag0384
\Veak signal
Bmac0134; BmacOl56; Bmac0378; Bmag0223; Bmag0021; HvM03
Inconsistent amplification
Bmac0067; Ebmac0701; Bmac0206
Monomorphic or 2 alleles when screened on the SAC list
HvLEU; Ebmac0970; Bmag0136; Hvm9; HvDHN7; HvLOX; HvM56; HvML03
Profiles difficult to interpret
Bmag0353 ;HvCMA
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1.3.1.2 Marker quality

For primers to be useful they needed to be polymorphic, amplify consistently and

display a clear profile. Following peR optimization only 20% of the markers

fulfilled these criteria. The screening results of this study revealed a high incidence

of stutter product on the peak profiles. This was also the case, even with the 6

chosen primers. However, what separated the chosen primers was a consistency in

stutter profile for an allele size across the barley cultivars. This meant that no

discrepancy in peak calling would occur.

Of the primers not chosen, as shown in Table 1.7, inconsistencies occurred. This

could be in peak profile for the same allele size with differing cultivars that made it

difficult to ascertain whether or not the same size allele had been amplified, or non-

specific product may have been amplified inconsistently which led to difficulties in

allele calling, as uncertainty existed as to whether the product was indeed an allele.

Further, repeat amplifications using the same primer and variety could produce

different profiles that made allele interpretation difficult, as shown in Figure 1.4.

~I ~.~.=.~'.=:'~~~~~CH~~~_='==-~==~~~~--------~====================~

Figure 1.4: Genescan® profiles for the barley cultivar Blanche using the primer
Bmag0353 following two different peR amplifications and runs on the AB! 3100
Genetic Analyzer. The profiles demonstrate how discrepancies can occur between
runs with the same primer and variety.
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1.3.1.3 The 6 SSR primer set

The 6 chosen primers amplified a total of 32 alleles over the 134barley cultivars. Of

these alleles 11 were considered 'rare' (as defined in Section 1.2.8.1). Individual

primers amplified between 4 and 8 alleles, with an average of 5.3 alleles over the 6

primer set. Bmag0120 amplified the greatest number of alleles (8) and also the

greatest number of rare alleles (4). Bmag0009 and Bmag0211 amplified the least

number of alleles (4) and also the least number of rare alleles (0 and I respectively)

(Table 1.6.). PIC values (defined in 1.2.8.1) calculated ranged from 0.62 to 0.78,

with Bmag0120 being the most informative marker with a value of 0.78 and

Bmag0009 the least informative with a PIC value of 0.62. Over the 6 primers, allele

sizes ranged from between 111bp and 263bp. Only allele sizes from 2 sets of
primers overlapped (Bmac0093 and HvM54).

1.3.2 Characterisation of barley cultivars on the UK National List

1.3.2.1 Differentiation of cultivars

As described in Chapter 1.2 allele sizes for each of the 6 primers and 13~ cultivars

was entered manually into BioNumerics™ version 3.0 (Applied Maths, Gent,

Belgium) and are shown in Table 1.8. Entering the allele data enabled statistical

analysis to be performed with regards to the relationships between the cultivars as
,

revealed by the microsatellite loci. Further, the allele sizes, cultivar names, growth

type (winter or spring) and row type (2 or 6-rowed) was inputted into the

BioNumerics™database and held in a library named Barley SSR. The construction

of the library contained within the database would allow for the identification of

barley samples of unknown variety. By entering allele calls from an unknown

sample the genotypes of known barley cultivars, held within the library, could then

be matched to the unknown barley sample and identification made.

The differentiation and hence the relationships between the cultivars based on the 6

SSRs was assessed. The results of which are shown in the dendrogram displayed in

Figure.1.5.
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Table 1.8: Table showing allele scores for each cultivar on the UK National List" of
Barley varieties, 2003. Cultivars of spring growth habit are listed first in alphabetical
order, followed by winter cultivars. Allele scores are shown for each of the 6 main SSRs
in addition to the allele peak sizes of the 4 SSRs used in the Tiered system in order to
differentiate the remaining varieties. Cultivar reference numbers are given in the first
column.

Ref Cultivar Bmag Bmac Bmag Bmag Hv Hv HvM Bmag Hv Bmag
N° 0120 0093 0211 0009 M3 M5 62 0125 LE 0353

6 4 U
22 Adonis 261 157 185 178 III 169
23 Alliot 261 164 ·185 174 113 165
24 Amadea 241 162 187 178 141 165 250
25 Amourette 261 164 187 180 111 161
26 Anais 231 164 185 174 III 157
11 Angela 235 162 191 176 141 165
27 Antelope 231 162 191 176 141 165 250
28 Antigua 231 162 191 178 141 165
12 Antonia 263 162 191 180 141 165
29 Artist 231 162 191 176 141 165 259 171
30 Aspen 229 164 185 147 113 161 235
31 Athena 231 164 187 174 117 159 123
32 Avenue 237 162 191 178 141 165 250
33 Blanche 237 162 191 174 141 165
34 Boreale 261 162 187 180 123 165
35 Braemer 241 164 185 174 III 161 259
36 Brazil 231 164 185 178 111 169
37 Brise 241 164 185 174 111 161 235
38 Calcutta 231 162 191 176 141 165 259 175
39 Campala 261 157 185 174 117 169
40 Cannock 261 162 191 176 141 165
41 Carafe 231 164 185 174 113 161
16 Carat 231 162 187 174 141 165
42 Celebra 237 162 189 174 117 159
9 Cellar 241 164 185 174 111 161 235

43 Century 231 160 185 178 III 153
4 Chalice 231 164 185 174 113 161
7 Chariot 261 160 185 174 113 153 235

135 Chime 261 164 185 178 113 169
44 Cindy 233 157 185 174 III 169
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Cultivar Bmag Bmac Bmag Bmag Hv Hv
0120 0093 0211 0009 M3 MS

6 4

HvM Bmag Hv Bmag
62 0125 LE 0353

U
45 Clara 237 160 191 174 123 165
46 Clarity 231 157 185 178 III 161
47 Class

241
241 160 187 180 113 161

178 113 15348 Cocktail 157 185
49 Colston 229 164 185 174 III 161
50 Connoisseur 263 162 191 178 141 165 250
51 County 261 157 187 174 111 169 259
52 Dandy 263 157 187 174 111 169
6 Decanter 261 164 185 178 113 157

129 Delibes 241 157 185 178 113 153
53 Diamond 261 162 187 174 111 165
54 Drum 231 164 185 178 111 161
55 Duet 237 160 191 180 111 165
56 Effect 231 162 189 174 123 165
57 Emilia 261 164 191 178 III 165

130 178 141 165 259
58 Existenz 231 162 187 178 III 165 250

Fanfare 241 162 187
59 Flute 237 164 189 178 141 161.
60 Fontana 261 160 185 174 113 153 235
61 Fractal 229 164 187 174 113 161
62 Gleam 263 157 187 178 111 165

131 178 111 165
63 Global 261 157 185 174 111 153

Golden
Promise

261 157 189
64 Golf 229 164 187 178 117 169
65 Granta 231 164 185 174 111 161

132
178 11115966 Graphic 261 164 187

Haka 263 162 191 178 141 165 259
67 Halcyon 229 164 187 178 123 165
68 Harriot 261 157 187 174 III 169 250
69 Hart 231 164 185 174 113 169 140
70 Heligan 231 162 191 147 141 165 175
71 Indola 231 157 185 178 111 169
72 Intro 231 162 191 174 141 165 171
18 Jewel 261 162 187 174 141 165
73 Kestrel 231 162

261 157 185
187 178 111 165 259

74 Kirsty 178 113 169
75 Lambada 261 157 .187 178 141 169
76 Laurel 241 162 191 178 141 165
77 Leonie 263. 162 187 174 123 165
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Ref Cultivar Bmag Bmac Bmag Bmag Hv Hv HvM Bmag Hv Bmag
N° 0120 0093 0211 0009 M3 MS 62 0125 LE 0353

6 4 U
78 Macarena 261 164 185 180 113 161
79 Mandolin 241 164 185 174 113 161 259
134 Manitou 237 162 191 180 123 165
80 Maris Otter 237 164 187 178 123 169
81 Maypole 241 157 185 174 111 165
82 Mead 261 157 187 178 141 165
83 Montage 263 162 191 174 141 165
19 Muscat 237 166 187 176. 123 165
84 Neruda 231 164 185 178 113 165
85 Nocturne 263 160 191 178 141 165
86 Novello 261 157 185 174 111 165
1 Optic 229 164 185 174 113 161 259

87 Parasol 261 157 187 176 141 165
13 Pastoral 261 162 191 174 141 165
21 Pearl 237 157 187 178 III 165
38 Pedigree 231 157 187 178 141 165
89 Perth 261 164 185 174 113 161

. 90 Pewter 241 164 185 174 113 161 235
14 Pict 237 166 191 176 141 165

133 Prestige 241 160 185 174 113 161
2 Prisma 231 157 185 178 113 165

91 Protege 261 164 185 174 111 161
92 Quartet 261 160 185 174 113 153 259
93 Rakaia 231 160 185 178 113 169
94 Rangoon 261 162 185 174 113 153
95 Rebecca 261 164 187 174 113 159
20 Regina 263 160 191 174 111 165
96 Ricarda 261 164 187 174 111 169
5 Riviera 261 164 187 174 111 169

127 Rounder 237 162 191 174 III 153
97 Royale 231 157 189 178 111 165
98 Sacha 231 157 185 174 113 161
99 Saigon 263 164 187 178 111 165
100 Saloon 241 164 185 174 III 165
15 Scylla 237 162 191 178 141 165 259 140

101 Sebastian 229 164 185 174 113 169
128 Sequel 237 166 187 174 141 165
10 Siberia 237 162 191 176 111 165

102 Spike 237 164 187 174 111 165
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Ref Cultivar Bmag Bmac Bmag Bmag Hv Hv HvM Bmag Hv Bmag
N° 0120 0093 0211 0009 M3 MS 62 0125 LE 0353

6 4 U
8 Spire 229 157 185 174 113 157
3 Static 241 157 187 174 113 161

103 Sumo 231 160 187 180 111 169
104 Sunrise 241 157 191 178 111 165
105 Sw Alison 231 162 191 174 111 165
106 Sw Farrier 241 157 191 180 141 165
107 Sw Sienna 237 164 187 178 123 165
108 Swallow 231 162 185 178 141 165
109 Tabora 231 157 189 174 113 157
110 Tallica 231 162 187 180 111 169
111 Tavern 261 164 189 174 111 161
112 Thrift 261 160 185 174 111 161
113 Toby 231 164 185 174 113 161
114 Troon 231 164 185 174 113 169 142
115 Tyne 261 157 187 174 111 161
116 Valencia 237 162 187 174 141 165
117 Vanessa 231 162 18'2 176 141 165
118 Velvet 231 164 189 174 111 161
119 Vertige 261 162 189 180 141 165
120 Vilna 231 162 189 174 141 165
121 Violet 261 162 187 178 111 165
122 Volley 231 162 187 174 111 165
123 Vortex 261 164 187 178 117 159 121
124 Wei tor 231 164 187 174 113 169
125 Whisper 237 162 187 180 141 165
126 Wigwam 237 162 191 178 141 ' 165 259 142
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1.3.2.2 Dendrogram displaying the clustering of the National list

cuItivars

Analysis of relationships between the National List cultivars was analysed and

represented using a dendrogram (Figure.l.5). The methods used in dendrogram.

production are described in Section 1.2.8.2 where similarity was calculated using

Dice's coefficient and clustering achieved from the similarity matrix using UPGMA.

The reliability of the constructed tree was determined using cophenetic correlation

as described in 1.2.8.2. The nearer the cophenetic correlation was to 1 the more

accurately the branch points on the cluster analysis reflected the data values in the

similarity matrix.

The dendrogram revealed 2 major clusters. cophenetic correlation showed that all

branches of the dendrogram where cultivars were shown to have greater than 83%

similarity, had high cophenetic correlations and correlated 100%with the similarity

matrix. The majority of spring and winter barleys were clustered distinctly. Cluster 1

consisted of all winter cultivars with the exception of 4 spring cultivars (cvs Golden

promise, Spike, Golf and Celebra). The highest similarity value of a spring to a

winter cultivar in the entire data set was 67% similarity (cvs Emilia and Golden

Promise; Spike with Valencia and Sequel).

Cluster 2 contained all spring cultivars except 2 winter cultivars (cvs Sumo and

Tallica), that were clustered distinctly with> 84 % similarity. The greatest similarity

I cvs. Sumo and Tallica showed to other cultivars in Cluster 2 was 38%.

All 6-rowed barley cultivars, which are all winter cultivars, were found within

Cluster 1. Two pairs of 6-rowed cultivars (cvs Rounder and Siberia; Muscat and

Pict) demonstrated the highest similarity of the 6-rowed cultivars with >67%

'similarity.

The main grain phenotypic characters were assessed for each cultivar named on the

dendrogram (data not shown) These characters were:
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1.

2.
3.

Rachila hair type

Inner lateral nerve specula,
Ventral crease hairs in winter 6 row cultivars

The purpose of this was to determine whether cultivars with the same major

characters were grouped accordingly on the dendrogram. This was not found to be

so; no clusters were observed for any of the main grain phenotypic characters (data

not shown).

1.3.2.3 A tiered system for varietal identification

The 6 primer set did not completely differentiate the 134 varieties. This led to the

use of a tiered system for identification. An unknown sample would be initially

screened using the 6 primers. If this did not differentiate sufficiently then the sample

could be screened using specific primers that had been identified to resolve these

additional varieties. The structure of this system is demonstrated in Figure 1.6.

The database using the tiered system of SSRs, as demonstrated in Figure 1.6,

differentiated the whole National List of barley cultivars except 6 undifferentiated

pairs. As the robust 6 primer SSR set separates the majority of cultivars (96 of

the134) it was decided that these would be the primers that would be used initially

for identification. Then, if a sample was left unidentified following initial screening

the corresponding SSR primers could be applied to elucidate the unknown sample as

shown in Figure 1.6. The primers identified proved to be reliable, producing clear

product for the cultivars shown. This was revealed by repeated amplification.

The use of this database system meant that of the 134 cultivars 6 pairs were left

unresolved. Of the 6 pairs 5 could be separated morphologically by major

characteristics. These pairs were: cvs Diamond and Volley, Brise and Cellar,

Ricarda and Riviera, Chariot and Fontana, Cocktail and Delibes. Each of these pairs

could be separated by differences in the pigment and glaucosity of the grain

(Tulloch, 2004, personal communication [Cereal Section, SASA)). The remaining

pair: cvs Carafe and Toby that were not differentiated with the SSRs are difficult to

separate morphologically, with only minor characters that can cause a visible

difference. The minor characters are the sterile spikelet and the palea length.
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1.3.2.4 Principal components analysis

PCA was carried out on the similarity matrix obtained from the allele data from the

6 microsatellites that were screened on the National List of barley cultivars. Figures

representing the PCA were produced to show the distribution of varieties by cultivar

reference number (Figures. 1.7, 1.8 and 1.9.); ear type (6 or 2- rowed) (Figure.1.10.)

and growth character (winter or spring) (Figure.1.11.). The total variance

demonstrated by the first three principal components within the data set was 41.6%.

The 2 and 6-rowed barley cultivars (Figure.1.10) do not separate clearly upon PCA

with the degree of variance obtained from the microsatellite set. However, when

each component of the PCA was closely examined in 2-dimensions (data not shown)

it became clear that all of the 6-row barley cultivars give negative x values and

demonstrate a smaller spread across the components than the 2-row barley cultivars.

Further, within the second component (y) the trend is for 6-rowed cultivars to have

positive values.

The winter and spring cultivars showed a clear trend of separation in the first

component (x) (Figure. I. II.). Winter cultivars displayed negative values and spring

cultivars positive values. A degree of overlap was observed but no spring cultivar

had an x value of < -3.9 and no winter cultivar had an x value> 1.04 . Those alleles

shown to have the highest discriminating power with respect to the PCA are shown

in Figure. 1.13.
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y
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127 94 133

97 64 135

62 75 46 36 66

74
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22

Fig.l.7: Principle Components Analysis (PCA) of National List barley cultivars based
on variance observed within the data set using 6 SSR primers. The cultivars are
identified by reference number that correspond to the cultivar names shown in
Table.Ll , The 4 quadrants in the x and y axis are enlarged and shown separately in
Figs. 1.8 and 1.9. The components represent 41.6% of the total variance detected in the
data set (x = 22.7%, y = 10%, Z = 8.8%).

50



N
r--

N

=
N r--

r--

.... I,C

I'f'i r-=-
II'l II'l

II)
o

0
N

eo
eo

0.-
~Ll'l <D

C')

N 0
"'1D .-

0>

V
C')

C')

0

C')eX>

"-Ll'l

C')

eo
V ,...

-e-

0
V

N

o
N

0>
0>

,...
,...0>
o

N
<DLl'l

II)

.....
N .-

N
N'-
eo

I,C

0\

N t-i "'"
N - r<':

N

r-=-
iii =

N
.... ~

~

N
.... r--

OIS~
~

OIS
II'l

51



~~
~0'1
I,Q~

0'1 iii~ I,Q
N ~

III

N -~ ~ - aO ~ 'IS
- ~

0'1
- I,Q ~ N

- ~ iii -= I,Q ~~

cv
CD

M

~
N

M

CD
C> ...

...
C>

Q)

m
0

CD...
CD

N
0

52

'"N

('oj

'" CD
CD...

CD

o
CD



Chapter 1: Differentiation of UK barley varieties
1.3: Results

Figure 1.10: Principal Components Analysis (PCA) of National List barley cultivars
based on variance observed within the data set using 6 SSR primers. The cultivars are
identified by the symbol 6 or 2 which represents whether the ear of the cultivar has 6 or
2 rows of fertile spikelets. The components represent 41.6% of the total variance
detected in the data set (x = 22.7%, Y= 10%, Z = 8.8%).
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Figure 1.11: Principal Components Analysis (PCA) of National List barley cultivars
based on variance observed within the data set using 6 SSR primers. The cultivars are
identified by the symbol Wor S that represents whether the cultivar has a winter (w) or
spring (s) growth character. The components represent 41.6% of the total variance
detected in the data set (x = 22.7%, Y= 10%, Z = 8.8%).
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Figure 1.12: Principal Components Analysis (PCA) of National List barley cultivars
based on variance observed within the data set using 6 SSR primers. The cultivars are
identified by the symbol Wor S that represents whether the cultivar has a winter (w) or
spring (s) growth character. The first two components are shown (x and y) to highlight
the. variation that is shown in the 3 dimensional PCA in Figure 1.11. The components
represent 41.6% of the total variance detected in the data set (x = 22.7%, Y= 10%).
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1.3.2.5 Testing unknown barley samples
I

The robustness of the identification database was tested using 6 'unknown' barley

samples provided by staff from the Cereal Section of SASA, as described in Section

1.2.9. Following data being submitted to the database a dendrogram was produced to

identify possible matches against the cultivars in the database.

The resulting positions of the unknown samples are shown on the dendrogram in

Figure.I.5. Five of the 6 samples revealed 100% matches to cultivars held in the

database. Sample 5 could not be identified but it was later revealed that the sample

was a cultivar from the National List of varieties 2004 and had not been included in

the cultivars screened inthe database construction. The matches revealed by samples

1-5 were all verified as true by staff from the Cereal Section (data not shown). Thus,

the database had been shown with a limited test that reliable cultivar identification

was possible.

The unknown samples were matched as following:

Unknown 1 = cv. Chime

Unknown 2 = cv. Static

Unknown 3 = cv, Manitou

Unknown 4 = cv. Muscat

Unknown 6 = cv. Prestige

1.3.3 Reproducibility and reliability of SSR allele calls

Investigation was carried out, as described in Section 1.2.10.1 to address 4 aims:

1. Whether allele calls were consistent between different plant parts of the same

individual.

2. Whether allele calls were consistent from the same plant part.

3. Whether allele calls were reliable from the same DNA extract with repeated

PCR amplification and analysis.

4. Whether individual primers were reliable in producing product detectable by

GeneScan® software from the same DNA extract.
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A total of 900 PCR fragment samples were assessed on the AB! Genetic Analyzer.

From 5 individual cultivars (cvs Decanter, Spire, Optic, Cellar and Riviera), 9 DNA

extracts were obtained; 3 from seed, 3 from leaf tissue and 3 from root tissue. Each

of the DNA extracts were used in PCR with 4 different primers (Bmac0093,

Bmag0211, Bmag0120 and HvM62) and each PCR reaction and analysis was

repeated 5 times as shown in Figure.l.2.

1.3.3.1 Allele calls between plant parts

The plant part from which DNA was extracted was not found to alter the allele size

detected following PCR. Thus, allele calls were consistent between plant parts of the

same plant. However, peak quality from the majority of the root samples was poor

which was attributed to the poor DNA quality obtained from the root extractions

(data not shown).

1.3.3.2 Allele calls from the same plant part

Amplifications from the same plant part gave the same allele call upon analysis.

Thus, allele calls were reproducible and thus reliable.

1.3.3.3 Allele calls from the same DNA extract

Analysis showed that repeated PCR and fragment analysis gave the same allele call

.for each of the DNA extracts, showing that allele calls from different PCR reactions,
from the same DNA extract are repeatable.

1.3.3.4 Repeatability of amplification with individual primers

It was found that the reliability of fragment detection by GeneScan® altered

between primer sets. Fragment detection by GeneScan® is a result of fluorescence

detected by the software which is greater than a default threshold. Fluorescence is

recorded in units which are given as peak height. Strong peak heights are preferable

as stutter product is easily distinguishable and it can be more readily observed as to

whether the peak is an allele rather than a non-specific product. It was observed that
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peaks were of an acceptable height, and were regarded as strong, if they were greater

than 500 fluorescence units.

Of the 4 primer sets tested Bmag0211 was shown to produce a strong detectable

PCR product most frequently and was thus the most reliable primer set. This was

shown by a strong peak being recorded with 92% of the samples run on the ABI

Genetic Analyzer. The 2 primer sets; Bmac0093 and Bmag0120 were less reliable.

Of the 5 repeated PCR reactions and analyses (runs) 3 produced detectable fragment

in >88% of the samples. However, 2 runs produced detectable product in < 13% of

the samples.

Primer HvM62 was found to show the lowest degree of reliability in these tests. The

primer had, at National List screening, proven to be a useful and reliable marker. It

amplified product clearly for all National List varieties and was originally included

in the final set of primers (Southworth et al, 2004). However, the outcome of these

tests showed HvM62 to be unreliable in respect of a high number ofPCR failures on

each batch. Hence, it was decided that HvM62 be excluded from the main primer set

for discriminating National List varieties. However, it did prove useful in separating

cultivars unresolved following screening with the 6 primer set, as detailed in

Figure.l.6.

It was deduced from this data that the cause of this variability was due' to the

robustness of, the individual primer sets, as other possible explanations were

discounted. PCR reagents were combined to form a master mix before aliquoting

and the addition of the primers. Thus, the possibility that PCR reagents were the

cause of global failed reactions was eliminated. Further, as some primer sets

required different PCR cycling conditions, different PCR thermocyclers were used.

To eliminate this variance as a cause of variable PCR and analysis these were

changed for different runs and were found not to contribute to the success of the

individual runs.

It was observed, however; that PCR reagents did influence the results depending on

the robustness of the individual primer sets. For example, a run that included all

primer sets may show detectable product for primer set Bmag0211, yet small peaks
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uncalled by the GeneScan software for Bmac0093. A repeat of the Bmac0093

reactions using new primer dilutions and / or dNTPs could then produce peaks of a

size greater than the threshold for detection by GeneScan®. Thus, suggesting that

primer set Bmag0211 is more robust and less sensitive to changes with time in peR

reagents.

In summary, tests on reproducibility and reliability of SSR allele calls showed that:

1. Allele calls were consistent between different plant parts of the same

individual.

2. Allele calls were consistent between different DNA extracts from the same

plant part.

3. Allele calls were reliable from the same DNA extract with repeated peR

amplification and analysis.

4. The robustness or repeatability of results differed between primer sets.

1.3.3.5 Allele size calls between analysis platforms

Of the 21 varieties on the SAC list, 17 had been previously screened with the same

microsatellite primers at seRI using the ABI 377 slab gel electrophoresis platform

(Macaulay, 2003, personal communication). The allele scores resulting from

analysis on the ABI 3100 Genetic Analyzer were compared with those of the ABI

377. The assigned base pair difference between allele scores from the 2 platforms

was found to be inconsistent between primers and for each individual primer. The

difference in allele calls between the 2 platforms was expected as platform

differences have been recorded previously (Macaulay et al, 2001). However, the

inconsistencies within a particular primer were not expected. For example, with the

primer set Bmac0093 the 3 varieties cvs Angela, Antonia and Opal all produced an

allele call of 162 on the ABI 3100. The ABI 377 results gave allele calls of 150, 154

and 156 respectively. DNA samples used for analysis on the ABI 3100 genetic

Analyzer were sent to SCRI for analysis to determine the source of the problem.
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The results obtained from the same DNA samples were more consistent. The base

pair difference between allele scores from the 2 platforms still differed between

primers but was consistent for each primer. For example, Bmag0093 had an 8bp

difference, BmagOI20 2bp, and Bmag0211 5bp. However, when the size of the

alleles and the degree of difference in bp between primers was compared no pattern

was observed. These differences are displayed in Table 1.9.

Table 1.9: Size range of alleles scored for 17 barley varieties and 5 primers with the
size difference of alleles scored for the same samples on an AB! 377, in bps.

Primer set AB! 377 allele AB! 3100 allele bp
score range score range difference

Bmac0093 150-158 158-166 8 bigger
Bmag0223 156-184 159-187 3 bigger
Bmag0120 233-261 231-263 2 smaller
Bmag0211 175-181 180-186 5 bigger
Bmag0206 254-276 262-284 8 bigger

A few inconsistencies still occurred, for example with Bmag0120 where varieties

that were scored for the 233 allele on the AB! 377 were not all scored at the same

allele on the AB! 3100 Genetic Analyzer. However, the BmagOl20 primer was

found by SCRI to produce a weak signal that could have caused incorrect allele

calls.

From these results it was concluded that the original discrepancies were due to

sample differences.

1.3.4 Intra-variety uniformity

1.3.4.1 Individual seed tests

The assessment of varietal uniformity at 2 SSR loci (Bmag0009 and HvLEU) in 8

cultivars (cvs Antonia, Angela, Muscat, Regina, Optic, Carat, Prisma and Static)

was determined by analysing 24 individuals from each cultivar as described in

Section 1.2.11.1. Heterogeneity was observed in the varieties (Table 1.10). Of the
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748 data points scored there were 3 unexpected alleles observed, which equates to

0.4% variation.

Table 1.10: Table displaying uniformity data for 24 individuals that were analysed
from 8 barley varieties at 2 micro satellite loci. Non-uniform heterozygotes are shown
in green and non-uniform homozygotes in red.

Primer Antonia Angela Muscat Regina Optic Carat Prism a Static

BrnagOO09 22&x180D 23 x176 23 x176 23 xl74 22 xl74 24 xl74 24 xl78 23 x174
lx 174 ) x 174/180

HvLEU 24 x176 21 x176 22 xl72 24 xl72 24 xl72 24 xl72 24 xl72 24 xl72
1 x176. .a denotes number of individuals and b the allele score m bp

The analysis of uniformity was extended to 7 primers (Bmag0120, HvM36, HvM54,

Bmac0093 and Bmag0211) with 4 cultivars (cvs Antonia, Angela, Muscat and

Regina) to allow for a more representative assessment as to the different degrees of

uniformity between primers. The results are shown in Table.l.ll. Of the 1098 data

points, 36 were alleles that were unexpected for that cultivar as compared to the

results from screening the National List varieties. This result equates to 3.3% overall

variation across the dataset.

Of the 22 individuals that displayed non-uniformity, 13 displayed homozygous

heterogeneity. The remaining 9 non-uniform individuals showed heterozygous

heterogeneity. However, these heterozygous individuals were not completely non-

uniform as one of the alleles at the given loci was of the same length as that found in

the National List screening, that is the major allele type for that variety. No

individuals displayed complete non-uniform heterozygosity, whereby both alleles at

a given loci were not of the same size as the majority for that variety.

The degree of uniformity was found to differ between loci and variety. Overall loci

. variation ranged from 0 - 10.71% with the locus Bmac0093 showing the highest loci

variation (10.71 %) and a mean variation of 3.5%. The locus HvM54 displayed the

least with no detected non-uniform variation. Of the varieties variation ranged from

0- 8.97% with a mean variation of 3.02%. Cultivar Angela was uniform whereas

cv. Muscat displayed the highest variability with 8.97% variation.
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1.3.4.2 Bulk seed tests

To ascertain whether varieties in the individual seed tests, that displayed

heterogeneity, were representative of the seed batch profiles, bulks of 100 seeds for

cvs Antonia and Muscat were obtained. These were analysed using the Bmag0009

and HvLEU primer sets respectively. On the individual seed tests 22 of the cv.

Antonia samples had given a product 180bp in length, whilst 1 individual had

produced a product 174bp in length. On the bulk seed tests both of these alleles were

evident (Figure 1.14 (a». It can be seen from the profile that the product 180bp in

length is most prominent, indicating that the majority of individuals possess the

180bp allele at the Bmag0009 locus. However, the 174bp product is sufficiently

visible to be called by the GeneScan® software and shows that this allele is present

in the batch at a detectable level.

~mw~~~w~~m*~mmm*m~.~~*~~mmmmmmmm~
Il2OO.........................-

Detected
heterogeneity
(174bp)

Expected allele
(180bp)

Figure 1.14(8): Example of GeneScan® profile obtained from a bulk seed sample of cv
Antonia using Bmag0009 primers. The expected allele peak for the variety and the
unexpected allele peak, that demonstrates heterogeneity in the seed bulk, are
highlighted.

+____'3rI ,., ,... '4l ,. 113 'III ,. .112 1M ,. 11. 174 177 'ID le:. ,.. I. 182 I. .•• , 21M 207 210 213 21. 21. m 225 ne 23'

02IIlI

\~- +- Expected allele (l72bp).-.........,
Detected heterogeneity (175bp)..... j/'-• •• 170: ._..,.CAT_I_tM.aJJIID5...P ..... 1 .

Figure 1.14(b): Example of GeneScan® profile obtained from a bulk seed sample of cv
Muscat using HvLEU primers. The expected allele peak for the varietiy and the
unexpected allele peak, that demonstrates heterogeneity in the seed bulk, are
highlighted.
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Of the individual cv. Muscat seeds assessed for uniformity, 22 displayed the 172bp

allele, as was shown in the National List screening. An allele 176bp in length,

however, was amplified from one seed. The 100 seed bulk tests revealed both of

these alleles (Figure.1.15). The 180bp allele was the most prominent but the 174bp

product was detectable by the GeneScan® software. Stutter product can be seen on

the 180bp allele but the possibility of the 174bp being stutter was disregarded as it

was larger than the 176bp stutter product. As shown on previous profiles produced

by Bmag0009 on National List screening and on individual seed tests the 180bp

product produced stutter product but that each stutter is smaller than the previous

one. Further, Bmag0009 was shown to give a standard of 2 stutter peaks, 178bp and

176bp in length.

1.3.4.3 Test sensitivity

Bulk seed samples showed the presence of major and minor alleles as detected in the.

individual seed tests. However, the sensitivity of allele detection of the system was

not clear from this data as there was no indication from the data as to the level of the

allele type within the samples. Thus tests were carried out to give an indication as to

the level of DNA or seed in asample to produce a detectable allele peak.

1.3.4.3.1 DNA tests

The recordable presence of differing alleles within samples containing known levels

of DNA ratio was assessed as described in Section 1.2.12.

DNA dilutions were prepared in 3 sets. Each set containing differing ratios of DNA

from 2 individuals from each cultivar that had been shown to have different sized

alleles at an SSR locus. Levels of the 'off-type' 'Off type' DNA was in ratios of

between 1:20 and 9: 10 of the total DNA sample. Table 1.12 displays the results of

this test, showing whether each sample displayed a recordable peak of the known

allele size of the 'off-type' individual.
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Table 1.12: Table showing which samples produced a detectable allele peak of the
size found at the locus of the 'off-type' in the individual seed tests. The concentration
of the 'off-type' DNA in the sample is shown as a percentage (%).

'Off-type'
DNA%

Muscat Regina Antonia

5 x
10
20
30
40
50
60
70
80
90

*denotes peaks that were considered small
- denotes a failed reaction

The results showed that it was possible for an allele to be detected in a DNA sample

if it is at a level of 5% in the total DNA sample (as shown by the cv muscat sample).

All the samples revealed that at a level of 20% an allele could be detected in a DNA.
sample.

1.3.4.3.2 Seed mixes

In addition to the DNA tests an assessment was also made as to the number of

heterogeneous seeds required in a batch before detection was viable. Mixes of seed

of cvs. Angela and Prisma were made as described in Section 1.2.12.2. The results

of the seed mixes showed that it was possible to detect cv. Angela when it was

present at a level of 1% in the seed mix sample when amplified with HvLEU primer. .

set (Table 1.13). At a level of 10% admixture in the batch, detection was good.

Generally the pattern of the data showed that the greater the number of seeds in the

bulk mix, the higher the peak fluorescence for that allele.
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Table 1.12: Results of sensitivity tests using seed mixes. The number of seeds of
each cultivar used in each seed batch is shown. The allele sizes detected following
analysis of each sample are shown as well as the peak height.

Number of cv. Number of Ratio. Detection level / HvLEU allele (peak height
Angela seeds cv. Prisma % in fluorescence units)

in batch seeds in
batch

0 100 171
100 0 175
1 99 1:100 99% 171 {5199} /175 {J75}
3 97 3:100 97% 171 {5767)/ 175{3592
5 95 1:20 95% 171 {6573} / 175 ~168}
10 90 1:10 90% 171 (8851} /175 {11302
20 80 1:50 80% 171 (85342/ 175 ~20602
30 70 3:10 70% 171 ~8501} /175 {141S)
40 60 2:5 60% 171 F6572/ 175 p2812
50 50 1:2 50% 171 (4927) / 175 (3556)

Detection of heterogeneity is made more difficult when the primers used produce

stutter product. The presence of stutter product in the profile can cover the

existence of alleles of a length equivalent to the stutter product. This was shown

with the primer Bmag0009. The data for the results using this primer set are not

shown as it was not possible to separate the degree of fluorescence that had been

produced from stutter product from that that had been produced by an allele.

1.3.5 Heterozygosity detected in cultivars from the National List

Initial screening of the National List varieties with the final set of primers revealed

10 cultivars that displayed heterozygosity at one of the microsatellite loci. The

initial screening had used DNA samples obtained from 3 seed (see section 1.2.2).

Thus, following the results of the individual seed tests it was not possible to say

whether those cultivars displaying heterozygosity were indeed heterozygous. This

was because the detection of heterozygosity in the samples could have been due to

a mix of homozygous seed of differing allele type. Therefore, aIIeles for these

cultivars were re-analysed using DNA from 100 seed bulks to determine the major

alleles for these cultivars. The results showed that none of the 10 samples displayed

heterozygosity as the major aIIele state at the 6 microsatellite loci. The major allele

for these varieties were inputted into the BioNumerics™ database (data not shown)
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1.3.6 Summary

• 91% of varieties on the UK National List were differentiated using a tiered

SSR system. The remaining cultivars formed 6 undifferentiated pairs.

• Highly reproducible and reliable allele calls using the 6-SSR primer set

using an ABI Prism® 3100Avant Genetic Analyzer (Applied Biosystems) were

obtained

• Limited intra-variety non-uniformity of allele type was shown to occur in

barley cultivars. The level of this depended upon the SSR and cultivar.

• A low degree of heterozygosity at SSR loci was found to occur in barley

cultivars.

• The use of bulk seed samples offers a way forward for the identification of

barley varieties using SSRs given the existence of intra-variety uniformity.
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1.4: Discussion

1.4.1 Screening of SSR markers

The 6 SSR primers chosen from the screening of the 30 primer sets were all found to

be reliable by consistently producing the appropriate amplification product. Each

allele revealed in the 134 barley cultivars could be scored unambiguously.

1.4.1.1 Allele data

The average Polymorphic Information Content (PIC) value (see section 1.3.1.3) for

the 6 SSR primers was 0.7. The PIC values were found to be in the higher range of

those found in previous studies of barley microsatellites. For example, Russell et al

(1997b) using 11 microsatellites and 24 genotypes found an average PIC value of

0.5 with a range 0.24 - 0.85; Macaulay et al (2001) when screening 24 genotypes

with 48 SSRs found an average PIC of 0.64 with a range of 0.08 - 0.94. The average

PIC value was similar to that found by Struss and Plieske (1998), who obtained a

value of 0.73, over 15 markers, and was deemed to be highly polymorphic. The

average PIC was also similar to the 0.74 value which was acknowledged as highly

polymorphic in the study by Chabane et at (2005), when analysing 12 genomic

SSRs. However, in that study both wild and cultivated barley was used, thus

increasing the likely level of polymorphism due to a more diverse germplasm

selection. .

The high level of polymorphism for barley SSRs is a necessary characteristic if it is

to be used in a successful system of varietal identification. The reason for this is that

they provide the highest amount of differential information for the least analysis.

Thus, such markers would prove to be more economical with respect to both time

and materials.

The majority of barley loci are homozygous for a specific allele at a given locus

which means that there is a greater requirement for polymorphism at SSR loci in a

diploid, self-fertilising species like barley. This is unlike crop species such as potato,

which are vegetatively propagated, mainly tetraploid and display heterozygosity.
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Thus, in such species the discriminative power of each allele is multiplied which

means less primers are required for discrimination and that primers that are of high

quality (see section 1.4.1.2) but have a lower allele number are useful.

The presence of rare alleles can strongly affect the PIC value of the SSRs by

reducing their information content. Of the 32 alleles detected in the final

microsatellite set, 11 were considered rare, as defined by Roder et al (2002). This

could be considered a high number of rare alleles but the mean PIC value still

remained high and as mentioned previously at a level comparable with or higher

than the results of previous study.

Of the original set of primers that were screened on the whole National List, HvM62

was the only primer to reveal a null allele in a cultivar, which is shown by the

absence of amplification product of the expected size. The cultivar was Antonia and

the presence of the null allele was verified by repeat DNA extractions and

amplifications. The existence of null alleles had been reported previously in barley

(Russell et ai, 1997b; Donini et ai, 1998;William et ai, 1997; Kraic et ai, 1998) so

was not unexpected. Null alleles can occur for several reasons and are reviewed by

Dakin and Avise (2004). These are (i) Poor primer annealing as a result of sequence

divergence (Kwok et ai, 1990); (ii) Competitive PCR (Wattier et ai, 1998) and (iii)

PCR failure. It is thought unlikely that the null alleles detected in this study were a

result of PCR failure as amplification was repeated several times and also other

samples on the same PCR plate, using the same master mix were not found to fail.

Also, repeat extractions were carried out to rule out the possibility that the non-

amplification was due to poor template.

The second possibility, which was competitive PCR, was also considered unlikely.

Competitive PCR was thought unlikely as this would result in the smaller, more

easily amplified allele at the locus being amplified preferentially which would

produce partial nulls. In this study nulls were always homozygous which reduces the

possibility that another sequence was being preferentially amplified. However, some

non-specific product was seen in a lot of samples so it could be argued that with the

null sample a non-specific product of a very small size was being amplified
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preferentially. The first explanation which considers sequence divergence is a

possibility for the nulls observed in this study. In this scenario, mutations within the

flanking regions would prevent the annealing of the primers. This could occur due to

point mutation within the flanking regions or deletion or insertion (indels) of a

sequence.

It was found that during initial tests of intra-varietal uniformity some seeds of cv.

Angela, which had previously been recorded as having a null allele at the HvM62

locus, revealed a product. Even though this suggests original peR failure this would

seem unlikely given the number of times it was repeated in the first instance.

Therefore, this result may be a demonstration of the non-uniformity present within

cultivars, which will be discussed later. This occurrence showed the problem of

including primers that seemed to detect null alleles in a database for varietal

identification. This so as if no allele occurred following amplification then it was not

possible to determine whether this was due to a null allele or failure of the PCR

reaction. Hence for a robust system it was necessary to disregard such primers

following initial screening.

1.4.1.2 Marker quality

The use of microsatellite markers in a database system for varietal identification puts

high demands on the quality of markers required. Thus, a high investment needs to

be made in the screening of markers. As identified previously, for markers to be of

use in the identification system they needed to fulfill several criteria. These criteria

are included in those seen to be important by UPOV (2005) and are:

1. Discrimination between cultivars (be polymorphic)

2. Easy to score

3. Reliable

4. Reproducible

In addition to this, UPOV (2005) highlight the importance of the reproducibility

between laboratories and detection platforms, but this was not important for the

purposes of this work.
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Initial screening using primers published by Macaulay et al (2001) revealed primers

that give no product or weak signal even after extensive experimentation into

optimal PCR conditions (data not shown). However, the use of the published SSRs

was for genetic mapping which meant that their use for varietal identification hadn't

been assessed. This meant that they had not been tested for reproducibility and

reliability; necessary prerequisites for SSRs used in varietal identification. Data

associated with the amplification of barley SSRs is also published on UK Crop Net

(http://ukcrop.net) and this data was accessed before decisions were made on which

primers to use. The data included the quality of scoring for that SSR. However, it

was found that the quality scores given weren't indicative of quality of scoring

product in this study. This could be due to the fact that the SSRs were screened

using gel electrophoresis rather than capillary electrophoresis (Williams et aI, 1999)

and that the primers were not screened as extensively as in this study.

It would be preferential for SSR profiles to consist of single peaks for varietal

identification (UPOV, 2005). This would avoid scoring difficulties and would make

the system more amenable to automatic scoring in the future. However, even though

single peak profiles were detected for a few SSRs (HvLEU, HvLOX) it was also

found that these SSR loci were found to be monomorphic or had a very low PIC

value when screened on a larger number of barley cultivars. Thus, this rendered

these markers unsuitable. This trend of fulfilling one criterion but not the others

meant that the majority of primers screened were not useable in a cultivar

identification system.

The results of screening SSRs in this study, therefore, showed that for those SSRs

identified in barley and that are available in the public domain, there is a diverse

range of marker quality of the standard required for cultivar identification. This

demonstrates that with barley SSRs a high investment is necessary for screening

markers to be utilised in varietal identification. The use of barley SSRs in previous

studies does not reveal the degree of amplification inconsistency found in this study.

However it is difficult to compare amplification results when variables differ across

studies. Much of the previous literature that assesses microsatellites for use in

~ultivar identification use different platforms for the detection of alleles (Russell et
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al, 1997b; Struss and Plieske, 1998). Further, the majority of studies that discuss the

use of SSRs in varietal identification or genotyping are studies where SSR primers

are developed (Saghai Maroof et ai, 1994; Struss and Plieske, 1998; Pillen et ai,

2000; Liu et aI, 1996), thus do not report on the level of SSR screening required,

However, Williams et al (1997) performed SSR screening to distinguish malting and

non-malting barley cultivars. Of a total of 38 SSRs tested, 17 were found to be

polymorphic amongst the cultivars examined, though the quality and number of

markers used and disregarded is not discussed. In addition, no emphasis or comment

is placed on the robustness and quality of markers. The high level of amplification

inconsistency has been also found with SSRs in other crop species. However, in a

study of microsatellite amplification in oilseed rape (Brassica napus), Bond et al

(2004) found that almost half of the published loci failed to generate reliable PCR

product.

1.4.1.3 Bins and scoring

The ability to recognise allele sizes found at a locus, and the ability to score the

correct size when a specific allele is found following different amplifications is

critical in a varietal identification system. The decision to score an allele size was

performed by eye in this study and it was found that the majority of alleles needed to

be interpreted in this way even following initial screening. Two major characteristics

of SSRs which hinder scoring is the production of stutter product and' A' addition.

Stutter product is shown by progressively smaller peaks next to the major allele

peak. Such stutter occurs due to slipped strand mispairing during the elongation of .

the DNA strand in PCR (Goldstein and Schlotterer, 1999). The stutter-peaks are

each, one repeat unit length shorter than the previous peak. For example, Bmag0353,

which is a dinucleotide, has three major stutter products that are each two bp apart.

Problems occur, however, when stutter product is inconsistent for a particular allele

with different cultivars or after different PCRs. The greatest problem occurs when

stutter product could be of a higher intensity than the first peak making it impossible

to determine the size of "the true allele. When such profiles were observed in this

study the primer was eliminated from further use. The primers chosen for
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differentiation of the National List cultivars all demonstrated a degree of stutter

smaller than the main peak but throughout screening the stutter profile was

consistent for that allele.

Secondly, 'A' addition can cause problems during genotyping (ABI, 2002). Taq

DNA polymerase can catalyze non-template addition of a nucleotide (principally

adenosine) to the 3' end of a fragment during PCR amplification (Brownstein et al,

1996). This creates single bp addition to the main allele fragment and also to the

stutter fragments. This char~cteristic can be seen as 'shoulders' lbp bigger than the

main allele and stutter fragments. The use of 'PIG-tailed' primers to facilitate

accurate genotyping was devised by Brownstein et al (1996). In their study they

found it difficult to identify a sequence capable of preventing non-template 'A'

addition. However, the addition of the sequence GTTTCTT on the 5' of reverse

primers gave nearly 100% adenylation of the 3'. The result of this is the production

of a single peak rather than two peaks which eliminates the difficulty in deciding

which is the true allele peak is or whether 2 alleles have been amplified. This study

. found that even though a 'PIG-tail' was applied to the reverse primer some 'A'

addition was still observed. The degree of'A' addition was found to change between

alleles and also between amplifications. These results suggested that the 'PIG-tail'

does not always give 100% adenylation. The occurrence of 'A' addition meant that

if single peaks occurred then the fragment length was recorded as 1bp longer than

the true allele size. However, this was not considered a problem if a high number of

the amplified fragments contain the added 'A' as the allele size would be

consistently Ibp greater in size.

The results showed, though, that the number of fragments with the additional' A'

nucleotide could alter between amplifications and thus, on some profiles the peak of

the highest intensity could be the true peak, with a minor 'shoulder' peak 1bp larger.

Hence the allele would be scored Ibp less than previously. Once this had been

identified as occurring a decision was made to give a 'bin size' for each allele that

gave a 1bp size range, allowing for the alterations in allele size occurring due to 'A'

addition. This was also carried out with future automation in mind, where the

software GeneMapper® version 3.7 (Applied Biosystems) automatically calls allele
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sizes from profiles collected by the ABI Prism 3100 Genetic Analyzer. This would

reduce the time required for varietal identification, improving ease of use.

1.4.2 Differentiation of cultivars

Cluster analysis was found to be an ideal method for determining the degree of

separation based upon differences in allele sizes of SSR loci between cultivars and

has been used previously (Sanchez de la Hoz et al. 1996; Struss and Plieske, 1998).

In addition to allowing a rapid survey of differences in alleles in order to determine

which cultivars are unequivocally separated, clustering also allows for

undifferentiated groupings to be identified. This would be preferable to the use of

PCA alone which allows for variance to be detected but does not allow for

immediate detection of undiscriminated groups. A high degree of reliability of the

clusters was demonstrated by the results of the cophenetic correlation calculation

(described in section 1.2.8.2). This was with regards to the differentiation of

cultivars by the SSR alleles with correlations of 100% at all the end branches which

separated pairs of cultivars.

As described in Section 2.3.2.11 and Figure 1.5 cultivars were separated into 2

distinct clusters with Cluster 1 mainly winter cultivars and Cluster 2 mainly spring

cultivars. This separation was also apparent in the analysis PCA ordination (Figure

1.11), where spring and winter cultivars were separated on the first principal

component (Figure 1.12). There was some overlap between spring and winter

cultivars which meant that the two groups were not completely separated. Previous

studies have also found that spring and winter barley cultivars separate in the first

component using a variety of different marker systems: Pillen et al (2000) and

Russell et al (1997b) using SSRs; Sanchez de la Hoz et al (1996) using random

amplified microsatellite polymorphisms (RAMPs). The study by Pillen et al (2000)

analysed 28 genotypes with 22 SSRs and found separation of winter and spring

cultivars, with the winter cultivars separating into three discrete groups. It is logical

to expect that there would be a higher level of separation found in the study by

Pillen et at (2000) as compared to this study, as a much greater number of SSRs

were used to analyse a smaller number of cultivars. The separation of winter and
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spring cultivars was not considered important for the purposes of this study.

However, it would be interesting to see whether the extension of the number of

SSRs would reveal greater discrimination for the large cultivar set used here, as was

found with barley cultivars in the previous study by Pillen et al (2000).

The PCA also demonstrated that the distribution of variance within winter cultivars

.and spring cultivars was comparable. This was not found to be so in the previous

study, whereby a larger degree of variance was found between winter cultivars than

spring cultivars (Pillen et ai, 2000). However, this again could be due to the use of a

higher number of SSRs and different cultivars. Cultivars that are 6-rowed were not

separated discretely from 2-rowed cultivars, but were isolated to a specific region of

the PCA as shown in Figure 1.10. Again, further analysis with a higher number of

SSRs could possibly separate the 6-rowed cultivars more discretely.

1.4.3 Pedigree comparisons

Previous studies have been inconclusive as to whether the degree of SSR

differentiation reflects pedigree data. Sanchez de la Hoz et al (1996) using RAMPs

found that some cultivars with a partially common origin were associated into sub

clusters, although only 14 cultivars were examined and of these this was

demonstrated only with the winter cultivars. The RAPD data collected in the same

study did not reflect pedigree analysis, Further, Pillen et al (2000) found that the 2

cultivars which they could not differentiate using 22 SSRs (cvs. Alexis and Escada)

were not as distantly related as expected. Indeed, cv. Alexis was in fact a

grandparent of cv. Escada. Pillen et al (2000) also report of a previous study using

molecular markers that found that the clustering of cultivars does not necessarily

correlate with the cultivar pedigrees.

Russell et al (2000) analysed alleles at 28 SSR loci to determine the level and

pattern of variability in Northern European spring barley over time. Correlations of

these results with kinship coefficients and botanical descriptors were shown to be

statistically significant. Russell et al (2000) coupled allelic data with pedigree data
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and were able to visualise the flow of alleles through generations from the youngest

cultivar, cv. Cooper, back through 3 generations.

However, this data on close inspection shows that some alleles are present in

cultivars which cannot be traced back to their parents. Nonetheless, Russell et al

(1997b) used SSR data to provide evidence for a discrepency concerning the true

pedigree of cv Golden Promise. Genotypes of two different cultivars in the pedigree

of cv Golden Promise had been published and by using a retrospective analysis of

SSR alleles they were able to demonstrate that one of the genotypes was the most

likely ancestor. In order for such an analysis to be carried out, microsatellite stability

must be assumed.

Microsatellite alleles are inherited in a codominant Mendelian manner (Rafalski et

al, 1993), thus alleles detected in the offspring should be detectable in the parents.

Two of the cultivars analysed in this study are products of parents that are also

cultivars named on the National List: cv. Class is a result of the cross between cvs.

Prestige and Optic and cv.Thrift is a result of a cross between cvs. Chariot and

Riviera. Therefore, as the parent cultivars had also been analysed in this study it was

possible to assess the transmission of micro satellite alleles from parent to offspring

and hence assess their stability. The alleles detected in the parents and offspring of

the cultivars mentioned above are shown below in Figure 1.16.
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Prestige Optic
241160185174113161 229164185 174113 161

I I

Class
241 160 187 180 113 161

(a)

Chariot Riviera
261 160 185 174 113 153 261164187174111169

I I
I

Thrift
261 160 185 174 111 161

(b)

Figure 1.16: Diagram to show allele sizes at 6 microsatellite loci (Bmag0120,

Bmag0093, Bmag0211, Bmag0009, HvM36 and HvM54 respectively) in cultivars

cv Class (a) and cv Thrift (b) and the cultivars in their respective parental cross.

Allele sizes shown in blue are those detected in the parent and offspring, those

shown in green are those present in the parent but not in the offspring; alleles in red

are those found in the offspring but not in the parents. Descrepencies in the

transmission of SSR alleles within these pedigrees were detected and are discussed

in Section 1.4.3.
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Figure 1.16 shows that the majority of alleles detected in these 2 cultivars can be

traced to one of the parents in the cross. However, alleles were detected in the

offspring that were not in the parents. There are several possibilities that could

explain these findings. Firstly, it is possible that the samples of the parent cultivars

used in this study were not genotypically identical at the 6 loci to the actual samples

used in the breeding cross. As demonstrated in this study genotypic heterogeneity

does occur within cultivars making it possible that the parents used in the cross

displayed different alleles. As illustrated in Section 1.4.6.2 it is also possible that

even though the cultivars are of the same name they may not be the same. The

analysis of the actual cultivar samples used in the breeding cross would allow for

this to be made clear.

There is also the possibility that the cultivar sample of the' offspring is non-

representative of the majority of genotypes within that cultivar. Seed lots used in the

breeding and / or the seed lot used in the sampling for this study may have contained

or be an admixture of a different cultivar. This so as purity levels for DUS testing

and hence the samples held at SASA are expected to show no less than 97% purity.

Even with this high level of purity the existence of admixed seed is feasible.

In addition, there is the possibility of mutation which would alter the length of the

microsatellite allele between generations. The mutation rate for micro satellite loci

are higher than that for other areas of the genome, and has been found to range from

,10-6 up to 10-2 mutation events per generation (Weber and Wong, 1993; Schug et al,

1998; Thuillet et al, 2002). As discussed above the cultivars examined in this study

have undergone many generations of selfing which thus increases the probability of

mutation events occurring. This should also be considered in respect to the parent

cultivars. If the breeder stocks of the parent variety and SASA stocks have been

separated for a length of time then there is a higher likelihood of temporal genetic

drift which would be a result of initial founding samples having differences in

genotypic constitution. The result of which would explain differences in the cultivar

genotype observed in this study and those used by the breeder.
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Further study may determine temporal genotypic differences within and between

stocks of the same cultivar. In addition, this analysis would also give further weight

to a database for varietal identification, by determining whether different stocks, or

from a different sampling point in time alters the genotype and thus identification.

Previous study has demonstrated that temporal shifts in genetic diversity do occur

over time. For example, Parzies et at (2000a) examined diversity using

morphological and isozyme markers in 2 barley landraces that had been stored in a

genebank for different lengths of time. They found that diversity decreased over

time. This was explained by population bottlenecks which occur due to rejuvenation

cycles. Bottlenecks (explained in detail in Section 2.4.4.2) would occur if only a

sub-set of the original sample population was used for regeneration. Further studies

which have assessed temporal changes in barley cultivars have assessed the

narrowing of the barley genetic base due to breeding (Koebner et aI, 2003; Reeves et

aI, 1999), rather than assessing the extent to which the genetic diversity within

specific cultivars alters over time and between stocks.

Microsatellite mutation is thought to occur due to slipped strand mispairing

(slippage) during DNA replication (Streisinger et aI, 1966; Levinson and Gutman,

1987). Evidence also exists for the mutation of microsatellites occurring due to

unequal crossing-over between chromosome strands during recombination as a

result of misalignment, which can occur between sister chromatids or chromosomes

(Smith, 1976; Jeffreys et aI, 1994). Under both of the above mutational mechanisms

microsatellite length could be altered by insertion or deletion of repeat units.

If the step-wise mutation model (SMM) of microsatellite evolution is assumed

(Kimura and Otha, 1978) the increase or decrease in microsatellite size for each

mutation event would be of one tandem repeat unit at a time. Thus for dinucleotide

repeats, as is so for the microsatellites at the 6 loci under question, it would be

expected that any mutation would be shown with only a 2bp difference to the parent

allele size. However, at the loci found to alter between parent and offspring, not all

of the alleles showing discrepancies were 2 bps different in in length. For example,
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cv Thrift displayed an allele size of 161 at the Bmag0353 loci. The parents, cvs.

Chariot and Riviera, revealed allele sizes of 153 and 169 respectively which were

greater than 2bps difference to the allele found in cv. Thrift. Thus, it is difficult to

see how the difference in allele size could be due to a single step-wise mutation

event. Under the two-phase model (Di Rienzo et al, 1994), however, mutations can

occur that are a result of the addition or deletion of several repeat units in one event.

Thus, it is feasible that under this model the allele size differences observed between

the parent and offspring shown above could have occurred.

Cultivar pedigrees were examined to see whether clustering demonstrated by the

dendrogram using SSRs corresponded to the pedigree lines. Three cultivars: cvs.

Chariot, Intro and cv Puffin were each identified in the parental or grandparent cross

of 11 cultivars on the National List and were thus the most common cultivars within

the pedigrees. These cultivars were located on the dendrogram but there was no

evidence of correlation between the positioning of the cultivars in clusters and their

common pedigrees. Some similar groupings were observed, for example 4 cultivars

(cvs. Heligan, Antelope, Artist and Calcutta) all clustered with cv. Intro which was

the cultivar common in the pedigrees of the 4 cultivars. However, there were also

many cultivars with no common parentage that were. clustered with greater

similarity. Cultivars resulting from the same parental cross, for example, cvs. Spike

and Spire (cvs. Optic x Crusader) could be clustered very differently on the

dendrogram produced by the set of 6 SSRs, displaying less than 18% similarity.

Also, cv Spike 'was one of the few spring cultivars to be clustered amongst the

winter cultivars. A study utilising a more extensive set of SSRs would be necessary

to gain a more accurate picture of the correlation between pedigree and molecular

marker data. This would be possible using some of the primers screened in this

study as the stringent requirements required for SSRs to be of use in varietal

identification would not need to be met in such a study, as the reliability of PCR

amplification would not be an issue.
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1.4.4 Morphological comparisons

The key grain phenotypic characters for each cultivar were obtained, as described in

Section1.3.2.2. Cultivars with the same morphological characters were located on

the dendrogram to assess whether there was any apparent correlation between the

clusters generated with the SSRs and the. phenotypic characters. Following

assessment with the 3 key characters it was apparent that no such correlation existed.

Previous study which compared differentiation of barley using microsatellites with

botanical characters has revealed mixed results with regards to the correlation

between the 2 factors. Russell et al (2000) reported on the correlation between the

pairwise similarities demonstrated by morphological traits and SSRs and found

some significance but acknowledged that this was so small that it could be

disregarded. Further, Russell et al (2000) identify cultivar pairs that show close

similarity with morphological characters but not with SSRs and vice versa. Such a

result is not surprising considering that morphology traits tend to be multi-gene

products and can be affected by environmental conditions.

This study reflected these findings, showing that cultivars that were difficult to

distinguish morphologically could be distinguished readily with SSRs. Cultivar

groups that were difficult to separate using present varietal identification techniques

were identified by the Cereals section at SASA. These were: cvs. Pastoral and Carat;

cvs. Chime, Static, Decanter and Chariot; cvs. Cellar and Delibes; cvs. Cellar,

Prestige and Cocktail. All of these cultivars were easily separated using the 6 SSRs

in this study. Cultivars Pastoral and Carat displayed less than 50% similarity. Of the

group of cultivars: cvs. Chime, Static, Decanter and Chariot, cvs. Chime and

Decanter were the most similar (80%), cvs. Decanter and Chariot were 54% similar

and cv Static was the least similar in this group, with similarity of 32% to the other

cultivars. Cultivars Cellar and Delibes were less than 37% similar. Of the group of

cultivars: cvs. Cellar, Prestige and cv Cocktail cvs. Cellar and Prestige were the

most similar «60%) with cv Cocktail < 38% similar to cvs. Cellar and Prestige. The

positive outcome of these findings is that they show how morphological

identification can be augmented by the use of SSRs and vice versa, so that the two

combined provide a powerful tool in the identification of barley cultivars.
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The correlation of distance based on morphological traits used to study

Distinctiveness, Uniformity and Stability (DUS) and genetic similarity based on

SSRs in a set of 734 hybrid rose cultivars demonstrated that there was no obvious

relationship between the two (Smulders et aI, 2005). Smulders et al concluded that

because of this the option of using SSRs that have been shown to correlate with

morphological characters in DUS testing is not feasible for rose. The data from this

study also points towards no obvious correlation between similarities based on

morphological characters and SSR similarities. It is possible that if more markers

were applied correlations may become apparent.

1.4.5 Allele weighting

Using the allele weighting function in BioNumerics™ enabled the weighting of the

. alleles in discriminating cultivars in specific parts of the PCA ordination to be

viewed. Allele types that were found to give the highest discriminating power with

regards to separation on the PCA ordination are shown in Figure 1.13. There was a

distinct difference between the lowest discriminating alleles found close to 0 values

on the PCA and those alleles with greater discriminating power which were found in

regions of the PCA with the higher and lower component values. Each locus had at

least one allele that was within the group demonstrating the higher discriminating

power. Demonstrated by the PCA, the trend was for spring cultivars to have positive

values in the first principal component and winter cultivars to have negative values.

Thus, those alleles with the high values in the first component (Bmag0093, 164;

Bmag0211, 185; Bmag0009,174; HvM36 113 and HvM54, 161~ will be those

alleles that will be present in spring cultivars as opposed to Bmag00093, 162;

Bmag0211, 191; HvM36, 141 and HvM54, 165 which are those alleles able to

discriminate winter cultivars. Allelic variance at loci which differed between winter

and spring cultivars was also detected by Russell et al (1997b), using different SSRs

to those used in this study.

The evidence that spring and winter cultivars harbour different sized alleles at

certain loci suggests that the microsatellite mutations that have occurred at these loci
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occurred after the split of winter and spring gennplasm lines. Thus, mutations that

have occurred in cultivars displaying either winter or spring seasonal growth habit

have remained unique to that growth type group.

1.4.6 Reliability and reproducibility

1.4.6.1 Between different plant parts

The results showed that different parts of the same plant gave the same allele call.

These results support the findings of Williams et al (1997) who analysed leaf and

seed SSR profiles from barley using PAGE and silver staining and discovered the

same allele scores. This evidence supports the use of any plant part for the analysis

of varietal identification in barley.

1.4.6.2 Comparisons between analysis platforms

As described in Section 1.3.3.5 the allele scores obtained from 17 cultivars that had

been screened with the same primers at SCRI using the ABI 377 slab gel

electrophoresis platform were compared with those found in this study. Previous

study has suggested that allele size differences between analysis platforms are due to

differing mobility, due to differences in the sieving medium between platforms (Le

et ai, 1997).

It could be suggested that if size' mobility were the sole reason for the observed

differences then there would be a correlation between allele size range and the

degree of difference. However, these data do not support this hypothesis. In addition

to mobility differences it has also been reported that differing sequence composition

can also influence migration through the matrix (Williams et ai, 1999) and hence

may be a contributing factor to the results found here.

A further cause of differences between profiles of the same cultivar name was due to

them being in fact different cultivars. This was deduced following discussion with

SCRI, staff from the Cereals' Section at SASA and examination of the cultivar

pedigrees. For example, the cultivar Angela used in the SCRI was a 2-row barley,
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whereas the Angela used for the AB! 3100 data was a 6-row barley and sourced

from the collection held at SASA, with both 'Angelas' having very different

pedigrees. This barley anomaly, whereby two very different cultivars can have the

same name, highlights the importance of accurate sampling that would use the

unique accession number and pedigree, rather than rely on the name alone. The

occurrence of different SSR profiles from independent samples of the same cultivar

was also found by Donini et al (1998) and was assigned to misclassification of one

or the other of the cultivars. This further exemplifies the need for accurate pedigree

checking when sampling, but also highlights how SSRs could be used in the

maintenance of genebanks to verify cultivars that are morphologically similar.

The comparisons made between the platforms also highlighted the potential

problems for standardising protocols for the identification of cultivars. The fact that

different data can be obtained from one laboratory and platform to another

demonstrates the importance of between laboratory tests during the development

stage of protocols in cultivar identification. This is highlighted by UPOV in their

draft guidelines for marker selection and databases construction for varietal

identification (UPOV, 2005). The guidelines recognise the importance of sustainable

central databases whereby the data produced is independent of the equipment used

to produce them. This would improve the longevity of a database making the intense

time investment cost-effective.

Previous work has also investigated the transferability of allele calls between

platforms and or laboratories. Vosman et al (2001) have reported on the European

consortium of labs which took part in a study to construct and evaluate SSR

databases for the identification of wheat and tomato varieties. The results showed

discrepancies in allele calls for the same samples in some cases. Roder et al (2002)

concluded from the wheat study that as small differences between fragment analysis

procedures were evident, reference samples would be required for the system to be

accurate. This would involve the use of a: number of reference varieties which

amplify representative alleles which would assure size standardisation.
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Work currently in progress to construct an integrated microsatellite and key

morphological characteristic database of potato varieties in the EU (Reid et al, 2007

personnel communication) has implemented the use of standardised samples in the

initial stages of development. DNA from the same potato varieties was analysed in 2

laboratories using 2 different capillary platforms so that any differences in allele

sizes between the 2 platforms could be identified. Differences did occur but these

were found to be reproducible. The use of GeneMapper® software (ABI) then

allowed each allele to be given an identification letter which represented the bin size

of each allele found between the laboratories. This approach demonstrates how

problems with allele size discrepancies between platforms can be overcome.

1.4.7 Intra-cultivar uniformity
Barley is a mainly self-fertilising species with each generation of seed to be used for

the next crop being produced by meiotic cell division. This means that there is

potential for genetic recombination to occur from one generation to the next. The

continuous selection of 'true to type' plants containing seed for the next generation

and the self-fertilising nature of barley suggests that over time cultivars should move

towards 100% genetic homozygosity.

To test this assumption this study investigated the uniformity of SSR loci in

cultivars as described in Section 1.3.4.1. This was an important consideration as in

order to identify cultivars using an SSR system consistency of allele type within a

cultivar is critical. Further, if the allele type was not consistent it was necessary to

. determine to what extent non-uniformity existed.

Previous study as to the extent of intra-varietal barley non-uniformity is limited. One

study by William et al (1997), who used m~crosatellites to distinguish malting from

non-malting barleys, states that PCR amplifications of different seeds from the same

seed lot gave identical allelic patterns. The supporting data is not shown and details

are not given as to the number of seeds and primers analysed. The findings of the

study presented here do. not support the results of William et al (1997) as they

revealed the existence of heterogeneity within cultivars. Homozygous and

heterozygous heterogeneity was revealed in the data set. Of the 14 individuals that
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were non-uniform 28.6% demonstrated multi-locus non-uniformity whereas 71.4%

were non-uniform at a single locus. Interestingly, all of the single locus non-uniform

individuals were from cv.Muscat.

The existence of heterogeneity within cultivars could be explained by the following:

1. Admixture, where seed of a different cultivar is contained within the seed lot

2. Residual heterozygosity within the cultivar

3. Outcrossing

The possibility of admixture within the seed batches was reduced by the fact that the

seed analysed had been checked for morphological similarity by the Official Seed

Testing Station (OSTS) section of SASA and was seed from the SASA definitive

collection. To further examine the possibility of admixture, allele profiles of non-

uniform individuals were examined to see if specific individuals were non-uniform

at more than loci. The individual cultivar sample that exhibited the greatest degree

. of non-uniformity was cv. Muscat number 17, which was non-uniform at 4 of the 7

loci. The profile of this individual was entered into the barley database to ascertain

whether the profile matched another cultivar, but it was found that it did not do so.

As the database holds profiles for all cultivars on the National List of cultivars the

evidence suggests that within some cultivars individuals can display non-uniformity

at many loci.

As outlined above barley cultivars that are contained within the National List have

been through DUS and VCU testing. With regards to cultivar uniformity within

DUS testing the requirements at present are concerned with morphological

uniformity (UPOV, 1994). Morphological uniformity of barley plots is also the

method used to assess varietal purity for seed certification (Anon, 2005: The Cereal

Seed (Scotland) Regulations). Thus, at no stage within the tests is it necessary for a

cultivar to demonstrate uniformity at molecular marker loci. This, in addition to the

fact that microsatellite loci are found within 'non-coding' regions of the DNA means

that it is not suprising to find heterogeneity within the cultivars due to residual

heterozygosity.
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The observation that the degree of heterogeneity is different depending on the locus

and the cultivar could be explained by the differences in the allele types at the parent

loci. As discussed previously, if the parents have different allele types at a locus then

the offspring will be heterozygous but will move towards homozygosity with each

generation. This is in contrast to alleles that are identical in the parents which would

always result in homozygous offspring. Thus, those loci that were heterozygous in

the Fl population are more likely to reveal a low level of heterogeneity in the

subsequent generations. Further, it also seems logical that if homozygosity increases

with each generation then cultivars that have been on the National List for the most

time should demonstrate a lower degree of heterogeneity. However, bearing in mind

that mutation rates and outcrossing may differ between loci and cultivars

respectively. Further study examining intra-cultivar uniformity over a more

extensive data set would reveal correlation between level of heterogeneity and the

length of time a cultivar had been present on the National List.

Natural outcrossing is a potential cause of the observed intra-varietal heterogeneity

found in the barley analysed in this study. Barley is a predominantly self-fertilising

species but a degree of outcrossing has been shown to occur. Doll (1987) examined

outcrossing rates in autumn and spring sown barley using electrophoresis of storage

proteins. An average of 5% outcrossing in winter cultivars and 0.5% outcrossing in

spring grown cultivars was found. As recognised by Doll (1987) these results show a

relatively low outcrossing rate but are significant enough to produce variation within

cultivars which would affect the uniformity of the cultivar. In addition, it was also

observed that morphological 'off-types' were also present and in some cases the

levels of these 'off-types' within plots exceeded limits prescribed by DUS testing.

These results and those of previous studies identified by Doll (1987) indicate a low

but significant level of outcrossing in barley cultivars. Thus, it is feasible that the

heterogeneity within cultivars was contributed to by outcrossing. As microsatellite

alleles are inherited in a Mendelian manner it would be interesting in a further study

to analyse the genotypes of the parent crosses that were used in the breeding of the

cultivars. This would make it possible to deduce whether the alleles found within the

cultivars were those inherited from the parental crosses. If alleles were observed in
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cultivars that were not found within the parents then it would be reasonable to

assume that these alleles were a result of outcrossing. Such a study would also make

it possible to examine the possibility that heterozygous heterogeneity occurred due

to residual heterozygosity within a cultivar. This so as the alleles within a

heterozygote would correspond to those alleles found within the parent cross.

As identified previously, earlier work on barley SSRs has either shown uniformity at

loci or has not investigated multiple individuals. However, a more thorough study

involving wheat and tomato cultivars revealed non-uniformity within cultivars at a

number of loci. Cooke et al (2003) analysed a total of 45 wheat cultivars at 7-9 loci

and 10 tomato cultivars at 6 loci. The wheat cultivars were split into two data sets as

they were examined at 2 different laboratories; 20 cultivars at the Institute for Plant

Genetics and Crop Plant Research (IPK) and 25 cultivars at the National Institute of

Agricultural Botany (NIAB). The two data sets of wheat revealed a varying degree

of uniformity depending on the cultivar and the locus, a result mirrored by this

study. Those wheat cultivars analysed by IPK displayed 4.11% non-uniformity with

an average 4.04% value at each locus. The non-uniformity values for the varieties

tested by the NIAB were lower; 1.77% and 1.8% respectively. The study does not

suggest any apparent discrepancies between the sample sets to have caused this

variation apart from the fact that different loci and cultivars were examined.

However, more individuals were examined in the IPK tests (38) than the NIAB tests
(20).

As the study presented here observed an average level of non-uniformity across loci

and cultivars of 3J% it could be said that from the two studies barley and wheat are

shown to display a similar level of non-uniformity. This is not surprising since both

species have a predominantly self-fertilising breeding system and both studies

examined cultivars of the species that had been subject to trials and testing to

provide morphologically distinct cultivars.

The tests to determine uniformity within tomato cultivars (Cooke et al, 2003)

revealed a lower level of non-uniformity than with wheat, displaying 0.33%

variation across cultivars and loci. Further, as with wheat, particular individuals
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within the sample set were found to be the cause of the non-uniformity at more than

one locus. This was also apparent within the work presented here. The study by

Cooke et al (2003) was part of a larger study involving a number of laboratories

which aimed to construct a database of cultivars and microsatellite loci scores in

order to differentiate different cultivars of wheat and tomato (Vosman et al, 2001).

1.4.8 Implications of non-uniformity for varietal identification

The discovery of non-uniformity within barley in this study and the non-uniformity

discovered by Cooke et al (2003) indicates that varietal identification in crop species

using one individual from a sample could lead to inaccuracies. Ideally, such a

system would give accurate results from one seed but the presence of heterogeneity

could disrupt this. The combined results of these studies also suggest that for each

crop species a separate assessment needs to be made as to the degree of

heterogeneity found within that species. This is so, as different levels .of non-

uniformity were found in the 3 crop species.

A possible way forward in the use of an SSR database to identify barley cultivars is

by the use of bulk samples. The feasibility and accuracy of this method was

assessed. As was shown by the results of the uniformity testing, the majority of

individuals within a cultivar demonstrate allelic uniformity at each SSR loci.

Therefore, it was deduced that by using DNA from a sample taken from 100 seeds

the allele that was present in the majority of individuals of that cultivar would

predominate. Indeed, this was shown to be so and demonstrated a way in which

accurate varietal identifications could be made. The allele found with most of the

individuals was termed the 'majority allele' and those that were non-uniform were

called 'minority allele(s)'.

The high sensitivity of the method used in this study means that a minority allele

need only be present at 3% (see Section 1.3.4.3) to be detected. This demonstrates

that the genotyping method would be useful for a quick assessment as to the level of

non-uniformity found within other crop species. However, it is important to

recognise that the method used cannot be used for accurate quantitative
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measurements and IS thus only a method for approximate non-uniformity

assessments.

The possible existence of non-uniformity within predominantly self-fertilising crop

species is also recognised by UPOV. Guidelines for discussion have recently been

produced for the selection of molecular markers and database construction (UPOV,

2005). Within these guidelines it is recognised that it is not appropriate to assume

that self-pollinated and mainly self-pollinated cultivars are homozygous at all loci. It

is suggested that a number of individual seeds be analyzed or alternatively bulk

samples be analyzed. These recommendations are supported by the results of this

study which have shown the existence of non-uniformity within barley cultivars and

that bulk sampling is a way forward. Further, the UPOV document recommends the

production of crop specific guidelines and it is recognised that the results of this

study provide a significant resource for the production of a barley specific

document.

1.4.9 The use of molecular markers in cultivar DUS testing.
Uniformity of a cultivar from one seed lot to another is an important consideration in

DUS testing and hence only those cultivars that have demonstrated morphological

uniformity are allowed to pass certification and hence National List testing.

At present DUS testing is based upon phenotypic charact~rs and measures (UPOV,

1994). However, due to the emergence of molecular methods their use in DUS

testing is an issue that is currently being considered by UPOV. Three options are

being explored to elucidate the best use of the molecular markers in tests for

distinctness. These are: (i) The use of markers closely linked to phenotypic

characters (ii) The use of unlinked markers but ones that have been shown to

correlate with phenotypic variation (iii) Markers unlinked to phenotypic characters.

The growing evidence suggests that markers do not correlate with phenotypic

characters (Smulders et aI, 2005) and that the use of markers linked to traits is not

feasible due to the fact that many traits considered in DUS testing a~e not the

product of a single gene. Thus, there is growing support for the use of unlinked

markers that would be used to complement present phenotypic methods.
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The data from this study supports the use of SSR markers for cultivar identification.

This means that by definition it could also have a role in distinctness testing. The

reason for this is that 'cultivars' being tested for DUS can be tested against the

database of known cultivars. If matches are shown then phenotypic analysis can be

narrowed to those cultivars with which the database matches. Thus, the SSR marker

system augments the phenotypic analysis. Further, if no matches are identified then

this evidence would support the distinctness of the new 'cultivar'. The present

barley database does not unequivocally distinguish all National List cultivars using

SSRs so further development would be required to screen further SSRs and the

whole European Common Catalogue of barley varieties for it to be of potential use

in DUS testing. Work on such a project is currently underway to achieve this goal

for potato varieties (Reid et aI, 2007 personnel communication).

1.4.10 Future development of the barley database for varietal

identification

The results of this study provide a tiered database system which is capable of

differentiating the vast majority of barley cultivars on the UK National List 2003.

However, as revealed by the results of SSR uniformity and in marker screening

further work could be carried out to establish a more robust system. The following

flow diagram (Figure 1.17) represents how further work could progress to move the

database forward:
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Figure 1.17: Flow diagram to show steps necessary to move forward the barley

cultivar identification database developed in this study.
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It is suggested that the main priority for the development of the database is in the

analysis of bulk samples to determine the major allele type for each cultivar. The

evidence presented in this study demonstrates that a database, based on the

analysis of single or a few seeds, is potentially not reliable due to intra-cultivar

uniformity.

Ideally, an identification system would identify all cultivars using a multiplex

method so that the system is quick, economical and easy to use. The development
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of this would require further SSR screening, the cost of which would need to be

outweighed by the gains of test efficiency. As discussed in this study the high

demands on marker quality for an identification system requires a high level of

screening which is costly and time consuming. A way forward with this would be

in the collaboration of several laboratories with regards to barley SSR data, which

would also enable reliability between platforms and laboratories to be assessed.

The development of a barley SSR database whereby SSR data can be centrally

collated would benefit this process. A database of barley SSRs has been initiated

by the SCRI (http://bioinf.scri.ac.uklbarley si) which provides PIC values and quality

scores for those SSRs screened. However, as previously discussed the quality

scores. assigned using the ABI377 platform were not reproduced using the

ABI3100 Genetic Analyzer platform used in this study. The addition, therefore, of

other researchers' results on this database would provide an invaluable resource

for the future development of SSR varietal identification systems, reducing the

costly procedure of screening SSRs.

The possibility of multiplexing reactions so that the full set of SSR primers would

be applied in a single PCR would be the optimum method. Mixed reports on the

use" of SSRs in multiplexing mean that this step would involve a lengthy

development stage (Perry, 2004; Masi et ai, 2003; Coburn et ai, 2002; Tommasini

et ai, 2003; Donini et ai, 1998) so again the end benefits of the system would need

to be considered with the costs of development.

1.4.11. The future of cultivar identification using molecular

technology

As identified in Section 1.1, the use of SSRs in cultivar identification is seen as a

stop gap before the development of an identification system which would utilise

sequence information. The identification of barley SNPs and development of SNP

analysis has made considerable progress in the past few years which points the

way for future identification methods, as discussed previously. To aid the

development of systems which use SNPs for identification a barley SNP database

has been developed (http://germinate.scri.ac.uklbarley_snpdb/) from the results of

a SNP mining project (Rostoks et ai, 2005). Further, the International Barley
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Sequencing Consortium (IBSC) aims to physically map and sequence the barley

gene space (http://barleygenome.org), which will provide a valuable resource for SNP

development.

Progress has been made in SNP detection methods with Pyrosequencing®

(Ronaghi et ai, 1998; Ahmadian et al, 2000) having been applied to plants (Pacey-

Miller and Henry, 2003). Recently, the potential of the method for variety

identification has been examined in wheat and barley (Pacey-Millar et al, 2003;

Ablett et al, 2006) with promising results for the method to be of practical use.

1.4.12 Conclusions
• Microsatellite markers can be used for the accurate and efficient

construction of a database for barley cultivar identification

• Bulk-sample testing is a way forward to take into account the non-

uniformity present within barley cultivars

• The greatest time and financial input in developing a system for barley

identification is in the screening of suitable markers that fit the stringent

characteristics required
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Chapter 2: Genetic diversity of bere barley

2.1: Introduction

2.1.1 Bere Barley

2.1.1.1 Taxonomy and characteristics

Bere barley (Hordeum vulgare) is a traditional Scottish barley landrace that is still

grown using a traditional system by growers in Scotland. It is probably the oldest

cereal 'variety' grown commercially in Europe, if not the world, with the exception

of some rare Middle Eastern landraces (Jarman, 1996).

The fertility of the florets, how well they develop and the closeness of packing in the

barley ear provides the basis for many barley classification systems (Briggs, 1978).

Bere is spring grown barley that contains six rows of fertile grains and is hence a

six-rowed barley variety. However, bere has a lax-eared barley type. This formation

creates the appearance of only four rows of grain (Davidson, 1982) (see Figure 2.1

and Plates 2.1; 2.2).

Figure.2.t: Diagrams to demonstrate the difference in spikelet arrangement in (a)
dense six-rowed barley and (b) lax-eared six-rowed barley. The spikelets of two
different nodes are shown in .a single plane from above. (b) shows how the
overlapping of the lateral florets gives rise to the misleading description of bere
barley as a 'four-rowed' barely (Briggs, 1978).
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Plate 2.1: A comparison of the head morphology that is found in: a spring 2-row
variety (cv. Riviera), bere barley and a winter 6-row variety (cv. Angela). The lax
head ofbere barley as compared to other 6-row barleys is clearly shown.
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Plate.2.2: Comparison of barleys as in Plate 2.1 but showing the distinctive long
awns found on bere barley.
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Bere's botanical characteristics have been classified and described using material

- that had been obtained by SASA and are displayed in Appendix A (Cereals Section,

SASA, 2004).

Bere barley is not present on the UK National List of barley varieties or the

European Union's Common Catalogue of varieties that can be traded within the EU.

One of the reasons for this is that it was a current variety when the EU directive

concerning varieties came into force in 1970. The directive gave exemption from

listing to those varieties that covered less than 3% of the national area used for seed

(Article 16(c) of directive 70/457/EEC: 29 September 1970 which was then

consolidated by the 'On the common catalogue of varieties of agricultural plant

species' Directive 2002/53/EC). Other landraces, for example, 'Scots Timothy' were

added to the list and are still present to this day. However, for landraces such as

Scots Timothy observing bodies had been created to monitor the growth and see the

variety throughthe necessary procedures. This is not the case with bere and it is

likely that as no common body had formed to monitor bere growth there was no

driving force to see bere through the necessary procedures. Further, bere growers

likely ignored the new directives as the crop is grown in small amounts and in

marginal areas.

Thus, bere has not undergone formal testing for VCU and DUS, as these tests form

part of the National List Regulations. Tests were initially prescribed in the Plant

Variety and Seeds Act 1964 and have been reviewed regularly, with Statutory

Instrument 3510 (2001) the UK's implementation of the current EU directive, the

regulatory document which is currently followed. Further, no one holds the plant
•

breeders rights for bere barley and there is no record of the extent of bere barley

growth in the UK. However, there is a possibility that the transfer of bere barley

seed may come under a new directive currently being discussed which would allow

material to be marketed in relation to conservation and the sustainable use of plant

genetic resources through growing and marketing (Hall, 2005 personal

communication).

Bere barley has several growth features that are characteristic. Bere grows very

rapidly, especially in long summer days as experienced in Northern Scotland. This
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attribute means that bere is often sown late but harvested first and gave rise to the

name '90 day barley'. However, on discussion with present growers there was a

consensus that such a short growth time was not usual. There have been reports,

though, of extremely short growth times. For example, Walker (McKay 1980), on

describing crop growth on Tiree in 1771 highlights a barley crop that was sown on

28th April and was reaped 22nd July. He goes on to say that there were even reports

in previous years of a double crop, whereby the grain gathered from a crop in early

July was re-sown and the resulting crop reaped in October.

Bere is susceptible to frost and foliar diseases, especially powdery mildew (Erysiphe

graminis f. sp. hordei) (Jannan, 1996). Barley is the most sensitive among the

cereals to aluminium stress due to toxicity of At3+ ions found in acidic soils (Raman

et aI, 2002). However, bere is relatively tolerant to At3+ and is thus well adapted to

growth on poorer acidic soils as found in Northern Scotland. This tolerance is due to

a gene on chromosome 4H (All) (Stelen and Anderson, 1986) and the Alt gene has

been linked to 4H-specific molecular markers (Raman et aI, 2002).

r,

Typically, bere has a long straw length (Riggs and Hayter, 1975) and sticky awns

that are difficult to separate from the grain. The long straw length causes lodging in

the field and the awns are still attached to the grain when they are harvested using a

combine harvester. These characters of bere were cited as some of the main

problems of present day commercial growth of bere barley by fanners in Orkney, in

a survey carried out by the Agronomy Institute of Orkney College (Martin, 2004

personal communication).

Bere barley has not been used in any breeding programmes and thus no present

cultivars are descendants of bere crosses. However, experimental trials on bere

barley have been carried out at the Scottish Plant Breeding Station, which

investigated the performance of bere as compared to that of an array of other spring

barleys, including other 6 row varieties (Hayter and Riggs, 1973; Riggs and Hayter

1972, 1973, 1975, 1978). Wright et al (2002) summarise the results of these

experiments when discussing the performance of bere barley. Bere was shown to

have a high comparable yield (Riggs and Hayter, 1975), early flowering (Riggs and
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Hayter, 1973) and the highest mean diastatic power of the spring barleys tested

(Hayter and Riggs, 1978).

It was concluded that bere was well adapted to the Midlothian environment. This

contradicts the view that bere is low yielding, which has been a common reason

given for the rise of the growth of modem cultivars replacing bere. However, Wright

et al (2002) suggest a reason for this observation might be that previous

comparisons were made with bere grown on soils that had no or partial liming with

barley grown on limed soils. Thus, this difference in liming may have caused the

observed differences in yield.

Trials on bere barley have also been carried out at the Agronomy Institute at Orkney

College, University of The Highlands and Islands (UHI) Millennium Institute

(Martin, 2004, personal communication). Trials aimed to investigate the effect of

certain variables on the growth of bere barley. These were: planting date, fertiliser

and fungicide use, growth regulat~r and degree of seed per hectare sown. It was

observed that there was little difference in yield if the number of kilograms of seed

sown per hectare altered. A mid April planting produced a higher yield than seed

sown in mid May. The use of fertiliser did not have a big impact but the use of

fungicide increased yield and less powdery mildew was observed. Further, the use of

a growth regulator reduced the degree oflodging.

In addition to these trials, tests have been carried out at the Agronomy Institute in

association with The British Nutrition Foundation (BNF) to investigate and review

the nutritional properties of flours derived from here (BNF, 2004). This would allow

an assessment to he made as to the potential of bere barley for agronomic and

commercial exploitation. For example, bere barley has lower gluten content than

wheat.

2.1.1.2 History of bere growth on the Scottish islands

Evidence of cereals in Scotland suggests that cultivation began in the Neolithic

Period, which spanned approximately 20 centuries from 4000BCE to 2500/2000

BCE (Ashmore, 1996). The evidence for this includes impressions of wheat and
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barley on pottery fragments found in archaeological remains, flat stone quems for

grinding it and carbonised grain (Wainright, 1989).

Of the cereals it is barley that predominates throughout Scottish antiquity (Boyd,

1988). In terms of barley type it is hulled 6-row barley that is most evident but there

is also evidence of naked barley. Impressions of hulled 6-row barley were found on

Neolithic potsherds from Unstan, Orkney and naked barley was found on a sherd

from Eday, Orkney (Jesson and Helbaeck, 1944). Childe (1945) recognises the

difficulty in determining the species from imprints but concludes that the imprints

found at Unstan probably belonged to Hordeum vulgare - 'nodding barley' or

'bere'. In an excavation in 1964 of Dun Mar Vaul, an Iron Age Broch on Tiree,

carbonised barley grains were found. The majority were hulled 6-row barley, which

was also found as grain impressions on potsherds at the site (Mackie, 1974).

Archaeological work at the Neolithic tomb of Isbister, South Ronaldsay, Orkney

discovered on the floor charred remains of processed grain. These were mainly of

barley but were intermixed with grains of wheat and also seed from weeds that

would have grown alongside the crop (Hedges, 1984). Further examples of well

dated sherds and grain exist, demonstrating the growth of barley, specifically the

hulled 6-row type, throughout the Neolithic and Bronze ages and also from Roman

sites (ChiIde, 1945).

The confusion in terms regarding the identity of bere as 4-row or 6-row barley can

lead to problems in determining the true history of bere in Scotland. For example,

Holliday (2003) in writing about the history of barley on Tiree concludes that the

excavation of grain at the Dim Mar Bhalla site - an Iron Age broch in Vaul, Tiree

dating from 445 BCE - are of a 6-row barley. He continues on by describing bere as

later day 4-rowed barley.

Early written records reveal the extent of growth of bere on the Scottish islands.

Again, the use of terms can be misleading in detecting its true history as in addition

to contradictions on 4 and 6-row barleys, bere has been termed: bere, beare, bear,

bygge and corn. The use of the term 'corn' is also still evident today on the islands

and can be used to describe both a pure here crop and a mixed crop to include bere,
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oats and rye. Further, 'bere' has also been used as a general term to describe 6-row

barleys as highlighted by Jarman (1996). But whether bere was the general term

given for 6-row barleys which later became more specific is arguable.

The first written account of bere barley does not appear until 1523 in a book on

husbandry by Fitzherbert (1523) with the growth of bere on the Scottish islands in

the eighteenth century being well documented. The Rev. Dr John Walker set out in

1764 and 1771 to report on the state of agriculture in The Hebrides and his findings

are reviewed by McKay (1980). Bere barley was found to be grown on all the

islands, although comparatively little was sown on Skye. The amount of bere

produced was found to vary between the islands, with some exporting large

quantities in a good season. Further, the average return was 5:1, but in the Outer

Hebrides returns could be as great as 30: 1. It is reported that yields this high had

been produced at least since the seventeenth century but it is likely that it had been

much longer than this. It is apparent, therefore, that bere was grown extensively

throughout the Western Isles during this period.

The popularity of bere growth can also be seen in historical documents relating to

the Northern Isles. For example evidence exists in the form of account books from

estates, mills and small farms; shipping documents and letters from 1671 onwards.

One such shipping document records a voyage to Norway with meal and bere in the

'J ames' of Burntisland in 1721. Further evidence of the exportation of bere is

evident from voyages to sell Orkney bere to Stornoway, the Uists, Mull, Lismore

and Ballachulish in 1780 and shipping to Port Dundas, Glasgow in 1839. Further,

documents show that bere was traded within the Orkney Isles.

In the nineteenth century the variability ofbere does seem to expand with references

to different types of bere. For example, Fenton (1978) describes Victoria bere as

easily shaken and less popular, which must refer to the ease at which the barley

grain is released from the head. In addition to Victoria bere Davidson (1982) makes

reference to an improved strain called 'Buchan bere'. Lines of bere barley that are

held in genetic resource collections also demonstrate this apparent variability within

bere barley. For example, accessions used by Jannan (1996) in his study include:
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'Scots bere'; 'winter bere' and 'black bere'. Which of these 'types' prevail today or

was the main one throughout history is not known.

Bere remained a staple crop in Scotland until the Nineteenth Century with a

significant decline in growth at the beginning of the twentieth century as cropping

patterns changed. At this time changes in agricultural practices were occurring with

modem farming practices starting. Liming of soils was taking place and was being

integrated into traditional crop rotation practices. The more intensive practice of

modem agriculture gave emphasis to varieties of crops that gave higher, more

uniform yields for less input. Hence, liming and eventually artificial fertilisers meant

that crop yields could be increased by using crop varieties that were previously

difficult to grow. Thus, two-row barleys that were introduced by the late Eighteenth

Century, were becoming more popular. Population changes were also occurring and

better connections meant that grain and foodstuffs could be imported from the

mainland. Therefore, the pressure for self-sufficiency and dependency on the

individual townships was reduced.

The decline in bere growth is exemplified by the cereal growth figures for Tiree,

shown in Figure 2.2. A general decline in cereal growth can be seen with bere barley

displaying the largest reduction of growth of the individual crops.
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Figure 2.2: Acres of cereal growth on Tiree demonstrating the decline of cereal
growth at the beginning of the twentieth century as provided by the Tiree Heritage
Centre. 'Barley' denotes the growth ofbere barley.

2.1.1.3 Traditional methods used in the cultivation of bere barley

The agricultural methods employed in the cultivation of bere have varied throughout

history. However, several techniques are prominent and these have varied in degree

depending on the island and time.

The major steps in producing grain from here barley are: harvesting, binding,

gathering and stacking, threshing and finally winnowing. Harvesting by the end of

the Eighteenth Century was generally carried out using either a corran (a toothed

sickle) or a speall (scythe). An earlier technique, though, that is reported to have

been used is that of pulling up here by its roots. For example, Rev. Walker on

reporting on the Isle of Lewis states:

"Neither do they reap their Bear as in other places, but pull it up by the roots. After

it is in the Barn, they cut off the roots, with a part of the stem. This stubble they
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§trow irregularly upon their house tops, and tie it down with ropes of heath, without

turf below it, the scarcity of wood oblidging to have the timber of their roofs so

slight, that it will bear no greater burden. They then cut the heads off it, and these

they bum, having no other way of drying the grain, and at length the middle part of

the straw goes to the cattle." (McKay, 1980. p.43).

Horse -drawn mechanical reapers were introduced in the nineteenth century and

combines began to appear in Scotland around 1932. However the use of combines

on the islands occurred later than this. For example, the first combine on Tiree

arrived in 1975 (Holliday, 2003).

Following the harvest, sheaves of bere were tied together and were left standing for

several days. They were then hung in the house to dry and grain then ground on the

quem. Later, bere was left to dry in the fields in stooks which were several bundles

of sheaves. Stooks would then be stacked into round scroos or taken in to dry.

Sheaves of bere could then be thrashed to keep the straw whole for use in thatching,

rope making or for cattle. A flail was the implement used but was replaced by

threshing machinery around the nineteenth century. Once the grain had been

separated from the straw it could then be put to purpose or stored.

The process of grinding barley grain is evident from Neolithic times with the

existence of carbon dated grain found next to hand quems in archaeological

excavations. The introduction ,of water and wind powered mills greatly improved

the speed by which grain could be processed and many remains of mills are in

existence today. The last working water mill which to this day grinds bere is in

Birsay, Orkney.

2.1.1.4 The origin of bere barley

.The true origin of bere barley is not known. However, Jarman (1996) suggests that

the bere barley of today is directly related to the 'beare barley' grown in the

sixteenth century. Further, that its ancestry can be dated back to the eighth century

from cereals introduced by the Viking invaders of that time. Evidence for this can be
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drawn from the name 'bere' which derives from the Scandinavian word for barley

(the Norse bygg being equivalent to the lowland Scots bere [Fenton, 1978]) and that

archaeological evidence suggests that Danish and British barleys may have a

common origin. However, as remains exist of 6-row barley as far back as the

Neolithic period it is possible that the bere barley in existence has its origins before

the Viking invasions.

2.1.1.5 Uses of bere barley

Traditionally, bere had several uses. Primarily it was grown for human consumption

being used for both bread and drink, as it was more cheaply available than either

oats or wheat. Beremeal was eaten as' porridge but was also used to make

distinctively malty bread referred to as a bere bannock, which are still made in

Orkney to this day. Bread was traditionally made from pure beremeal but in the

twentieth century recipes began to include the use of wheat flour, which also

reduced the amount ofbere required (Morrison, 2004 personal communication).

Bere was used for making both beer and whisky with degrees of each depending on

the seasonal yield, with bread being of first importance. The abundance of barley on

Orkney meant that bere ale was popular, with the peoples demonstrating excessive

drinking (Fenton, 1978). On Shetland bere was more limited and so the availability

for ale much less. During the time when bere growth was at its peak in Tiree, grain

was exported to Donegal in Ireland for use in whiskey. Its use in malt continued to

modern day with the Highland Park distillery using bere in their mash until very

recently.

The use of here in whisky has recently gained new interest. The Bruichladdich

distillery based on the island of Islay distilled their first whisky containing bere on

Burns' Night 25th January, 2005. The bere was favoured for use owing to its

distinctive character including low gluten, special flavour and high levels of fibre

(Bruichladdich, 2005). The bere used was grown on Islay on the Dunlossit Estate.
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As well as the grain, bere straw was also used. Bere straw is long and was useful for

thatching houses and for making ropes in addition to being used as cattle fodder

(Fenton, 1978).

2.1.1.6 Present day growth of bere barley

The decline in bere growth on the Western and Northern Isles and the fact that bere

is not included in agricultural statistics has meant that the extent to which bere is

grown is unknown. Several reports have suggested limited growth. Davidson (1982)

on reporting of its growth in Orkney suggests the existence of a maximum of 40

hectares grown. Glanville (2004, personal communication) reports that in 2002 there

were only two or three crofters were growing bere on Shetland. Ramsay and Ellis

(2003) recognise the existence of some growth on the Western Isles for use as a feed

crop but no estimate is made to the amount grown.

Work has been carried out to assess the extent and location of the growth of

landraces, which includes bere barley. This work forms part of a national inventory

of United Kingdom genetic resources (Scholten et ai, 2004). Scholten (2004,

personal communication) reported that it was difficult to ascertain the degree ofbere

barley growth on the Scottish islands with estimates ranging from a few growers to

twenty. Indeed, during Scholten's visit to the Outer Hebrides (2004, personal

communication) only two bere samples were obtained from Uist.

Such work involving an ecogeographical survey would aid in developing in situ

conservation policy and strategy whereby there is sustainable conservation of

defining landraces of crops within traditional agricultural systems. Development of

such strategies include on farm conservation (Maxted et ai, 2002).

There is at .present renewed interest in the growth of traditional varieties. In

particular, the possible use of traditional varieties in plant breeding programmes.

This is highlighted by Wright et al (2002) in their review of traditional Scottish plant

varieties. The recommendations suggest the use of techniques to move traits from

tall, 6-row ear barley types to shorter 2-row ear types, of the kind widely grown in

Scotland at present. Such breeding would provide opportunity for new varieties to

109



Chapter 2: Genetic diversity ofbere barley
2.1.1: Introduction

be developed that possess characteristics adapted to the Scottish landscape and

climate.

An interest in the survival of bere as a traditional variety has also meant a recent

increase in bere barley growth. Concerns' for the quality and quantity of bere seed in

existence have prompted several projects with the aim of enhancing its growth. An

attempt to improve the vigour of the bere seed on Orkney was made by Watson Bell

(Davidson, 1982). This was done by grading stored grain, removing non- viable

material and using a chemical spray to remove seed-borne disease.

The Shetland Organic Producers Group (SOPG) was successful in receiving an

environmental award for their project that aims to encourage the growth of Shetland

bere barley and aets (oats). A report by the Farming and Wildlife Advisory Group

(FWAG) (2004) highlights the objectives of the project. These include: a tum

around in the decrease of arable cropping, the enhancement of biodiversity,

education, and renewed interest in traditional crofting and associated crafts. The

SOPG led by Peter Glanville have been successful in their first year, producing a

reasonable harvest from twelve participants which will be retained for a seed bank

(Glanville, 2005 personal communication). There is also interest in the project from

The Slow Food Movement whose aim is to protect biodiversity of food products,

including native cereals and animal breeds, which they believe to be disappearing

due to convenience food and agribusiness.

2.1.1.7 Diversity of barley landraces

With diversity lies the ability of the crop to survive and adapt to changing biotic and

abiotic conditions. Cereal crops continually grown at the same site would have been

naturally selected for that specific growth environment. Thus, would contain

important adaptive genes which are of special importance for growth on marginal

land.

Over the last few centuries due to intensive farming practices, changes in use of land

and breeding techniques a potential risk has been created to species and allelic

diversity in crops. This highlights the need for the conservation of biodiversity, so
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that it is protected for future use and the importance of monitoring world barley

genetic resources (Von Bothmer et aI, 2003).

Recently there has been a concern as to the threat of genetic erosion leading to a

narrowing of genetic diversity. These concerns have led to a number of studies in

crops to ascertain whether such a reduction has occurred. Genetic erosion has been

defined as: 'A permanent reduction in the number, evenness and distinctness of

alleles, or combinations of alleles, of actual or potential agricultural importance in a

defined geographical area' (Reeves et aI, 1999).

Studies on temporal changes in the genetic diversity of crops have utilised SSR

markers and have demonstrated varying results as to the degree of genetic erosion.

Donini et al (2000) found no significant narrowing of diversity in UK wheat

varieties between 1934 and 1994. In addition, Maccaferri et al (2003) identified an

increase in elite durum wheat diversity over time. Further, a study of 480 European

bread wheat varieties released from 1840 - 2000 by Roussel et al (2005) showed a

non-random distribution of diversity depending on temporal and geographical

variation. These differences could be linked to the differing breeding practices and

agricultural policies of the different countries from which the samples had been

obtained.

Assessment of changes in maize varieties has revealed a reduction in diversity

between cultivars bred before 1976 as compared to those bred after 1985 (Le Clerc

et aI, 2005). A study of 134 UK barley varieties cultivated between 1925 and 1995

did not reveal a narrowing of barley gennplasm (Koebner et aI, 2003). However,

Russell et al (2000) assessed diversity in spring barley as compared to 19 landraces
I •

and key progenitors. A reduction in diversity was observed and those alleles found

in modem varieties were largely a subset of those present in the landraces and key

progenitors.

As identified by Van Hintum and Menting (2003) an analysis of the geographical

distribution of wild species and traditional barley crops has not been performed and

they argue that gaps in this knowledge should receive attention as this material is

potentially the most threatened with genetic erosion. The existence of barley
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landraces provides the evolutionary link between wild barley and cultivated barley

varieties. They are heterogeneous populations that result from inbreeding lines and

hybrid segregates from a low level of out crossing in each generation (Jaradat et al,

2004). A review of studies carried out looking at genetic diversity in barley, using

molecular markers by Graner et al (2003) showed that diversity in barley decreases

from wild barley to landraces to cultivars. Rare alleles in wild barley are non-evident

in cultivars, whilst the more frequent alleles found in wild barley are still evident in

cultivars.

The studies reviewed by Graner et al (2003) showed that landraces demonstrated a

large within population diversity as compared to the between population diversity.

This, Graner et al (2003) postulate, could be caused by a high degree of seed

exchange between fanners, which would lead to heterogeneity in populations. Also,

this pattern of diversity could have been influenced by intentional selection of

cultivar mixes that had been shown to be superior in use. From this observation it is

suggested that to obtain the most genetically diverse germplasm, collections would

be best to focus on larger samples from a selection of eco-geographical sites rather

than single accessions from many sites.

In order for genetic resources to be optimised and for biodiversity to be protected

gennplasm collections and barley populations need to be characterised. Traditionally

such characterisation was carried out using phenotypic characters and knowledge of

geographical location. However, populations may have local adaptations that are

difficult to ascertain phenotypically. One of the purposes of germplasm collections

is to preserve allelic diversity, providing a tool for scientists to aid development of

varieties that are more resilient to abiotic and biotic stressors. Thus, a detailed

characterisation is necessary. This can be achieved through the use of molecular

markers.

2.1.1.8 Molecular techniques as tools in diversity assessment

The advent of molecular techniques has provided a tool to enable more detailed ,

characterisations to be made at the genotypic level. Detailed genetic analysis allows

for the optimisation of germplasm collections, help in the planning of seed
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regeneration and genetic information for .exploitation of material in plant breeding

(Dreisigacker et ai, 2005). These are all areas of investigation that would help in the

conservation of barley diversity (Graner et ai, 2003).

As for varietal discrimination, an array of markers has been utilised for the study of

genetic diversity in barley. Initially, isozyme markers were used in conjunction with

morphological characters. For example, Parzies et al (2000b) assessed diversity in

Syrian barley landraces maintained in genebanks. The study aimed to ascertain

whether seed bank rejuvenation methods were creating a bottle neck in the diversity

of the populations held. A decrease in diversity over time was found to occur,

arguing the necessity for the promotion of crop conservation through a combination

of in and ex situ conservation practices.

Microsatellites have been used to assess genetic diversity and population genetic

structure in a range of crop species in both heritage and modern day varieties. For

example, Masi et al (2003) used 300 SSRs to determine the diversity contained

within 3 common bean (Phaseolus vulgare L.) landraces of the Basilicata region of

Southern Italy. A high level of diversity was observed but a greater diversity was

found within rather than between landrace populations. In addition, some SSR

alleles were found to be 'ecotype - specific', found in only one of the landraces

studied. In conclusion it was suggested that an SSR assisted sampling strategy could

be used successfully in in-situ conservation programmes of genetic diversity and in

modelling of genetic erosion.

Studies on barley have also been carried out. Russell et al (2000) observed diversity

at 28 SSR loci in a set of modem cultivars as compared to 19 landraces in order to

analyse the development of Northern European spring barley cultivars over the past

century. As pedigree and morphological characters were also assessed it was

possible to make comparisons of genetic diversity estimates obtained from the 3 data

types. SSRs were found to discriminate most readily between individual cultivars

and gave the greater resolution as compared to the morphological data. The results

also demonstrated a reduction in SSR allelic diversity over the whole genome in the

most recently cultivated barley as compared to the earlier landraces.
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Limited work has been carried out into the phenotypic or genotypic diversity ofbere

barley. Samples of bere barley presently growing in 1995 from Orkney and

Caithness, and also genebank accessions and herbarium samples were analysed by

Jarman (1996). Visual grain characters and electrophoresis profiles (using acid-

PAGE) were analysed. The results revealed two phenotypic and electrophoretic

biotypes. However, no link was found between the differing phenotypic and

electrophoretic types. In addition, due to the discovery of a major and minor

phenotypic biotype it was deduced that bere was not currently uniform enough to

meet varietal standards for DUS.

Further, samples obtained in Orkney and Caithness in 1995 and those from a 1932

collection were found to be morphologically and electrophoretically the same, based

upon the markers assessed. Jarman (1996) concluded that true bere was a mix of2

morphotypes and that within these two morphotypes electrophoretic variation exists.

It is also suggested that this continued morphological and electrophoretic stability

over time is probably due to the isolation of bere from other barley crops. Further,

the remarkable consistency of a variety whose breeding and seed multiplication have

not been controlled in statutory schemes was noted.

However, the bere samples used were limited by number and also did not contain

material from the Western Isles or Shetland. Further, genotypic analysis was not

performed. Hence, from these results it is not possible to deduce whether the

apparent consistency occurs with all bere grown at present.

Work by Ramsay (2004, unpublished data) examined the diversity of microsatellite

marker length over 8 loci in British landraces contained within germplasm

collections. Of the samples examined, 19 of the accessions were recorded as bere.

The preliminary results revealed microsatellite size polymorphism at 6 of the 8 loci,

demonstrating between 4 and 6 different alleles. However, 1 marker (HvML03) was

shown to be monomorphic in the bere samples and polymorphic (2 alleles) in the

remaining landrace samples. The data is limited however, due to the lack of

information available with some of the accessions, whereby date and location of the

material collected is not available.
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In addition to the British landraces, Norwegian, Danish, Swedish and Finnish 6-row

barleys were also examined at the SSR loci, due to the possibility that bere

originates from Scandinavia. More extensive genotypic comparisons between

Scandinavian landraces and bere would help to elucidate its origins and aid in an

understanding of the movement of barley growth across Europe.

2.1.2 The Scottish islands

The environment of Scotland is extremely varied with diversity created by its

geographical position, geological and geomorphological differences. The climate is

affected by being on the oceanic-continental margin and Scotland also lies on the

intersection of two forest zones: the temperate deciduous woodlands and the boreal

coniferous woodlands (Usher and Balharry, 1996).

This diversity extends to the Scottish islands, which is also due to the underlying

geology, climate and exposure to the sea. Islands are found around the full coastline

of mainland Scotland. However the archipelagos of the West and North of Scotland

contain the majority of the Scottish islands. These islands are located within five

Council areas: Argyll and Bute, Highland, Western Isles (The Outer Hebrides),

Orkney and Shetland, with The Isle of Arran in North Ayshire). For the purposes of

this study those islands located to the West of Scotland will be termed the Western

Isles and the South Western Isles with Orkney and Shetland being grouped as the

Northern Isles. The island groupings as defined here are shown in Figure 2.3.
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Figure 2.3: Map of Scotland showing the location of the four areas containing the
Scottish islands investigated in this study. Island names and sample locations in
each section are detailed in Figures 2.4, 2.5, 2.6 and 2.7, within Section 2.2.
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Of the 116 Scottish islands, 96 had at least one resident in the 2001 census (Fleming,

2003), with the remaining uninhabited. The island populations and land area vary

greatly and are displayed in Table 2.1. The Oxford English Dictionary defines an

island as a piece of land surrounded by water. However, to aid transportation,

islands have been adjoined to each other or the mainland by bridge or causeway.

Due to this Haswell-Smith (2004) in his description of the Scottish islands does not

consider those adjoined to be separate islands. The Island census in 200I, though,

still regards those adjoined as islands. However, the census does categorise Harris

and Lewis of The Western Isles together as one island, differing from the census of

1991. Even though Harris and Lewis are linked by land they have traditionally been

regarded as two separate Isles. This is due to the Dig hills, a 6 mile stretch of high

ground which separates the 2 and is difficult to pass. This meant that in the past,

transportation was often carried out by sea between Harris and Lewis and hence

their portrayal as 2 islands. Due to this tradition this study will regard Harris and

Lewis separately and an island will be classed as such even if adjoined by causeway

or bridge.
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The growth of crops is affected by the type of ground, climate and daylight hours and

this varies between islands and to a lesser extent within islands. In the summer,

daylight hours are long, and increase longitudinally, with Shetland experiencing

nearly twenty-four hours of daylight at midsummer. However, winter brings much

shorter days with as little as six hours sunlight ,in Shetland. Average rainfall,

temperature and altitude also differ and data for this is displayed in Table 2.2.

The geology of the islands has influenced the ~egree to which land has been

cultivated. The Outer Hebrides is distinctive in its continuous West coast of sand

dunes and machair leading to peat moorland and a fragmented east coast which

consists of an array of sea lochs and inlets (Haswell-Smith, 2004). Machair is land

enriched by wind blown shell sand. It is the Ca2+ in the shell deposits that aids in the

decomposition of the peaty ground, which makes it more fertile (Ritchie, 1979). The,

machair provides a unique ecosystem housing rare flowers, for example, orchids and

yellow rattle and bird species such as the corncrake, redshank and ringed plover. The

machair has attracted attention from conservationists due to its unique habitat and

the threat of its erosion und is subject of a UK Biodiversity Action Plan (Anon,

1994). It is on the machair that cereals are usually grown as it contrasts sharply with

the nutrient poor, acidic soils of the central and easterly regions (Usher and

Balharry, 1996). Further, it is on the border of machair and peat, where lighter soils

can be found, that land has been used for enclosed crofts and farms and is where

croft houses are located (Boyd and Boyd, 1996).

Tiree is unique amongst the Scottish islands in that it has no peat bog (Haswell-

Smith, 2004). With more than two thirds of the island covered in machair, Tiree is a

very fertile land. The summers are the sunniest in the UK, but also the windiest with

a low rainfall as compared to the rest of The Western Isles.
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Geologically, the southern part of The Outer Hebrides is characterised by gneiss

rock, which becomes older in origin in the more northerly parts. The northern land

of The Outer Hebrides has a higher average altitude, the coldest winters and the

wettest climate. This causes extensive blanket peat and, due to leaching, nutrient

poor and acidic soils that are poorly drained (Usher and Balharry, 1996). The

northern parts are formed from igneous rather than sedimentary rock which is often

termed Lewisian rock or gneiss (Haswell-Smith, 2004).

The Northern Isles, which consist of the archipelagos of Orkney and Shetland

contrast. sharply due to their differing rock types, glacial and post-glacial history.

There is a strong maritime climate with high rainfall and relatively low summer

temperatures (Usher and Balharry, 1996).

Orkney is agriculturally rich due to a base of old sandstone (Haswell-Smith, 2004)

which gives rise to the peaty gley soils (Usher and Balharry, 1996). In contrast,

Shetland has poorer soils and its economy, historically, has depended more on the

sea. Shetland has a complex geology with an underlying pre-cambrian rock of the

Dalradian group consisting of granite, schist and gneiss. This rock does not

decompose into fertile soils, which causes the creation of large areas of blanket peat.

Agriculture has traditionally been of major importance economically on all of the

Scottish islands. To this day all the island groups in this study have a higher

percentage of workers employed in the agricultural industry than when compared to

the rest of Great Britain (Great Britain Historical GIS Project, 2003). In addition, the

Scottish islands are more reliant on agriculture than the Highlands and other areas of

Scotland. However, this number has declined significantly in the last two centuries

with The Western Isles presently (2001 Census) employing less than 10% of the

population in agriculture; the highest number being employed in the service

industry. Agriculture on The Orkney islands, though, still employs more than 25%

of the workers, the largest proportion in Great Britain (Fleming, 2003).

All the Scottish islands are classified by the Scottish Executive Environment and

Rural Affairs Department (SEERAD) as 'Less Favoured Areas' (LFAs), whereby

the land has been assessed as being disadvantaged or severely disadvantaged for
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subsidy purposes. Also, the islands are included in the 'Highland and Islands

Enterprise Area' (HIE). The Scottish Executive on reporting about employment in

rural Scotland identified the trends in agriculture in The Highlands and Islands:

"Compared to the rest of Scotland the Highlands are characterised by a smaller than

average holding size, more rough grazing, less intensive use of improved grass, less

cash cropping, more fodder crops, less winter cereals... It is also characterised by a

much higher level of part-time farming and more part-time workers, much lower

agricultural output per hectare, output per worker ... and a much heavier reliance on

subsidies." (Scottish Executive, 2000)

It is also recognised that there are differences between islands. For. example, The

Western Isles have a trend towards crofting as compared to Orkney that has a higher

number of farms.

The principal Scottish farm crops are barley, wheat, oats, oilseed rape and potatoes.

Barley provides the largest ouput and is the ~ost economically significant

(SEERAD, 2006). This trend is also observed in the North West region of Scotland

which includes the Highlands and Islands for statistical purposes. The barley output

(25,047 ha) was significantly higher than that of the other crops, with the second

most significant being oats (3,398 ha) (SEERAD, 2006). It is important to note,

however, that SEERAD statistics are concerned with commercial growth, which

only regards those cultivars that are included on the National List. Thus, does not

highlight the extent of the growth of landraces, which are not listed, and the

existence of specific cereals in land used for mixed cropping.

It can be seen, therefore, the significance agriculture has on the culture, traditions

and economy of the Scottish islands. But also that The Scottish islands are diverse

and distinct and pose challenges agriculturally. Such challenges lie not just in the

climate and land to be cultivated but in transportation and communication. As such,

it is evident that until more recent times when islands were first adjoined, many

islands were fairly isolated and cereal populations would be thus too.
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2.1.3 Project alms

It can be seen that there is much interest in the native bere barley. However, the true

nature of its origin is still unknown and little is recorded as to its early distribution

between the Isles. Thus, whether bere on Orkney, Shetland and the Western Isles

originated from a single source has not been determined. Further, the extent of the

diversity both phenotypically and genetically, within bere currently grown on the

islands, has not been established.

In light of this interest in the growth of bere barley on the Scottish islands and the

limited literature available on the diversity of bere the second part of this study set

out with the following aims:

2.1.3.1 Field work

• Determine the extent ofbere growth on the Scottish islands and mainland.

• Obtain oral and written accounts of the existence and tradition of bere growth

on the islands

• Collect samples of bere barley presently being grown on. the islands to be

maintained as part of the SASA germplasm collection

2.1.3.2 Laboratory analysis

• Grow plants from the bere seed collected

• Examine the phenotypic and genotypic characters of the bere grown to

ascertain inter and intra - population differences

• Identify a group of markers that could aid in:

~Determining the origins ofbere barley and its movement across Europe

~Archaeological analysis of barley grain
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2.2: Materials and Methods

2.2.1 Here barley sampling trip

2.2.1.1 Sampling trip preparation

A field trip was conducted between 04/08/04. and 25108/04 with the purpose of

collecting samples ofbere barley being grown in Scotland and to ascertain the extent

of the current growth ofbere in Scotland

In preparation of the fieldwork a planned route was determined based on contacts

that had been made with regards to known or possible locations of bere barley

growth. No formal records ofbere barley growth are kept by SEERAD or SAC so in

order to determine the extent of growth it was necessary to obtain local information

and to carry out a personal search of the land.

Several possible sources of information regarding bere growth in Scotland were

pursued. These were:

• Previous suppliers ofbere seed for the SASA germplasm collection

• Scottish Organic Producers Association

• Scottish Crofting Foundation

• SEERAD area offices

• Community Councils

• SAC offices

• Scottish Natural Heritage (SNH)

• National Trust for Scotland

• Whisky distillers

• Working mills

Sources were contacted and further leads followed up from the information given.

As wide an area as possible was covered and Figures 2.4, 2.5, 2.6 and 2.7 identify

those areas where contact was made. The resulting contacts that proclaimed to be

growing bere barley were geographically located and a sampling trip itinerary was

produced to include these sources. In addition to this, the islands were toured to
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locate any further sources and leads were investigated that were obtained from the

growers in person. All the sample sites where bere barley collected are shown on the

maps in Figures 2.4, 2.5, 2.6 and 2.7.

2.2.1.2. Population sampling

From each population a minimum of 25 heads were sampled. Heads were taken at

random, avoiding the periphery of each crop. Heads were placed in linen bags and

were left hanging to allow the samples to be well aerated. Samples were then

transported back to SASA.

When possible, information was gathered from each grower regarding the bere crop.

This was recorded as crop size, location, crop usage, fertilization of the crop, source

of original seed and number of years grown. Further information was sought on

historical knowledge of bere growth at that location or on other parts of the islands

or mainland of Scotland.
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South Western Isles
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Fig 2.4: Map of the South Western Isles section showing jsland names and areas
contacted regarding the growth of bere barley. Only Tiree, whose sample sites are
shown in Figure 2.5, was visited

127



Chapter 2: Genetic diversity ofbere barley
2.2: Materials and Methods

Western Isles
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Fig 2.5: Map of the Western Isles showing island names and sample site
locations. Areas contacted before or during the sampling trip are identified
and whether these areas are currently growing bere barley is indicated.
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Shetland Isles
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Fig 2.6: Map of the Shetland Isles showing island names and sample site
locations. Areas contacted before or during the sampling trip are identified and
whether these areas are currently growing bere barley is indicated.
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Orkney Isles
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Fig 2.7: Map of the Orkney Isles showing island names and sample site
locations. Areas contacted before or during the sampling trip are identified and
whether these areas are currently growing bere barley is indicated.
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2.2.2 Bere barley analysis and plant growth

2.2.2.1 Seed viability testing

At SASA samples were left to dry in linen bags laid out on Tables in glasshouses.
\

Each barley head was then separately bagged and referenced.

To verify which seed would be best planted viability testing was carried out on 25 of

the heads from each population sampled, by the OSTS section at SASA. The

topographical tetrazolium test was used as described in the OSTS standard operating

procedure OSTS-006 that is based on methods prescribed by The International Seed

Testing Association (lSTA) (2005).

From each head 2 seed were taken at random and placed in separate tubes containing .

water. Samples were left to soak for 18 hours at 20°C. Seed was placed on tiles and

cut longitudinally through the embryo and % of the endosperm with a scalpel and

submerged immediately in 0.5% tetrazolium solution (llitre DDH20; 3.63g

KH2P04; 7.13g Na2HP042H20; 5g 2,3,5 Triphenyl-tetrazolium chloride). Samples

were incubated for 2 hours at 30°C and then rinsed thoroughly in cold water prior to

examination.

Seed was assessed for degree of staining that had occurred. Those seed displaying

sufficient red staining in tissues necessary for normal seed development were

classed as viable. Seed showing staining at levels below that permitted were classed

as non-viable. Maximum area of unstained, flaccid or necrotic tissue permitted was

root area except one root initial and 1/3 of extremities of scutellum.

2.2.2.2 Seed storage

Following the use of seed for planting in order for genotypic and phenotypic

analysis to be carried out, each sample head was photographed by staff from the

photography Section at SASA (Appendix B). Heads were then stripped and the

resulting seed kept at -20°C in The Scottish Heritage Collection of the SASA

germplasm stock.
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2.2.2.3 Growth of bere barley plants for phenotypic analysis

Using the seed collected from the Scottish islands sampling trip (as described in

2.2.1), bere barley plants were grown in glasshouses at SASA. Seed from 20 heads

from each population sampled was planted. From each head 4 seeds were planted in

2 litre Rosier pots in John Innes compost N02 (Clydeside Trading Society Ltd,

KirkmuirhilI). Plants were watered to saturation 3 times daily and were sprayed with

0.01% (v/v) Fungus Clear (Scotts), a powdery mildew spray. Plants were provided

with 16 hours daylight using sodium high pressure lighting and were grown for 6

months from November, 2004 until June, 2005. Leaf material from the growing

plants was used for genotypic analysis.

2.2.2.4 Genotypic analysis
It was intended that the genetic diversity of bere barley would be analysed between

all of the islands sampled and that a sub-set of the islands sampled would then be

used to investigate diversity within populations. For the purposes of description

within this thesis these two separate analyses will be termed the inter-island genetic

diversity analysis and the intra-island genetic diversity analysis respectively.

2.2.2.4.1 Inter-island genetic analysis

DNA was analysed from the leaf of 1 of the plants, from 29 of the bere plant

populations. The 29 samples that were analysed were: 1, 4, 5, 7, 8, 9, 10, 12, 13, 15,

16,17,18,19,21,22,23,24,25,26,27,28,29,30,31,32,33, 34 and 35 and are

described in Tables 2.5,2.6 and 2.7 in Section 2.3. The reason that the other samples

were not included was either because the seed sample was from a previous years

crop or that the sample had been sent to SASA after DNA extractions had been

carried out. Each of the samples had been obtained from different growers and

locations. For the inter-island analysis 29 primer sets were used; 16 EST-SSR

markers and 13 genomic markers as described in section 2.2.2.4.4.

2.2.2.4.2 Intra-island genetic analysis

DNA from leaf of 15 individual plants from 10 of the locations sampled (1, 8, 12,

17, 19, 22, 26, 30, 32, and 34), covering the Western Isles, Orkney and Shetland

were analysed using 7 of the primer sets (scssr07759, scssr08447, Bmag0120,
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Bmac0134, HvM36, Bmag0206 and Bmag0211). These primers were chosen as they

had proven to be the most polymorphic in the inter-island analysis.

2.2.2.4.3 DNA extraction

DNA was extracted from samples of fresh leaf tissue using the Quickl'ickl'" Plant

DNA Purification Kit protocol with PickPen® 8-M (Bio-Nobile, Finland) with

modifications, in batches of 24. The principle of this method involves the binding of

the barley DNA to plant DNA MagaZorb™ magnetic particles in the presence' of a

binding buffer. The DNA is then eluted from the magnetic particles. This method

was found to be time efficient, with 24 DNA samples being obtained from fresh leaf

tissue in 120 minutes.

From the bere plants grown DNA was extracted from each of the 20 plants from the

35 populations sampled. Approximately 6mg of leaf tissue was homogenised using a

plastic pestle in a 1.5ml Eppendorf tube and was suspended in 50~1 Plant DNA

Lysis Buffer. 5111Plant DNA Proteinase K and I III (30mglml) RNase was added and

the samples pulse-vortexed and incubated for 30 minutes at 65°C.

Flat bottomed 96-well microplates (Abgene, Epsom UK) were prepared with

QuickPick™ Plant DNA Kit reagents (Fig 2.8). Into rows 1, 5 and 9 5~1 Plant DNA

MagaZorb™ Magnetic Particles and 60~1 Plant DNA Binding Buffer was added.

Into rows 2, 3, 6, 7 10 and 11 150J.lIPlant DNA Wash Buffer was pipetted. Finally,

IOOJ-l1 Plant DNA Elution Buffer was added to rows 4, 8 and 12.
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Sill
6oll1
I SOil I
IS01l1
IOOIlI

DNA Magazorb™ Magnetic Particles
DNA Binding buffer
DNA Wash Buffer
DNA Wash Buffer
DNA Elution Buffer

Rows 1,5 and 9:

Rows 2,6 and 10:
Rows 3,7 and 11:
Rows 4,8 and 12:

1. 2. 3. 4. 5. 6. 7. 8. 9. 10. 11.12.

Fig 2.8: Side view of 96-well microplate containing the QuickPickTM Plant DNA kit
reagents in rows 1-4 (8 wells). For processing of 24 samples on one plate this array
was repeated twice in the remaining wells as indicated by the text in the Figure (Bio-
Noble, 2003).

Following incubation tubes were centrifuged for 5 minutes at 18000g. The

supernatant from each tube was transferred to an individual well in rows 1, 5 and 9

and the plates mixed on an orbital shaker for 5 minutes at room temperature. Using

the 8- channel PickPen® multiple pipetter the magnetic particles from rows 1, 5 and

9 were transferred to the wells in rows 2, 6 and 10 respectively and were washed to

remove contaminants by gentle mixing (Plate 2.3).

Plate 2.3: Demonstration of the use of the PickPen® to extract
DNA using a flat bottomed microplate and the QuickPick™
Plant DNA kit (Bio-Nobile, 2003).

Washing of the magnetic particles was then repeated in rows 3, 7 and 11. Magnetic

particles were then transferred to rows 4, 8 and 12 and the DNA eluted from the

particles by mixing on the orbital shaker for 5 minutes. Magnetic particles were then

removed and discarded.
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For each sample 40J.lIof the DNA solution was aliquotted onto microtitre plates and

kept at 4°C for regular ~se. The remaining sample was kept as frozen stock at -20°C

on microtitre plates (Abgene, Epsom UK).

2.2.2.4.4 Microsatellite markers

A set of 24 mapped EST -SSR primer sets were obtained from SCRI (Russell, 2004

unpublished communication). Primers were screened (Table 2.3) using 5 DNA

samples previously analysed at SCRI (Comadran, 2004 Personal communication)

and 6 barley varieties from the UK National List (cvs. Optic, Riviera, Cellar,

Angela, Regina and cv Pict). Following screening, 16 primer pairs were chosen for

use in the study: scssrl 0477, scssrl05593, scssr205694, scssr02306, scssr00334,

scssr25538, scind02587, scindl6991, scssr03907, scssr25691, scssrlOl48,

scind60002, scssrl8005, scssrl4079, scssr077591 and scssr08447. The set was

extended to 29 using primers previously screened on the UK National List varieties

(Table 1.2) (Bmag0353, HvM40, BmagOl20, Bmag0009, HvML03, Bmag0134,

Bmag0211, HvM36, HvLEU, Bmag0223, Bmag0206, HvM62 and Bmag0021) .

. Forward primers were fluorescently labelled at the 5' end with PET (MWG, Milton

Keynes, UK), to allow for detection in capillary electrophoresis as described in

Chapter 1.2.4. Future multiplexing was not needed in this part of the study hence the

requirement of only one dye colour for allprimers, Using only one dye colour was

more economical. Selected reverse primers (MWG) were "PIG-tailed" (Brownstein

et al., 1996) to facilitate accurate genotyping. This was achieved by the addition of

the sequence on the 5' end to promote adenylation of the 3' end of the forward

strand the purpose of which is detailed in Chapter 1.2.4.
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Table: 2.3: EST-SSR primers screened in the analysis ofbere barley. The same
label (PET) and PCR cycling conditions were used for each primer set.

Primer Forward Primer 5'-3' Reverse Primer 5'-3'

scssrlO477 AGAGCAATGAGCTCCTACCC GCTTACTCGCTCG
scssr02748 GGTGCATTTGGAAGTCTAGG ATAGCAAGTGCCAAGTGAGC
scssrOO334 CAAACAGCCACTGTCCTAGC AGGGCGAGGTAGATGACG
scssr07759 GCAACTCCTCATCATCTCAGG CAACAGCCAGAAGGTCTACG
scssr08447 AAATTTGTATTGGCTGGTTCC ACAAAAGCAAACCCTAGACC
scssr05281 AACACACGCCTAATCCTTGG CCCGTCAAGACCTACAGCAT
scssrlO559 CATTTCCTCTCCCCTTGC CTCACCTCCTGCCGATCC
scssr25538 CCTCCCACTATCTCTTCTCTCC GAGTGTTACTGCCGATTTGC
scssr25691 ACGAGCTGATATCCCACGAG TCCGAGCTTCTTATCTTTGG
scssrl4079 AAAATAAGGTTTCTTGTTCTTGG GAAACCCTGTTGAAGTACGG
scssr18005 TCCTCACACACAGAGAGAAGTGC CCCACACGGTGTAGTAGAGG
scssr20569 ATCGAGCACCTACGAACC TTGCATAGCGGAAGTAATCC
scssr02306 TGCCTTGTTTATGTAATATCTTGTG GGCGTAAATAAGAGTGTCTTCAG
scssr07l06 GCGCTGTCTCTTCTATGTGC AGGTGCTCCTAATCTGATGG
scind02587 GGTGACCCAGCCAAATTTTA GCAGCTGCTAGTTGGTTCATC
scind16991 CGCCGTTCCAGTTTAACTTC GGGCTTCCCCTCCTTTGTAT
scssr05939 TCATTGGGCTCTTCTACGG GCAAACCGGACTAAGTATGC
scssrlO148 AAGCAGCAAAGCAAACTACC TCATCAGCATCTGATCATCC
scssr03907 CTCCCATCACACCATCTGTC GACATGGTTCCCTTCTTCTTC
scssr09398 AGAGCGCAAGTTACCAAGC GTGCACCTCAGCGAAAGG
scind60002 CGAATGCAGTACAGCCTCAG CATCATCACGCCACCATACT
scssr05599 TTCCATCATAACAGCAATGG TTCGTCGAAGGCTATGTAGG
scssrOOlO3 GGTAAGGAGTGGGTCTCAGG CAAGCAGATGCAACTACACC
scind60001 CACTCGAGACAGACATGCATTA GGACGTGCTCTCTCTACTGCT
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2.2.2.4.5 peR

Amplification of DNA sequence using EST -SSR primers was carried out using

cycling conditions provided by SCRI (Russell 2004, personal communication) (Fig

2.9). These were performed using either an MJ Research (Massachusetts, USA)

PTC-200 Peltier Thermal Cycler or a GeneAmp®PCR system 9700 (Applied

Biosystems, Warrington, UK) thermal cycler. PCR reagents were used in

concentrations as described previously in Table 1.3.

Hot Start: 10 minutes at 95°C

7 cycles: 30 seconds at 94°C

30 seconds at 65°C-58°C «1°C each cycle)

30 seconds at 72°C

24 cycles: 30 seconds at 94°C

30 seconds at 58°C

30 seconds at 72°C

Hold: 5 minutes at 72°C

Fig 2.9: PCR programme for EST -SSR primers

2.2.2.4.6 Fragment analysis

DNA fragments resulting from the PCR were prepared and analysed as described in

Chapter 1.2.7.

2.2.3 Data analysis

The Inter-island data and Intra - island data (defined in Sections 2.2.2.4.1 and

2.2.2.4.2) allowed genotypic comparisons to be made on 3 levels:

• Between island group

• Between sample sites

• Between individuals
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A schematic representation of this hierarchy is shown in Figure 2.10.

Scottish bere barley
(entire data set)

Island group

Sample site

Individual

Fig 2.10: Schematic representation of genetic structure applied to bere barley sample

analysis.

For the purposes of hierarchical data analysis sample sites analysed in the intra-

island genetic analysis were grouped into three island groups:

Group 1: Western Isles

Sample 1 (Tiree), 8 (South Vist), 12 (Balashere), 17 (North Lewis)

Group 2: Shetland Isles

Samples 19, 22, 26 and 30

Group 3: Orkney Isles

Samples 32 and 34
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2.2.3.1 BioNumerics ™ analysis

Alleles were recorded manually as present (1) or absent (0) for each primer and

. individual and were entered into a database constructed using Microsoft Excel.

Binary data was then transferred to 2 separate databases using BioNumerics ™

version 3.0 (Applied Maths, Gent, Belgium): One for the inter-island analysis and a

second for intra-island analysis .

. 2.2.3.2 Cluster analysis

Differentiation of the bere barley samples was calculated in BioNumerics ™ using

Dice coefficient for binary data that measures similarity based upon common and

different alleles. Dendrograms were produced for the resultant similarity matrix

using the UPGMA (Sneath and Sokal, 1973). Dendrograms were produced from

both the inter-island data and the intra-island data. The stability of the resulting

clusters was determined using the cophenet function (Sokal and Rohlf, 1962) which

was calculated in BioNumerics™. This served to compare the values within the

similarity matrix with those of the dendrogram by computing their correlation,

providing a cophenetic correlation coefficient.

In addition to the bere barley, micro satellite alleles were used to assign four barley

cultivars to the inter-island analysis dendrogram. The cultivars chosen were: Angela,

Regina, Riviera and Optic from the National List barleys described in chapter 2 of

this study. These served as controls and included two 2-row spring barleys (cvs

Riviera and Optic), a 6-row winter barley ( cv Angela) and a 2-row winter barley (cv

Regina).

2.2.3.3 Principal Components Analysis (PCA)

PCA , a generalisation of Principal Co-ordinates Analysis (PCoA) devised by Gower

(1966), was performed on both the inter and intra-island data.

2.2.3.4 Arlequin analysis

Population genetic analysis was carried out using the software package Arlequin,

version 3.0 (Excoffier et ai, 2005). Alleles called for each individual in the intra

population analysis (7 loci; 15 individuals; 10 populations) were inputted into
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notepad files in the format recommended by the Arlequin ver.3.0 user manual

(Excoffier et ai, 2005). These files were then loaded into ArIequin to. enable

statistical analysis to be carried out.

Information about the type of data was entered to allow for the setting of

calculations. Data was acknowledged as genotypic microsatellite data with no

recessive data (due to the markers being co-dominant) and gametic phase unknown.

Alleles were defined in the input data by their size as recorded by the GeneScan®

Analysis Software version 3.7 (Applied Biosystems). Once inputted, the data was

analysed using several statistical tests at both the intra and inter population levels.

2.2.3.5 lIeirarchial population analysis

2.2.3.5.1 AMOVA

An AMOVA (Analysis of Molecular VAriance) (Weir and Cockerham, 1984;

Excoffier et al, 1992; Weir, 1996) was applied to analyse hierarchical population

genetic structure in the data set. The significance of the variance components

detected at each level in the genetic hierarchy was tested using the non-parametric

permutation procedures described by Excoffier et al (1992), set at 1000

permutations. As well as the variance component estimates, this allowed the

calculation of fixation indices (Weir and Cockerham, 1984), otherwise known as <l>

statistics (Excoffier et ai, 1992). In addition to the global AMOV A a locus by locus

AMOV A was performed as recommended when some missing data are present.

Genetic distance between microsatellite genotypes was estimated by calculating the

number of different alleles using equation 2:

L

J ="J (;)xy ~ xj' .
i=1

(2)

s (I)
Where xy .. is the Kronecker function, equal to 1 if the alleles of the i-th locus

are identical for both genotypes, and equal to 0 otherwise (Excoffier et ai, 2005 p.

100). Thus, the genotypes were analysed using the assumption that the distance
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between any pair of unlike genotypes was the same. Therefore, no assumption was

made as to the evolutionary distance between any pair of genotypes. Hence, the

analysis of genetic structure (variance) was based on allele frequency.

2.2.3.5.2 Fixation Indices

F-statistics were calculated for different levels of the genetic hierarchy, following

methods described by Excoffier et al (1992). Thus allowing an estimate to be made

as to whether individuals / populations / groups in the hierarchy are genetically

different to other members of the population or group. Whereby, an F value of 0

would indicate identical allele frequencies (low differentiation whereas a value of 1

would indicate that they are fixed for different alleles (high differentiation)

(Mohammadi and Prasanna, 2003). F-statistics were computed at three levels of the

hierarchy as described below (Excoffier et al, 1992; Excoffier et al, 2005):

FST: The correlation of random genotypes within bere barley populations relative to

random pairs of genotypes from the entire bere barley data set

FCT: The correlation of random bere barley genotypes within an island group

relative to random pairs of genotypes taken from the entire bere barley data set.

Fse: The correlation of random genotypes within bere barley populations relative to

random pairs of genotypes taken from that island group.

2.2.3.5.3 Pairwise F-statistics

Genetic difference between pairs of populations was determined based on the number

of different alleles. Under the hypothesis of no difference between the populations, the

significance of the F-values was calculated following 110 permutations at a

significance level of 0.05. The similarity matrix resulting from the pairwise F-

statistics was used to construct a UPGMA hierarchical cluster analysis to allow for

visual representation of the differentiation of populations. This was carried out in

GenStat (8th. Ed) (Lawes Agricultural Trust, Rothamsted) using the HCLUSTER

directive, group average method. The cluster analysis was constructed based on

genetic similarity of populations as opposed to genetic difference in the case of the F-
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statistics. Thus, a value of 0 indicated no similarity between genotypes; a value of 1

indicated complete similarity.

2.2.3.5.4 Likelihood of genotypes in all populations

The likelihood of each multi-locus genotype in each population was determined.

Likelihood was computed using the allele frequencies at each locus under the

assumption that all loci are independent (Excoffier et ai, 2005). The method

implemented by Excoffier et al, 2005 was developed from that described by Paetkau

et al (1995, 1997) and Waser and Strobeck (1998). From the log-likelihood Tables

outputted by Arlequin, log - log likelihood plots of genotypes from pairs of

populations were plotted in Microsoft Excel.

2.2.3.6 Within population tests
2.2.3.6.1 Gene diversity

Gene diversity was calculated for each population. This can be defined as the

probability that two randomly chosen genotypes are different in the sample

(Excoffier et ai, 2005). This was calculated using equation 3:

k
... 11 2H=-(l-~p.)

11-1 ~,
i",,1

(3)

Where n is the number of gene copies in the sample, K is the number of genotypes,

and Pi is the sample frequency of the i-th genotype (Nei, 1987 p.180).

2.2.3.6.2 lIardy -Weinberg equilibrium

To detect significant deviation from Hardy-Weinberg equilibrium the procedure

described by Excoffier et aI, 2005 was followed. This test is carried out using a

modified version of the Markov-chain random walk algorithm, which is described

by Guo and Thompson (1992).
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2.2.2.5 Phenotypic analysis

2.2.2.5.1 Data collection

Phenotypic analysis of the growing bere barley plants was performed by Rachel

Tulloch of the Cereals Section of SASA. Field and grain characters were scored

giving a total of 66 character states (Table 2.4). Each of the plant populations grown

was sub-divided into 3 or 4 smaller groups for ease of scoring. Character states for

each plant sub-group were entered into a Microsoft Excel spreadsheet. Character

states that were shown to differ between bere plants were identified and any further

analysis was performed solely on these characters.

2.2.2.5.2 Phenotypic data analysis

2.2.2.5.2.1 Cluster analysis

Cluster analysis was carried out on the morphological data, using BioNumerics™

version 3.0 (Applied Maths, Gent, Belgium). Multistate numerical values were

inputted for each character that represented each of the character states.

Clustering of all the bere barley individuals was performed using UPGMA,

calculated from the similarity matrix obtained from the Euclidean Distance measure

of the quantitative data.

Analysis of the combined SSR and morphological data sets for those individuals that

were analysed in (i) The intra-island data set and (ii) The inter-island data set was

also performed in BioNumerics™. An UPGMA cluster analysis was generated from

the average similarity matrix formed from the matrix of morphological data using

Euclidean Distance and the similarity matrix using Dice's coefficient on the SSR

data. In order to treat individual characters on an equal. basis while averaging the

similarity matrices, experiments were weighted in respect of the number of

characters that the experiment file contained. For example, the experiment

containing the data for Bmag0120 had 8 alleles and thus a weighting of 8 was

assigned to this experiment file. The morphology file contained 25 characters and

was thus assigned a weighting of 25. UPGMA was then applied to create a

dendrogram from the combined similarity matrix.
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Table 2.4: List of 66 character types used in the assessment ofbere barley
morphology

Ref Character state Ref Character state
N° N°

1 Sheath Hairs 34 Rachis segment mid 1I3rd interglumal

2 Sheath Pigment 35 Grain lateral cf med

3 Leaf GS30 Length 36 Grain shape

4 Leaf GS30 Width 37 Grain length

5 Leaf GS30 Attitude 38 Grain germ contour

6 Leaf GS30 Colour 39 Lemma base type

7 Pigment GS60 Lemma nerve 40 Palea length

8 Pigment GS60 Awn 41 Palea apex

9 Med spkt glume Awn length 42 Rachilla hair type

10 (6R) Glume length 43 med. spkt length

11 Ext. lemma hairs basal ventral 44 med. spkt abnormalities

12 Ext. lemma hairs basal dorsal 45 Lemma awn type

13 Ext. lemma hairs basal lateral 46 Lemma awn roughness

14 Ext. lemma hairs basal marginal 47 Lemma awn med. nerve spies

15 Awn Awn spread 48 Lemma awn base lat. spies

16 Awn Awn retention 49 Lemma nerves median nerve

17 Neck Length 50 Lemma nerves inner lateral

18 Neck Flexuosity 51 Lemma nerves Outer lateral

19 Neck Kink 52 Lemma nerves Ret. anthocyanin

20 Collar Type 53 Ventral furrow hairs, extent

21 Seasonal type 54 Ventral furrow spines on
margins

22 1st Rachis seglength 55 Ventral furrow Width

23 1st Rachis, seg Width 56 Ventral furrow Pit

24 1st Rachis seg Curvature 57 Internal lemma Hair

25 1st Rachis seg profile 58 Internal lemma Wrinkling

26 1st Rachis seg basal constr 59 Internal lemma Roughness

27 1st Rachis seg margin hairs 60 Internal lemma . Overlap

28 Rachis seg Profile hump 61 Internal lemma Adhesion

29 Rachis seg mid 1/3rd alignment (6R) 62 Kernel Type

30 Rachis seg mid 1/3rd margin hairs 63 Lodicules Type

31 Rachis seg mid 1/3rd length 64 Lodicules Position

32 Rachis seg mid 1/3rd convex 65 Ear Type

33 Rachis seg mid 1I3rd face concave 66 Ear Density
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2.2.2.5.2.2 Correlation of similarity based on SSRs and morphological

characters

Similarity matrices constructed from the SSR data and the morphological data were

compared using the congruence of experiments function in BioNumerics ™ version

3.0 (Applied Maths, Gent, Belgium). Congruence was calculated using the Pearson

product-moment correlation coefficient (Pearson, 1896), which calculates linear

correlations. Morphological and SSR similarity matrices were compared for both

inter and intra-island data.

2.2.2.5.2.3 Multiple dimensional scaling

To observe the distances between samples as determined by the individual similarity

matrices and the composite average similarity matrix using morphological and SSR

data Multi-dimensional scaling (MDS) was performed using BioNumerics™. This

method was used as an alternative to PCA as upon comparison the MDS analysis

represented the data more clearly.
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2.3: Results

2.2.2 The current extent of bere barley growth on the Scottish islands

2.2.2.1 The Western Isles

Sample sites are shown in Figure 2.5 and information gathered concerning each sample

is displayed in Table 2.5. Prior to the trip contact had been made with nine possible

growers. During the visit to the Western Isles further growers were sought out and a

search of the islands for bere barley was made. In addition, information regarding

growth on some of the smaller islands was obtained to give a clearer picture of the

extent of current bere barley growth. The results of this exploration are shown in Figure

2.5, which highlights those areas where bere is currently grown.

It had been indicated, prior to the sampling trip, that little bere barley was being grown

as a pure crop, but that some may be found growing amongst oats and rye (Love, 2004

personal communication). Indeed, samples of bere from mixed crops had been located

by Scholton (2004, personal communication) on both North and South Uist who also

reported growth on Benbecula and Barra in 2003. Love (2004, personal communication)

also stated that bere seed had been sourced locally but that there were reports of the use

of bere seed from Orkney and Mainland Scotland. However, this seed had apparently

failed to grow or mature. It had been suggested that mineral deficiencies in the machair

soil were the cause of this impaired growth.

It was evident from visiting the Western Isles that bere barley was still grown in small

but significant amounts along the west coastal machair. No growth was located inland

or along the east coast, which corresponded with earlier reports of crop growth patterns

in the Western Isles. bere was found growing amongst rye and oats which is a

traditional practice for use of the crop as an animal feed. The proportion of bere

amongst the crop ranged significantly with some crops dominated with oats and rye,

which made sampling of bere difficult, whereby other crops showed equal proportions

of each cereal. Interestingly, one grower was unaware that bere still grew amongst his

mixed crop. A few pure bere crops did exist but this was not typical.
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The growth ofbere barley was notably absent on the isle of Harris. bere barley had been

grown on the west coast Harris at the Blackhouses. The bere barley had been previously

grown there due to an interest in traditional crops. However, its growth had been

discontinued the year previously.

The general practice was to use a sample of the harvest as seed for the next year.

However, it was common practice, especially if crops failed, to mix seed sourced from

other growers or to add more seed of one of the cereals. For example, one grower had

continually used seed from his crop for planting the next spring. However, five years

previous more oat seed had been added which, it was reported, improved the efficiency

of binding.

The bere barley was found located on traditional crofts with a significant number of

growers still using traditional harvesting methods involving binding and stooking.

However, this was acknowledged as labour intensive, particularly so when pure bere

crops were grown or when the crop had a high proportion ofbere barley. With a view to

modern farming methods two growers used a combine harvester. Traditional practices

were extended to the type of fertiliser used on the crop with the majority of growers

using seaweed and dung.

Seed from sources out with the individual croft was generally from other growers on the

Western Isles, the details of which are shown in Table 2.5. In support of information

given by Love (2004, personal communication) one grower stated that following a

failed crop, seed was obtained from Orkney. However, this was reported to be

unsuccessful resulting in a smaller seed head (Site BA2).

A significant problem, as previously identified by Love (2004, personal

communication) was found to be the destruction of crops by geese. Growers were

particularly perturbed by this problem with the impact being the reduction in growth of

traditional crops. One grower reported that a council worker in Benbecula was growing

bere barley to provide seed samples to protect the reduction of seed stocks due to geese

(NUl).
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2.2.2.2 The origin of bere barley on the Western Isles

As can be seen in Table 2.5, sample 7 from SUI was the seed found to have been

continually grown at the same site for the longest period of time, dating back to 1914 ..

However, the origin of this seed was not known.

2.2.2.3 The Shetland Isles

Prior to the trip contact was made with Peter Glanville, the head of The Shetland bere

and Aets Living Heritage Project. Glanville (2004, personal communication) reported

that before the start of the project, to his knowledge, only two bere barley growers

existed in Shetland. The initiation of the project increased the number of bere barley

growers by eleven. In addition to the project growers, contact was made with possible

growers whilst visiting Shetland. The sample sites are shown on the map in Figure 2.6

and information regarding each sample is included in Table 2.6.

Shetland growers displayed a distinct enthusiasm for the conservation of bere as a

traditional Shetland 'variety', with the preservation of bere seed alone being the

motivation for its growth. A wide range ofbere crop sizes was found with plots as small

as 0.005ha. However, this reflected the purpose of growth for conservation or interest as

opposed to farming use. The majority of the bere barley grown was to be utilised as

seed, again with the aim of conserving bere by replenishing dwindling stocks. It was

acknowledged, however, that once reasonable seed stocks had been re-established bere

could then be utilised for other purposes (Glanville, 2004 personal communication). It

was found, though, that some bere barley was used for human consumption, being hand
:

ground and used in the making of traditional bere bannocks. This was in contrast with

the Western Isles where no bere was found to be used for human consumption.

In contrast to the Western Isles all the bere barley samples were from pure crops as

opposed to being from crops mixed with oats and rye. Methods for harvesting crops

varied and also reflected the size of the plots. Small plots being harvested by hand,

whilst larger plots were either harvested using a combine or were bound and stooked.

Interestingly, the grower at site STI had constructed and adapted a traditional threshing

machine for use with bere barley. Modifications had been made to the machine that
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facilitated the removal of the long awns that characterise bere barley. The use of

traditional fertilisers was also evident with the majority of growers using seaweed, dung

or a combination of both.

A significant number of growers indicated that crops had either been destroyed or

reduced by sparrows. A further problem reported by only grower SM2 was the

incidence of covered smut, caused by the fungus Usti/ago hordei. Indeed, when seed

from this sample was grown in glasshouses at SASA the resulting plants showed signs

of Ustilago hordei infection.

2.2.2.4 The origin of bere barley on Shetland

The origin of bere seed on Shetland was traced to Henderson on mainland Shetland, as

deduced from the data displayed in Table 2.6. STI had bere seed sourced from an

additional mainland Shetland grower, Mouat, but Mouat's source of bere barley was

also traced to Henderson. The growth of bere barley had discontinued at the site of >

Henderson approximately 7 years ago. However, prior to this, bere barley was reported

to have been continually grown at the site since approximately 1816 (Henderson, 2004

personal communication). The bere barley at this site had been used for both cattle and

human consumption with seed being transported to 'Quandle Mill' on Shetland for

grinding. The origin ofbere barley seed at the Henderson site was not known.

Henderson (2004, personal communication) also reported the unsuccessful growth of

bere barley sourced from different areas. Seed was used which had been obtained from

Sumburgh, which is located on the South mainland of Shetland, in approximately 1927.

This seed had been trialed due to reports of it being a better quality seed. However, it

was found that this bere barley seed did not grow as efficiently as seed sourced locally.

2.2.2.5 The Orkney Isles

Prior to the sampling trip it was known that Barony Mill, Birsay on mainland Orkney is

the last working mill to be grinding bere barley for commercial use. Further, it was

known that Orkney does not have an intact crofting system, as found on the Western

Isles, and instead an array of small holdings and larger farms had been established. All
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samples obtained during the trip were from growers contacted prior to visiting Orkney

and even though much of Orkney was searched, no further samples of bere barley were

located. The location of sample sites is shown on the map in Figure 2.7 and Table 2.7

displays information regarding the bere barley crops sampled.

It was evident when sampling on Orkney that traditional crofting systems and small

holdings had given rise to more commercial farmland. On such farms the preference

was for the growth of 2-row barleys. For example, on the Island of Sanday it was found

that all cultivated land with barley growing contained the barley cultivar cv. Riviera.

As with Shetland, only crops of pure bere barley were found, with no existence of crops

mixed with oats and rye. In contrast to the Western Isles and Shetland the majority of

Orkney bere was grown for human consumption, and was being grown for use at

Barony Mill.

Two sites were found to be growing bere barley on Orkney that did not fit with the

general pattern of large holdings or farms. On Eday the bere crop was being trialed for

use as a traditional cultivar as part of a small community intent on sustainable living. In

addition, sample 38 was located and obtained at a later date from the Royal Society for

the Protection of Birds on North Ronaldsay. This small plot was being grown for

interest but was susceptible to being destroyed by birds at the site.

There was no evidence of traditional farming methods being used on Orkney as had •

been observed on the Western Isles and Shetland. Instead, the majority of bere barley

was harvested using a combine harvester.
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2.2.2.6 The origin of bere barley on Orkney

Information on the origin of Orkney bere was limited. The plots grown for Barony Mill

are relatively new, starting in 1998 following a period when the mill was closed. As

detailed in Table both suppliers of bere barley for Barony Mill (OMI and OM2)

obtained their seed from two sources from the Orkney mainland in 1998. Source 1 had

been originally sourced from site ORl. However, source 2 had obtained seed from a

sale in Orkney in approximately 1930 and had stopped growing bere in 1999. Further,

source 2 had at some point provided seed to ORl. Evidence collected suggests that

although the total amount ofbere growth in hectares may have increased due to supply

to Barony Mill, there had been a general decrease in the number of bere barley growers

in the past 10 years. Reports suggest that small plots of bere barley were grown for

several uses, including cattle feed and human consumption.

2.2.2.7 The Isle of Skye and Mainland Scotland

. The incidence ofbere barley was established on The Isle of Skye by a visit to the island.

Some cultivation of traditional oats was found but no bere barley was found dispersed

in these crops. This pattern extended to the Kyle of Lochalsh on the mainland of

Scotland situated to the east of Skye. Traditional crofts were located but only traditional

oats were found to be still grown.

2.2.3 Genotypic results

2.2.3.1 Inter- island data

2.2.3.1.1 Microsatellite data

As described in section 2.2.2.4.4 29 microsatellites were used to analyse 29 bere barley

samples sourced from different locations. The 29 microsatellite primers generated a

total of 76 alleles covering the entire 7 chromosomes of the barley genome. Of the 29

loci amplified 9, were found to be monomorphic in the 29 bere barley populations

sampled. The remaining 20 loci displayed allele numbers ranging from between 2 and 9,

with an average of 3.35. Table 2.8 summarises the microsatellite data obtained from the

29 samples using the 29 primer sets.
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Table 2.8: Microsatellite data obtained in the inter-island sample study. Displayed for
each microsatellite locus is the allele size range, number of alleles at each locus, PIC
value and degree of heterozygosity observed at each locus.

Locus Chromosome Allele size No. of alleles PIC %lIeterozygosity
location (bp) (rare alleles) (no of

individuals
displaying

heteroz:ygosi!l:l
SCSSRI0477 1H 127 0 0
SCSSRI05593 3H 205-208 2 0.49 0
SCSSR205694 4H 180-182 2 0.39 0
SCSSR02306 5H 148-152 2 0.42 0
SCSSR00334 2H 201 0 0
SCSSR25538 3H 402-412 2 0.49 0
SCIND02587 5H 198 0 0
SCIND1699I 5H 174 1 0 0
SCSSR03907 5H 107 1 0 0
SCSSR25691 5H 213-215 2 (1) 0.06 0
SCSSRI0148 5H 174 0 0
SCIND60002 6H 192-198 4 0.62 0
SCSSRI8005 4H 173 I 0 0
SCSSRI4079 4H 136-138 2 0.23 0
SCSSR077591 2H 187-255 4 (1) 0.35 0
SCSSR08447 2H 176-180 3 0.55 3.45 (1)
BmagOl20 7H 235-263 7 0.81 0
Bmac0134 2H 129-161 4 (2) 0.43 0
HvM36 2H 111-125 4 0.62 3.45 (1)
Bmag0206 7H 251-261 5 (1) 0.75 • 7.14(2)
Bmag0211 1H 189-191 2 0.32 6.9 (2)
HvLEU 5H 171-175 2 (1) 0.1 3.57 (1)
Bmag0223 5H 142-180 5 (2) 0.49 3.85 (1)
HvM62 3H 255-259 2 0.49 0
Bmag0021 7H 123-159 9 (5) 0.81 4.17 (1)
Bmag0353 4H 97 I 0 0
HvM40 . 4H 150 I 0 0
HvML03 4H 234-237 2 (1) 0.06 0
BmagOO09 6H 172-174 2 0.13 0

Mean 2.62 0.3 1.12
Total 76 ~14~

155



Chapter 2: Genetic diversity ofbere barley
2.3: Results

2.2.3.1.2 Marker quality

The 20 informative markers varied in product quality. Generally, a single peak with

minimum stuttering was observed from the primer pairs selected, as those markers that

had been difficult to interpret were not used following the initial screening. However,

some primer sets did produce product that could be difficult to interpret due to high

levels of stutter, split peaks or nucleotide 'A' addition. Further, non-specific products

were also observed in some result profiles that were due likely to non-specific primer

annealing during PCR. These problems were verified by repeat amplification to ensure

that allele calls were accurate. Repeat amplifications also enabled heterozygotes and

non-specific products to be verified.

It was also observed that it was possible that preferential amplification was possibly

occurring in some instances. For example, the primer set SCSSRI0477 amplified a

product 127bp in length. However, a product with extensive stuttering was also

produced with some samples, 173 bp in length. Initially this was considered to be a

second allele and hence these samples were judged to be heterozygous. However,

following repeat amplification and analysis it was observed that the 173bp product

seemed to occur only when the 127bp product was of low intensity or missing. This

seemed to suggest that the 127bp product was being amplified preferentially. As the

priority in this study was consistency in allele calling, in order to compare samples, the

173bp product was disregarded and did not feature in the data analysis.

2.2.3. t.3 Degrees of heterozygosity

Levels of heterozygosity were found to be low, as expected for a self-fertilising species.

The average degree of heterozygosity was 1.63% over the 29 samples analysed with the

20 polymorphic loci and varied between individuals and loci (Table.2.8). This resulted

from 5 heterozygous individuals (26A, 32K, 4B, 10C and 17Q). Of these individuals 3

were heterozygous at 3 different loci. Sample 10C was heterozygous at two loci and

sample 17Q displayed the highest degree of heterogeneity being heterozygous at 4 loci.

Of the loci, Bmag0211 and Bmag0206 showed the greatest levels of heterogeneity with

2 heterozygotes revealed at each of these loci.
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2.2.3.1.4 PIC values

The PIC values for each marker were determined and the average PIC value for all the

micro satellites used was 0.3 (Table 2.8). PIC values ranged from 0-0.81 with the loci,

Bmag0021 displaying the highest PIC value (0.81) and also the highest number of

alleles (9). Those loci displaying the highest number of alleles also tended to have a

higher PIC value. However, exceptions to this did occur due to the existence of rare

alleles at some loci, whereby loci with a high number of alleles showed a comparatively

low PIC due to the low frequency of some of the alleles. Further, a large variance in PIC

value was also observed for some markers when the allele number was the same. For

example, Bmag0206 displaying 2 alleles had a PIC value of 0.75 whereas at the locus

SCSSR25691, which also generated 2 alleles, a PIC value ofO.06 was calculated ..

2.2.3.1.5 Comparison of microsatellite data from EST and genomic SSRs

Differences were observed in the micro satellite data obtained from the 16 EST SSR and

13 genomic SSR loci analysed. Table 2.9 summarises these differences. The greatest

genetic diversity was generated using the genomic SSRs which revealed an average PIC

value of 0.39 and an average allele number of 3.5 as compared to the EST SSRs with

values of. 0.22 and 1.9 respectively. The EST SSR loci had a lower level of

heterozygosity ( 0.22% ) than the genomic markers (2.24% )

Table 2.9: Comparison of microsatellite data obtained from genomic and EST SSR
markers with 29 bere barley samples obtained from the Western Isles, Orkney and
Shetland.

Marker type Number Average
of loci heterozygosity

(%)
Genomic SSR 13 2.24

EST SSR 16 0.22

Average PIC Average allele
number

0.39 3.5

0.22 1.9
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2.2.3.1.6 Microsatellite data obtained from different barley chromosomes

Markers used were located on all 7 barley chromosomes with both EST SSRs and

genomic SSRs found on each, apart from 7H where only genomic SSRs were utilised.

The number ofloci used from each chromosome varied from 2 (IH and 6H) to 8 (5H).

The number of alleles generated also varied from 3 (IH) to 21 (6) and did not

necessarily correspond to the number of loci studied on that chromosome. Average PIC

values ranged from D.11 to D.79, with 7H displaying the highest PIC value and also the

highest number of alleles. Chromosome 7H also revealed the highest degree of

heterozygosity (3.71%).

2.2.3.1.7 Analysis of diversity between Island groups

2.2.3.1.7.1 Unique alleles

In order to compare diversity between island groups the state and frequency of alleles

found within island groups were analysed with the results shown in Table 2.11. Of the

island groups The Western Isles revealed the greatest number of alleles followed by

Shetland and then Orkney. The Western Isles also had the greatest number of unique

alleles (2D) in comparison to Orkney and Shetland (5 each). The primer BmagDD21

revealed both he highest number of alleles and also unique alleles across all island

groups. The genomic SSRs produced the highest number of unique alleles across the

island groups (24), compared to 6 revealed by the EST SSRs. These results suggest that

the bere barley located on the Western Isles has the greatest SSR allelic variation of the

island groups, both in the number of alleles and uniqueness' of those alleles.
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Table 2.11 Analysis of number of alleles found in samples from each geographical area
at each locus. The number of alleles revealed that were unique to each geographical area
is shown.

Number of alleles
{unigue alleles for given area}

All areas Western Orkney Shetland
Isles

Locus / sample size (n) n =29* n= 13* n =4* n= 12*
SCSSRI0477 1 1 (0) 1 (0) 1 (0)
SCSSRI05593 2 2 (0) 2 (0) 2 (0)
SCSSR205694 2 2 (0) 2 (0) 2 (0)
SCSSR02306 2 2 (0) 2 (0) 1 (0)
SCSSR00334 1 1 (0) 1 (0) 1 (0)
SCSSR25538 2 1 (0) 2 (0) 2 (0)
SCIND02587 1 (0) 1 (0) 1 (0)
SCIND16991 1 (0) 1 (0) 1 (0)
SCSSR03907 1 (0) 1 (0) 1 (0)
SCSSR25691 2 1 (0) 1 (0) 2 (1)
SCSSRI0148 1 1 (0) 1 (0) 1 (0)
SCIND60002 4 4 (1) 2 (0) 3 (0)
SCSSR18005 1 (0) 1 (0) 1 (0)
SCSSR14079 2 1 (0) 1 (1) 1 (0)
SCSSR077591 4 4 (3) 1 (0) 1 (0)
SCSSR08447 3 3 (1) 1 (0) 2 (0)
Bmag0120 7 7 (2) 1 (0) 5 (0)
Bmac0134 4 2 (1) 3 (0) 3 (0)
HvM36 4 2 (2) 1 (0) 2 (1)
Bmag0206 5 5 (1) 2 (0) 4 (0)
Bmag0211 2 2 (1) 1 (0) 1 (0) .

HvLEU 2 2 (1) 1 (0) 1 (0)
Bmag0223 5 5 (4) 1 (0) 1 (0)
HvM62 2 1 (0) 2 (0) 1 (0)
Bmag0021 9 3 (1) 5 (4) 5 (3)
Bmag0353 1 1(0) 1 (0) 1 (0)
HvM40 1 1 (0) 1 (0) 1 (0)
HvML03 2 2 (1) 1 (0) 1 (0)
BmagOO09 2 2 (1) 1 (0) 1 (0)

Total 76 62 (20) 42 (5) 50 (5)

* Missing data was observed at 4 loci: HvLEU (1 sample); Bmag0223 (3 samples);
Bmag0206 (1 sample); Bmag0021 (5 samples). Thus, sample sizes were reduced at
these loci.
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2.2.3.1.7.2 Dendrogram to show the relationship between bere barley samples

Analysis of relationships within the bere barley sampled from the 29 different locations

was analysed and represented using a dendrogram. The methods used in dendrogram

production were described in Section 2.2.3.2 where similarity was calculated using the

Dice coefficient and clustering achieved from the similarity matrix using the UPGMA.

The resulting dendrogram is displayed in Figure 2.11.

The reliability of the constructed tree was examined using cophenetic correlation as

described in Section 2.2.3.2. The nearer the cophenetic correlation was to 1 the more

accurately the branch points on the cluster analysis reflected the data values in the

similarity matrix. The cophenetic correlation values for each branch point are displayed

on the dendrogram in Figure.2.ll.
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Figure 2.11: Dendrogram constructed using UPGMA from the similarity matrix
computed using Dice's coefficient, showing relationships between bere barley from the
inter-island data set using 20 microsatellite loci. The analysis also includes 4 barley
cultivars from the UK National List. Reliability of the clusters was determined by
cophenetic correlation and the resulting values are shown on each branch point.

• = Western Isles group; • = Orkney Isles group and * = Shetland Isles group
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The resulting dendrogram enabled observations to be made as to the extent of clustering

demonstrated within and between the island groups based on the number of like and

different SSR alleles. The 29 primers differentiated the 29 bere barley samples

unequivocally with two major clusters being observed. The first cluster contained all the

samples obtained from the Western Isles, the second contained the samples from

Shetland and Orkney. The samples from the Western Isles showed> 67% average

similarity between genotypes; the Shetland samples revealed> 73% similarity and the

Orkney samples> 71 % similarity. One Orkney sample (33K) clustered separately from

the main Orkney cluster, amongst Shetland samples. The entire bere barley sample set

of29 individuals over the 2910ci showed> 63% average similarity.

The four National List barley cultivars used as controls clustered distinctly from the

bere barley, displaying <30% genotypic similarity. The cv Optic displayed the highest

degree of separation with a genotypic similarity < 15%.

2.2.3.1.7.3 Principal Coordinate Analysis (peA)

PCA was carried out on the similarity matrix obtained from the inter-island data. Firstly,

analysis was carried out to include the National List cultivars to demonstrate the

separation of bere barley from them (Figure 2.12). Secondly, the National list barley

cultivars were removed from the analysis to provide a more accurate interpretation of

the distribution ofbere barleys. The resulting PCA ordination is shown in Figure 2.13.
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Figure 2.12: Principal Components Analysis (PCA) of inter-island data with the 4
National List cultivars. The bere barley samples are shown using three colours to
demonstrate the 3 island groups: green circles = the Western Isles; purple circles =
Orkney; and red circles = Shetland. The white filled circles represent the National List
cultivars. The components represent 43% of the total variance detected in the data set (x
=21%,y= 14%,z=8%).
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31S 170

lec
23C

278 C l6U
25A

24
32K

34S
29A 358

eL

Figure 2.13: Principal Components Analysis (PCA) of inter-island data with the 4
National List cultivars removed. Green lettering represent the samples from Shetland.
Brown lettering represents the samples from Orkney and the red lettering represents the
samples from the Western Isles. Sample references correspond to those described in
Tables 2.5, 2.6 and 2.7. The components represent 47% of the total variance detected in
the data set (x = 25%, y = 14% and z = 8%).
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Figure 2.12 represents 43% of the total variance contained within the data set and

demonstrates clearly the separation of the bere barley and the National List barley. The

National Llist barley is separated distinctly from the bere barley in the first component

(X= 21%).

Figure 2.13 demonstrates the clustering of the three island groups in the first three

dimensions (X = 25%, Y = 12%, Z = 10%). The total variance demonstrated by the

PCA that was found within the data set was 47%. None of the components separates the

three island groups distinctly. However, principal component 1 (X) clearly separates the

Western Isles samples from the Shetland samples, with all the Western Isles samples

showing positive values and the Shetland samples all negative values. The Orkney

samples are not clearly separated; two samples (32K and 358) having near 0 values and

two samples (33K and 34S) with negative X values. The PCA also demonstrates a

further trend in component 2 (Y) whereby the Shetland and Western Isle groups both

have a mix of positive and negative values, in contrast to the Orkney samples which all

have positive values.

2.2.3.1.7.4 Differentiation of island groups

The alleles that characterised the groupings in the PCA and hence the island groups

were analysed. The discriminating power of the alleles with respect to the peA (Figure

2.13) is demonstrated in Figure 2.14. Only those loci and al1eles that provided the

greatest discrimination are label1ed in the Figure. Focusing on the component 1 (X),

which split the Orkney and Shetland samples, 3 loci were shown to provide the best

differentiation between the island groups. These were: HvM36, HvM62 and

SCSSR25538. The Western Isles was characterised by the al1eles 111,255 and 402 for

the three loci respectively, and Shetland by the al1eles 123, 259 and 412. If these loci

alone, are used in cluster analysis, the two island groups are clearly separated (data not

shown).
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SCSSR08447
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0 SCSSR I05593
0(208)

Bmag0211 0
(191) 0 P 0

0
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(123) 0 o 0 0 (Ill)0

U 0 0 00 o p 0
B 0 rv 0
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SCSSR I05593 0(180)
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Figure 2.14: Principal components 1 (X) and 2 (Y) displaying the discriminating alleles
for the corresponding bere barley sample coordinates shown in Figure 2.13. Only those
alleles that demonstrate the greatest discriminating power are labelled. Some points
represent more than one allele from different loci due to .an equal level of
differentiation.
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2.2.3.2 Intra-island data

2.2.3.2.1 Microsatellite data

The 7 micro satellite primers that were shown to be most polymorphic in the inter-island

analysis were used to genotype the individuals in the intra-island analysis, as described

in Section 2.2.2.4.2. This analysis gave a total of 40 alleles over the 150 individuals

analysed from 10 populations covering the 3 island groups (Table 2.11). The number of

alleles at each locus ranged from 4 to 8 with an average allele number of 5.71.

BmagOl20 and Bmag0206 both gave the highest number of alleles (8) and also the

highest PIC values (0.8·and 0.77 respectively). The least number of alleles was revealed

by the marker scssr08447. The lowest PIC value ofO.2 was obtained from Bmac0134.

The largest range in allele size was revealed by scssr077591 with 72bp between the

smallest (187) and largest (259) allele. The smallest range in allele size was observed

with primer scssr08447 with 6bp between the smallest (176) and largest (182) allele.

The data produced an average heterogeneity of 1.19%; the highest level of 2.8% being

shown by scssr08447. No heterozygotes at the scssr077591 locus were revealed.

Microsatellite data obtained from the intra-population analysis was compared with data

obtained from the same 7 micro satellite loci within the data set obtained in the inter-

population analysis (29 samples). The results of this comparison are displayed in Table

2.12. Greater heterogeneity and total number of alleles were observed in the intra-island

set which was also the greater of the two sample sizes. The average PIC values, though,

were shown to be comparable. This was so as even though a higher number of alleles

were obtained in the intra-island analysis, a number of these were rare
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2.2.3.2.2 Distribution of alleles between populations and island groups

The number of alleles found at each locus for each population and island group are

displayed in Table 2.13. As shown with the inter-island data the bere barley from the

Western Isles gave the highest number of alleles (30) and unique alleles (10), followed

by Shetland (29 alleles, 5 of which were unique) and Orkney (16 alleles, 1 of which was

unique to Orkney). The bere barley population sampled from South Uist revealed the

greatest number of alleles (26) with population 34 from Orkney displaying the least

number of alleles (14).

In order to identify which alleles and their frequencies characterised the island groups,

frequency distribution graphs were constructed and are displayed in Figure 2.15. Again,

these graphs demonstrate the greater genetic diversity observed within the Western Isles

samples. Further, even though the Shetland samples gave an allele total of 29 compared

to the Western Isles 30, many of the alleles found in the Shetland samples were rare.

Thus, with the Shetland and Orkney bere barley samples, at the majority of loci, a major

allele is amplified (scssr077591; Bmag0211; BmagOl20; Bmag0134; HvM36). This. is

termed the major genotype and is regarded as so when an allele is amplified in a group

or population with >70% frequency. The major genotype can be considered to

characterise that island group. Orkney bere barley demonstrated the greatest degree of

homogeneity in allele frequency, with a major genotype also at scssr08447.

The Western Isles bere barley was found to have a major genotype at HvM36,

Bmag0134 and scssr08447. The results also showed that at 3 of the remaining loci
. .

(scssr077591; Bmag0211; Bmag0206) the Western Isles bere barley had 2 genotypes at

each locus that encompassed the majority of individuals (>70% frequency).
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2.2.3.2.3 Analysis of the genetic diversity of bere barley

As described in Section 2.2.3.4, population genetic analysis was carried out on the intra-

island data. The purpose of this analysis was to assess whether differences occurred in

state and frequency of alleles at microsatellite loci at different hierarchical levels in the

bere barley sampled.

2.2.3.2.4 AMOV A results

2.2.3.2.4.1 Global Amova

The AMOV A test enabled a variance component estimate to be assigned to each of the

3 levels of the hierarchy: (i). Between island groups; (ii). Between sample sites within

the groups; and (iii). Between individuals within a sample site population.

A level of 0.05 missing data was allowed which in practice meant that 6 of the 7 loci

were usable. One (Bmag0211) was not considered in the analysis as it contained more

than 5% missing data. The AMOVA results and calculated average fixation indices (FST•

Fsc and FCT)are detailed in Table 2.14.

Table 2.14: Analysis of molecular variance using the intra island data.

Source of d.f Sum of Variance Percentage of Fixation Pvalue
variation sguares com~onents variation indices

Between groups 2 116.67 0.57 (Va) 32.08 0.32 (Fer) 0.00098
Between

populations within 7 26.55 0.09 (Vb) 5.04 0.07 (Fsd 0.03519
rou s

Within 290 322.97 l.ll (Vc) 62.88 0.37 (Fsr) 0
populations

d.f denotes degrees of freedom.

The AMOVA results revealed a total gene diversity of 0.76. Of the total variance in

allele state and frequency detected in the data set 63% was due to differences within

populations (Vc), 32% was due to differences between island groups (Va) and 5% was

due to differences between populations (sample sites) within an island group (Vb),

173



Chapter 2: Genetic diversity ofbere barley
2.3: Results

Thus, the FeT value of 0.32 indicated that island groups show considerable

differentiation of allele state and frequency. This was also true for the FST (0.37)

demonstrating a marked difference in genotypes from the same population. However,

the Fsc value (0.07) showed that there was a low level of differentiation between

populations within the same island group.

Results were tested for significance and P values obtained following 1023 permutations.

The significance testing provided evidence that would enable deductions to be made

regarding the relationships within the aforementioned hierarchy. This showed that there

is strong evidence from this study that individuals from one island group are more

similar to one another than to individuals of other island groups (P value s' 0.00098).

The evidence also suggests that individuals in one population are more similar to one

another than they are to individuals of other populations in the same island group (P

'value ::::::0.035), but that these differences are less than between island groups, as

indicated by their fixation indices.

2.2.3.2.4.2 Locus by locus AMOVA

A locus by locus AMOV A was also performed with the average values over the seven

loci shown in Table 2.15.

Table 2.15: Average results from the locus by locus analysis of molecular variance
using the intra island data.

Source of d.f Sum of Variance Percentage of Fixation P value
variation sguares com~onents variation

Between groups 2 132.19 0.68 (Va) 32.00 0.00

Between
populations within 7 29.00 0.10 (Vb) 4.58 0.07 0.04

grouQs {FSq
Within 290 372.97 1.34 (Vc) 63.50 0.37 0.00

populations (FST)

d.f denotes degrees of freedom.
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The results obtained were comparable with those obtained from the global AMOV A.

This verified the global AMOV A results showing that there is a greater variance

between the genotypes of individuals from different island groups than between

genotypes from populations within the same island group (P value < 0.01 in each case).

2.2.3.2.5 Population comparisons

2.2.3.2.5.1 Pairwise F statistic (FST)

Pairwise F statistics were computed as described in Section 2.2.3.5.3. A matrix of

significant FsTvalues is shown in Table 2.16 .

. The results show significant genetic difference between all the populations from each of

the island groups: The Western Isles (Tiree, South Uist, Balashere and North Lewis),

Shetland and Orkney. Further, genetic difference was observed between one of the

populations of the Western Isles (North Lewis) and the other Western Isles populations

of Tiree, Balashere and South Uist, Of the bere barley populations sampled from

Shetland one pair was shown to be genetically different: samples 22 and 30 (P value <

0.05).

2.2.3.2.5.2 Cluster analysis

As described in Section 2.2.3.5.3, a dendrogram was constructed from the similarity

matrix resulting from the pairwise F-statistics and is shown in Figure 2.16. The cluster

analysis shows three distinct clusters that encompass each island group. The populations

ofTiree, South Uist and Balashere were not regarded as significantly different in the F-

statistic analysis. However, the Shetland populations 30 and 22 were. By comparing

these results with the dendrogram it can be deduced that significant F- statistic values

correspond to an approximate value of < 0.93 similarity on the cluster analysis. The

dendrogram demonstrates a degree of illusion as the F-statistic figures showed

significant difference between the Shetland populations 30 and 22, but not between

Shetland populations 30 and 26, which is not reflected in the dendrogram.
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O.6~

Figure 2.16: Dendrogram showing the genetic similarity of populations. Pairwise F
statistics were used to construct a similarity matrix from which the UPGMA cluster
analysis method was applied.
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2.2.3.2.5.3 Likelihood of genotypes in all populations

The log-likelihood of each individual multi locus genotype in each population sampled

was computed as described in Section 2.2.3.5.4. This enabled an assessment to be made

as to whether specific genotwes observed in a population would be better explained if

th~y had been obtained from a different population. This meant that those populations

that had been deemed not significantly different following analysis using the pairwise F

statistic could be analysed further. This would allow a deeper insight into the degree of

.genotypic similarity between these populations.

Therefore, the following pairs of populations were examined as they were shown not to

be significantly different: Tiree and South Uist; South Uist and Balashere; Shetland 19

and Shetland 30; Shetland 22 and Shetland 26; and Orkney 32 and 34. In addition,

populations Shetland 22 and Shetland 30 were analysed. The two latter populations had

been shown to be significantly different using the pairwise F-statistic, but this difference

was not apparent in the cluster analysis. Therefore, the log-log plot would give further

insight into the degree of similarity between the genotypes from the 2 Shetland

populations. Further, log-log likelihood analysis of the North Lewis versus the South

Uist populations and the North Lewis versus the Tiree populations was made. This

assessment would view the similarity of the North Lewis population to the other sites on

the Western Isles.

The log-likelihood results (data not shown) were used to construct log-log plots of the

genotypes for the pairs of populations described above and are displayed in Figures

2.17-2.24. Figure 2.17 displays the log - log plot of the likelihood scores of the South

Uist population versus the Tiree population, which were shown not to be significantly

different. It is clear that the genotypes obtained from 7 loci are not sufficient to separate

the two populations and supports the F-statistic results. This can be seen by the fact that

some of the genotypes from the South Uist population are more similar to those from

the Tiree population than they are to other genotypes in the South Uist population.

However, the plot also demonstrates that a higher number of the South Uist genotypes

are more distinct than the genotypes from Tiree population, which is shown by the

higher group of genotypes located in the -30 to -40 range on the plot.
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Upon analysis of pairwise F-statistics the populations of North Lewis and South Uist

were regarded to be significantly different. The plot shown in Figure 2.19 demonstrates,

though, that there is overlap of genotypes between the two populations. The plot shows

that three of the South Uist genotypes would be better explained if they had been

sampled from the North Lewis population. Thus, the 7 loci were not sufficient to

unequivocally differentiate the two populations.

The genotypes of the North Lewis and Tiree populations (Figure 2.20), however, were

clearly separated using the 7 loci. Thus, this evidence suggests that within the Western

Isles group the bere barley genotypes of the North Lewis population have a greater

similarity with those of South Uist than with the bere barley of Tiree.

The plots showing likelihood between the Shetland populations are shown in Figures

2.21, 2.22 and 2.23.The plots of Shetland 19 versus Shetland 30; and Shetland 22

versus Shetland 26 show the overlap between the genotypes and support the F statistic

pairwise results, which showed these population pairs to be not significantly different.

Figure 2.23, which shows the two Shetland populations that were shown to be

significantly different, demonstrates that there is genetic overlap between these two

populations. Thus, the 7 loci do not separate the two populations. Interestingly, a

genotype found within the population Shetland 30, is an outlier from the rest of the

genotypes with a log value of -39. Thus, it is possible that this value caused a distortion

in the degree of difference that may not have been significant if removed.

Figure 2.24 displays the likelihood of the Orkney 32 genotypes versus the Orkney 34

likelihood. This plot reflects the pairwise F-statistics in that the two populations are not

significantly different. The overlap of genotypes can be seen in addition to the low «-
25) values for each of the genotypes. It is apparent that the two Orkney populations

display the highest degree of genotypic similarity of all the pairs of populations studied

here.
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Figs 2.17-2.24: Log - log plots of genotypes for pairs of populations resulting from the
computation of the log-likelihood of each multi-locus genotype in the populations
sampled. The greater the log value the less likely the genotype would be expected to
have been sampled from the other population. Thus, the diagonal represents equal
likelihood of the individual genotype being sampled from either population

Tiree likelihood

-35

-30

"0
-25 0,. :5

Gi
• Tiree• ~

-20 • • • ..• II) • S Uist• :5
-15 • • .c• • • ..

:::J• • ~
-10 •

-10 -15 -20 -25 -30 -35 0

Figure 2.17: Log -log likelihood of genotypes in the South Uist population versus the
genotypes in the Tiree population.
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South Uist likelihood
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Figure 2.18:.Log - log likelihood of genotypes in the South Uist population versus the
genotypes in the Balashere population.

North Lewis likelihood
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Figure 2.19: Log -log likelihood of genotypes in the North Lewis population versus
the genoptypes in the South Uist population.
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North Lewis likelihood
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Figure 2.20: Log - log likelihood of genotypes in the North Lewis population versus
the genotypes in the Tiree population.

Shetland 19 likelihood
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Figure 2.21: Log -log likelihood of genotypes in the Shetland 19 population versus the
genoptypes in the Shetland 30 population.
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Shetland 22 likelihood
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Figure 2.22: Log -log likelihood of genotypes in the Shetland 22 population versus the
genotypes in the Shetland 26 population.

Shetland 22 likelihood
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Figure 2.23: Log -log likelihood of genotypes in the Shetland 22 population versus the
genotypes in the Shetland 30 population.
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Orkney 321ikelihood
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Figure 2.24: Log -log likelihood of genotypes in the Orkney 32 population versus the
genotypes in the Orkney 34 population.
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2.2.3.2.5.4 Dendrogram

As with the inter-population results the microsatellite data produced in the intra-

population analysis was used for analysis of relationships using a dendrogram, where

similarity was calculated using the Dice coefficient and clustering achieved from the

similarity matrix using the UPGMA and is displayed in Figure 2.25. Reliability of the

clustering was determined by calculating the cophenetic correlation and is displayed on
"

the dendrogram.

The dendrogram enabled an assessment to be made as to the degree of clustering

between and within the island groups. All the Shetland and Orkney individuals showed

> 47% similarity, forming a major cluster containing 2 outliers from The Western Isles:

Tiree (IR) and North Lewis (17G). From this cluster a major sub-group contained just

Shetland bere. All the Orkney samples were clustered within the second major sub-

group and were >58% similar.

The majority of the Western Isles samples clustered distinctly from the Orkney and

Shetland bere showing> 39% similarity. However, a small sub-set of individuals from

the Western Isles (Balashere, North Lewis and South Vist) were clustered with 3

Shetland samples showing >52% similarity.
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2.3: Results

2.2.3.2.5.5 Principal Components Analysis (PCA) of the intra-island data set

PCA was carried out as described in Section 2.2.3.3 on the individuals sampled in the

intra-island data set. This enabled an assessment to be made as to the degree of

separation of genotypes between island groups. The clustering of individuals in the first

two coordinates is displayed in Figure 2.26. The degree of total variance explained

within each coordinate was found to be: X = 21.0 1%; Y = 14.02%; Z = 7.6%. Thus, the

PCA represented 42.63% of the variance contained within the data set.

The first component (PC I), X was found to separate the majority of Shetland and

Orkney bere barley from the Western Isles bere barley. The second component (PC 2),

Y was shown to separate the majority of the Shetland bere from the Orkney bere. Thus,

these results demonstrated that populations from each of the island groups could begin

to be clustered with respect to the first two principal components. However, the

variance detected in the first two components using 7 microsatellite loci was not

sufficient to clearly cluster the three island groups. Further, it is important to note that

the PCA is limited due to the low variance value contained within the first three

components. Its worth, therefore, is in its ability to highlight the differentiation of the

three island groups previously demonstrated in the AMOV A and UPMGA cluster

analysis, which consider all the variance.
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2.2.3.2.5.6 Standard diversity indices for each population

Analysis was made at the intra-population level on loci with < 5% missing data. The

number of haplotypes and gene diversity for each population are given in Table 2.17.

The gene diversity results show the probability that two randomly chosen genotypes

from a population would be different.

Population Haplotypes Gene Diversity Number of monomorphic loci
Tiree 1 14 0.96 0

South Uist 8 15 0.97 0
Balashere 12 17 0.97 0

North Lewis 17 17 0.97 0
Shetland 19 17 0.96 2
Shetland 22 12 0.91 2
Shetland 26 15 0.96 2
Shetland 30 13 0.94 3
Orkney 32 9 0.79 2
Orkney 34 13 0.95 3
Total Mean 14.2 0.94 lAO
Western Isles 15.75 0.97 0

Shetland 0.94 2.25
f/~ . .1

14.25 "'

Orkney 11 0.87 2.50 (~.,

Table 2.17: Within population diversity as revealed by the standard diversity analysis
using Arlequin. The number of haplotypes found within each population is shown as
well as the observed number of monomorphic loci and the gene diversity. The total
mean values and mean values obtained for each island group are also displayed.

Ii ."

Gene diversity ranged in value from 0.79 - 0.97. The highest gene diversity (0.97) was

found in three populations (South Uist, Balashere and North Lewis) and the lowest in

population Orkney 32 (0.79), with an average diversity of 0.94. The number of

haplotypes within each population of 15 individuals (30 possible haplotypes) varied

from 9 - 17 with an average number of 14.2. The highest number of haplotypes (17)

was observed in populations Balashere, North Lewis and Shetland 19 and the least in

population Orkney 32 (9).
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The mean gene diversity within each island group was assessed (Table.2.17). The

. Western Isles revealed the highest genetic diversity, with the highest values for the

nUmber of haplotypes (15.75) and gene diversity (0.97). Further, none of the Western

Isles populations were monomorphic at any of the loci. The Orkney Isles populations

displayed the lowest genetic diversity, which was reflected in the number of haplotypes

(11) and in the gene diversity index (0.87). These were the least mean values of all the

island groups. Further, the Orkney populations had the highest mean number of

monomorphic loci.

2.2.3.2.5.7 Hardy-Weinberg equilibrium

Deviations from Hardy-Weinberg equilibrium were calculated. Observed and expected

degrees of heterozygosity were found for each population and the P values calculated as

described in Section 2.2.3.6.2 (data not shown). Significant deviation from Hardy-

Weinberg equilibrium was found at all loci in all populations (P value < 0.05). This is

unsuprising considering that barley is self-fertilising.

2.2.4 Phenotypic results

2.2.4.1 Character states

Of the 66 characters used to assess the morphology of the bere barley plants grown in

the greenhouse at SASA, 25 were found to demonstrate differences. These 25 characters

and the corresponding character states are shown in Table 2.18. The remaining 41

characters that were found to be identical in all bere barley individuals are shown in

Table 2.19 and were not used in any subsequent analysis.
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. Table 2.19: Morphological characters that were found to be uniform in all
bere barley plants grown and were not used in further analysis ..

Character State
1 Sheath Hairs Absent
2 Sheath Pigment Absent
3 Leaf GS30 Length Medium long
4 Leaf GS 30 Width Medium narrow
5 Leaf GS 30 attitude Semi recurved
6 Leaf GS 30 Colour Light
7 Pigment GS 60 Lemma nerve Absent
8 Pigment GS60 Awn Absent
9 Med. Spkt glume (6R) Glume length Medium
10 Ext. lemma hairs basal ventral Absent
11 Ext. lemma hairs basal dorsal Absent
12 Ext. lemma hairs basal lateral Absent
13 Ext. lemma hairs basal marginal Absent
14 Awn Awn retention Strong
15 Neck Flexuosity Absent
16 Neck Kink Absent
17 Seasonal type Spring
18 1st Rachis seg profile Bent back
19 1st Rachis seg basal constr Absent
20 1st Rachis seg margin hairs Numerous
21 Rachis seg mid 1/3rd margin hairs Numerous
22 Rachis seg mid 1/3rd length Long
23 Rachis seg mid 1I3rd convex Absent
24 Grain lateral cf med Equal
25 Lemma base type Shallow Bevel
26 Rachilla hair type Long and straight
27 Lemma awn type Awned
28 Lemma awn roughness Present
29 Lemma awn base lat. spies Heterogenous
30 Lemma nerves median nerve Absent
31 Lemma nerves Ret. anthocyanin Absent
32 Ventral furrow hairs, extent Absent
33 Ventral furrow spines on margins Absent
34 Ventral furrow Pit Absent
35 Internal lemma Hair Concave
36 Internal lemma Wrinkling Coarse
37 Internal lemma Roughness Absent
38 Kernel Type Hulled
39 Lodicules Type Clasping
40 Lodicules Position Collar
41 Ear ·Type 6-row
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2.2.4.2 The distribution of morphological characters between the

island groups.

Table 2.20 shows the number of morphological states for each character found within

each island group. Over the data set 85 different character states were observed for the

25 characters that demonstrated polymorphism. The bere barley grown from seed from

the Western Isles was shown to be the most morphologically diverse with 68 different

character states, 13 of which were unique to the Western Isles. Shetland followed this

with 68 states, 10 of which were unique, then Orkney bere where 46 different states

were observed, 3 of which were unique. The Western Isles bere was polymorphic for 24

of the 25 characters; Shetland bere was polymorphic for 18 and Orkney bere 13. The

frequency of states for each character was used to construct frequency distribution

graphs, which revealed the distribution of character states between the island groups

(Figure 2.27).
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Figure 2.27: Frequency graphs to show the distribution of 2 character types between
the three island groups. Numbers are used to indicate types for each character and the
description of each numerical value is shown in Table 2.18. The frequency graphs for
the remaining characters that were found to show diversity between the bere barley
plants are shown in Appendix C.
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2.2.4.3 Clustering based on morphological characters

The clustering of all island group samples based on morphological characters alone is

shown in Figure 2.28 using Multi-dimensional Scaling (MDS). The ordination

demonstrated using a MDS plot provided the clearest picture of the composition ofbere

barley based on morphological traits. A dendrogram was constructed using UPGMA

from the Euclidean Distance measure data (data not shown) but this resulted in no clear

clustering between any of the population divisions (for example, between island

groups). The MDS plot separates the Tiree bere from all other bere, along the x axis.

Using PCA (data not shown) 57% of the total variation found using the morphological

characters was represented in the 1st 3 components and the Tiree samples were

separated from the rest of the samples by the 1st principal component (x = 24%).

2.2.4.4 Discriminating characters.
The discriminating characters that separated ,the Tiree plants (sample ref 1) from the

other samples were determined. Of the 25 characters, 3 were found to be unique to the

Tiree samples: Long 1st Rachis segment length; shallow cup collar state and absent

inner lateral lemma nerves. A further 4 characters were unique to Tiree and some of the

South Uist samples.
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Figure 2.28. Multi-dimensional Scaling (MDS) plot constructed using the
morphological data for all bere barley plants grown that corresponded to those sampled
in the intra-island analysis. The green circle indicates bere barley individuals from Tiree
(sample ref 1), the red circle all other bere barley plants.
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2.2.4.5 Combined SSR and morphological data

2.2.4.5.1 Inter-island data

The dendrogram based on the combined SSR and morphological inter-island matrices is

shown in Figure 2.29. As with the dendrogram based on SSR data alone (Figure 2.11)

the Western-Isles bere barley clustered distinctly from the bere barley of Shetland and

Orkney. However, as would be expected from the morphological data alone, which

showed less discrimination between the island groups than the SSR data, several of the

populations are shown to be less similar than demonstrated in the dendrogram based on

just SSRs. The two populations which demonstrated the highest similarity (85%) were

samples 19S and 28A from Shetland, which had shown> 95% similarity with SSRs

alone.

2.2.4.5.2 Intra-island data

A combined dendrogram of SSR and morphological data for the intra-island data was

constructed (data not shown) but this did not reveal clear clustering and was hence

difficult to analyse. Instead an MDS plot was constructed using the combined data set to

reveal distinct groupings and also for comparison with data from SSRs and morphology

alone. The MDS plot (Figure 2.29) groups all of the Tiree samples distinctly from the

other samples, as was the case when the morphology data was assessed alone. In

addition, a subset of the South Uist samples grouped distinctly from the Tiree samples

and the rest of the main sample cluster. It can be deduced that it is the SSRs that

discriminate the South Uist subset from the main group of samples as it is only with the

combined SSR and morphology set do they group distinctly. Also, with the addition of

the SSRs to the MDS plot, the Tiree samples are shown to have a higher similarity than

when assessed solely on morphological characters
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Figure 2.30: Multi dimensional scaling (MDS) plot constructed from the combined
SSR and morphological similarity matrices. bere barley samples from Tiree are
contained within the red circle. The purple circle highlights a distinct cluster of a sub-set
of the South Uist samples. The green encircles the rest of the samples, with the purple
circles highlighting the location of the rest of the South Uist samples. The key to the
numerical part of the sample reference, showing the sample site from which the bere
seed originated is shown in Tables 2.5, 2.6 and 2.7. The alpha part of the reference
refers to the individual plant within the group grown from that seed.
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2.2.4.5.3 Correlation between SSR and morphological data

Using the Pearson Product-Moment Correlation Coefficient to evaluate the congruence

of the distance and similarity matrices produced from the SSR and morphological inter-

island data, a congruence value of 10.1 was found, where complete congruence between

the similarity matrices would give a value of 100. A similarity plot was constructed

(Figure 2.30) where r = 0.3. Analysis of the similarity plot showed that 100% pairwise

similarity with SSRs did not mean that samples would be 100% related morphologically

and vice versa. It was also evident that samples 100% related morphologically could

have a 0% SSR match and vice versa. The similarity plot (not shown) ofthe intra-island

SSR and morphological data is not shown as it was felt that due to the higher number of

SSRs (29 as opposed to 7) used in the inter-island data set a more representative

comparison of diversity measures is made in the latter of experiments.

/
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Figure 2.31: Similarity plot to show the congruence of each pairwise similarity based
on morphology data (y) and SSR loci (x). Morphological similarity was calculated using
Euclidean's coefficient and SSR similarity using Dice's coefficient. Pearson's r value,
which determines correlation of the two diversity measures was r=30.8%
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2.4: Discussion

2.4.1 The distribution of bere barley growth on the Scottish islands

This analysis of the distribution of the traditional bere barley has contributed to a

gap in knowledge identified by Van Hintum and Menting (2003) with regards to a

crop that is potentially threatened with genetic erosion. Prior to the sampling trip

being carried out, there was limited knowledge of the amount and distribution of

bere barley within Scotland, with estimates of 40 hectares on Orkney (Davidson,

1982), two or three crofters on Shetland (Glanville, personal communication, 2004)

and no estimates for the Western Isles. Scholten (2004, personal communication)

did report on limited growth on the Uists and collected 2 samples from the area.

The sampling trip provided an exhaustive list of the growth of bere barley on the

Scottish islands. It revealed the existence of a much greater number of bere

populations than had been previously thought and the seed collected now forms the

largest collection of bere barley. The collection of sampling data including crop use,

OS map coordinates, crop size, crop treatment and seed viability provides essential

data for the seed to be of use as an ex situ collection of seed that potentially could be

used for reintroduction.

The in situ evidence gathered whilst sampling provided a clear picture of the trends

ofbere growth within each of the island groups. Growers' knowledge of the growth

of bere barley on the islands was also gathered as recommended by Guarino and

Friis-Hansen (1995). Overall the growth of bere barley is declining on the islands,

which follows the trend of the last century and previous reports (Davidson, 1982;
t

Wright et al, 2002). With this decline is the inevitable loss of diversity, especially

when bere is no longer grown at sites that were historically well established or form

the only source from a particular area. A good example of this is the site in Shetland

which was found to be the source of all presently grown seed on the island. It was

reported that this site only stopped growing bere 6 to 7 years ago due to the

retirement of the crofter. Therefore, the oldest known source of bere seed that had

been continuously grown for at least 150 years on Shetland has been lost. These
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findings have implications for plant genetic resource (PGR) management and are

discussed in section 2.4.9.

2.4.2 Genetic diversity between bere barley populations (inter-

island datal

2.4.2.1 Microsatellite polymorphism: comparisons between SSRs

. and ESTs

Two types of micro satellite marker were used in the genetic diversity assessment in

this study: EST-SSRs and genomic SSRs. As detailed in the Results Section (2.3),

the genomic SSRs revealed a higher Polymorphic Information Content (PIC) than

the genomic SSRs. These findings support those of Chabane et al (2005) whom

assessed diversity in a set of wild, landrace and modem cultivated barleys. PIC

values were higher for both EST-SSRs (0.62) and genomic SSRs (0.74) than with

this study but the barley populations analysed were more diverse than the one

landrace examined here. As EST -SSRs are markers which are transcribed it would

seem likely that the regions would be more conserved due to selection and may

explain why higher PIC values are found with genomic SSRs than with EST -SSRs

(Dreisigacker et al, 2005; Blair et al, 2006).

2.4.2.2 Levels of heterozygosity

Most individuals in a population of bere barley would be expected to be

homozygous due to many cycles of self fertilisation. Nonetheless heterozygous

individuals were detected at 7 of the 29 loci. Heterozygosity was found in 5

individuals where one individual (17Q from North Lewis) was heterozygous at 4

separate loci. Also, individual 10C (Benbecula) was heterozygous at 2 loci. The

remaining 3 individuals (26A from Shetland, 4B from Tiree and 32K from Orkney)

were heterozygous at only 1 locus.

Heterozygosity is the likely result of outcrossing within the bere population. This is

especially likely with the 17Q and 10C examples as they showed heterozygosity at

multiple alleles. As well as a result of outcrossing, is also possible that the detected
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heterozygosity in the other samples could be due to mutation events. However, even

though microsatellite mutation levels are high compared to other parts of the

genome (Schlotterer et al, 1998), mutation is still a rare event. In addition, it is also

possible that further alleles within these samples originated from outcrossing but

that this is undetected as the loci of the parents involved in the cross were identical

and would thus result in homozygous alleles.

No estimates of the degree of outcrossing in bere barley have been recorded in the

literature but estimates do exist for other barley landraces. For example, Abdel-

Ghani et al (2004) estimated the outcrossing rate of barley landraces and wild barley

populations collected from ecologically different regions of Jordan. Low season-

specific outcrossing rates were found in both landraces and wild barley in the range

of 0-1.8% with a mean of 0.34%. The barley landraces showed a level of 0-0.6%.

These low outcrossing rates correspond to earlier work by Parzies et al (2000b) who

detected a level of 1.7% in landraces from Syria.

In order to elucidate the outcrossing rate of bere barley, which could be extended to

make comparisons of this rate between different ecogeographical areas, polymorphic

markers are required like the genomic SSRs studied here. The number of SSRs

required would be less than 5 and could be used to analyse approximately 6 seeds

from individual barley heads (Ritland and Jain, 1981; Shaw, 1982). The resulting

multi-locus fingerprints from each barley head can then be used to determine an

'estimate of the outcrossing rate.

2.4.2.3 Clustering of populations and island groups

Clustering of the samples from the 29 different sample sites clearly distinguished the

Western Isles barley from the Shetland and Orkney samples, with the Orkney

samples in the main, clustering separately from the Shetland samples. This result

demonstrates that bere barley from the different island groups can be genetically

differentiated from one another and that clustering is related to the geographical

origin of the samples. This differentiation is likely due to the genetic isolation of

populations between the islands and would be expected if transportation of bere

barley is limited between the islands. This finding supports the information reported
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by growers on the islands, that trade between the islands is limited. The reason for

the occurrence of such genetic variation between isolated populations is discussed in

Section 2.4.4.1.

The microsatellite diversity throughout the range of a wheat landrace 'barbela' has

.been assessed by Ribeiro-Carvalho et ai, 2004. Upon analysis using the data from 34

microsatellite loci (162 alleles), the dendrogram (UPGMA) did not show clustering

oflandraces into the 3 regions from which the samples had been colle~ted. However,

unlike the 3 island groups assessed in this study, the regions were located next to

one another in the northern region of Spain, rather than being from different land

masses. It was deduced from the PIC scores (mean = 0.52) and level of

differentiation from the dendrogram that there exists a high level of diversity within

the barbela wheat landrace. Unfortunately, only one individual from each population

was assessed so the study did not go on to describe the molecular variance within

and between populations. Contrary to these results, Davila et' al (1999b) using

RAMP and SSR markers to assess the diversity of wild barley (Hordeum

spontaneum) found that clustering was related to the geographic origin of the

samples. In their study, two major groups (A and B) were distinguished on the

dendrogram. Group A contained the accessions from East Asia, apart from one

accession from Iran and Group B contained the accessions from Near East, Jordan

and Israel. Sub-groups within the two main clusters further differentiated accessions

due to geographical region.

2.4.3 The genetic diversity within and among here barley

populations (intra-island datal

2.4.3.1 Population gene diversity

A very high level of diversity was observed for all of the populations, with a mean

of H = 0.94 and a range of between H = 0.79-0.97 as described Table 2.17. This

result is higher than the average gene diversity of 0.53 found by Pandey et al (2006)

for populations ofhulless barley from the highlands of Nepal. The Nepalese samples

were collected from a region approximately 140 km x 60 km from 3 separate river

basins within the Annapurna and Manasula Himalayan mountain ranges, which
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provide highly diverse and isolated eco-geographical locations. It is important to

remember, however, that the SSR loci used to analyse the intra-island data were

chosen specifically due to the high level of polymorphism they showed in the inter-

island analysis. Thus, there is an upward bias in the degree of polymorphism..
detected as compared to average results found with the inter-island data.

Diversity assessment of Arabidopsis thaliana (Bakker et ai, 2006) also examined

SSR haplotype diversity. The study revealed that a third of the populations

contained individuals with the haplotype that defined that population, whereas a

quarter of the populations contained haplotypes that were all different. This is

contrary to the results in this study whereby all of the populations contained

haplotypes that were different. Bakker et al (2006) argue that the two distinct

haplotype diversity levels (either all the same or all different) are explained by: (i)

Very small founding populations that have recently been founded, which would

explain identical haplotypes within a population. (ii) Populations as a result of larger

founding populations which are older, which would harbour greater variability.
I

These explanations are' interesting if applied to the bere populations. Both

Arabidopsis and barley are highly self fertilising and thus alleles at a locus will

move towards homozygosity (Nordborg and Donnelly, 1997). The way that the two

species differ, however, is in the likely founding population size. As barley is used

by humans as a crop, founding populations are likely to be much larger than with

species that are self-founding, as with Arabidopsis, which may begin as' single

individuals. Thus, bere founding populations are likely to be much larger and hence

hold a greater level of diversity, which is consistent with the explanation by Bakker

et al (2006) for the populations that were found to be highly diverse. Indeed, within

bere, all populations were highly diverse.

As suggested by the review of diversity studies by Graner et al (2003) diversity

within barley is likely to decrease from wild barley, to landraces, to cultivars due to

the increasing selection for uniformity by humans. Turpeinen et al (2001) found a

mean diversity of 0.4 7 (He). However, the total diversity estimate for the bere barley

was 0.76 using the intra-island data. It is possible that the highly polymorphic SSRs

and the small number used in the intra-island analysis skewed these results. The fact
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that the number of samples and type of marker system can affect diversity and the

partition of diversity was also recognised by Turpeinen et al (2001). Indeed, the

average PIC over the 29 populations using the 29 SSRs was 0.3, a diversity indicator

which is much lower than the gene diversity index found with the intra-island data

described here.

2.4.3.2 Partition of variance within and among populations and

island groups

Genetic diversity estimates showed a level of 0.76 diversity over the entire bere

barley collection studied here. Hierarchical diversity analysis was then carried out to

determine how this diversity was partioned within populations, between populations

in island groups and between populations from the different island group. This

assessment would show the pattern of genetic diversity of bere barley found on the

Scottish Islands. Within population diversity was shown to be higher than the

diversity between populations and island groups (63% of the variance) with also

significantly high diversity between island groups (32% of the variance). Fixation

indices between the island groups (Fet = 0.32) and within the populations (Fst = 0.37)

also indicate a high level of differentiation. Fixation indices are comparable to

previous values obtained for differentiation between populations of a Nepalese

barley landrace (Pandey et al, 2006), where an Rst value of 0.445 was reported.

This result is comparable to previous work on populations of the Batini barley

landrace using morphological traits (Jaradat et ai, 2004) where values for within and

between variance were 40 and 60% respectively. Such results were also found by

Parzies et al (2000a) with scores of 50 and 60%. The majority of studies that have

assessed partioning of variance using molecular markers in barley landraces have

involved the analysis of several different landraces with a' limited number of

individuals from within each population, which makes comparisons difficult. This

considered, various studies have revealed variation that is higher within than

between (Pandey et ai, 2006; Brown and Munday, 1982 and Parizies et al 2000b).

For example, Pandey et al (2006) revealed 40 and 60% of variance among and

within Nepalese landraces, respectively. In contrast, several pairwise comparisons of
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particular landraces within these studies have, demonstrated a higher between than

within population variance. For example, when population differentiation was

measured by Pandey et al (2006) for 6 of the Nepalese landraces 6 of the population

pairwise combinations were not significant (P = 0.05). This was even so for some

pairs of populations that were from geographically distinct areas.

The surprisingly high within population diversity has also been found using SSRs in

other self-fertilising landraces, for example wheat (Dreisigacker et ai, 2005) and

common bean (Phaseolus vulgare L.) (Masi, 2003 unpublished data). The analysis

of population structure has also been carried out on populations of the model plant

Arabidopsis thaliana using 5 microsatellite loci and 5 gene loci assessed using SNPs

(Bakker et ai, 2006). AMOV A applied to the total data set, which considered

variance between sub-regions, populations within the sub-regions and within

populations, revealed that most of the alleleic variance found within Arabidopsis

thaliana occurs within geographic regions (99.3%). Within and between populations

variance within the geographic regions was 56.7% and 38.5% respectively.

However, the low between geographic region (4.8%) variance and high between

populations, within region, variance does not concur with the results of this study.

Arabidopsis thaliana and barley are both highly selfing and the regions considered

in both studies are geographically isolated.

When comparing the results with previous studies it becomes evident that the island

groups represent sub-populations of bere barley that demonstrate levels of variance

comparable to those found between populations within other barley landrace studies.

It seems, therefore, that populations included in previous studies do not have the

same high level of gene flow between populations that is evident within the island

groups in this study. Thus, bere barley may present a unique genetic structure

amongst landrace barley.
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2.4.3.3 Comparison of genetic diversity found within each island

group

The results showed that the highest amount of bere barley diversity is found within

island groups (69%) (see results section 2.2.3.2.4.1). Of the island groups, the

Western Isles b~re barley revealed the highest genetic diversity, with the highest

number of alleles and the largest proportion of unique alleles over the entire data set.

This finding may be related to the large geographical distribution and isolation of

the populations as compared to those found within Orkney and Shetland. This is

demonstrated by examining differences between the Tiree and North Lewis samples

used in the intra-island data set and can be seen by the pairwise F statistic (Table

2.16) and the log-log likelihood plot (Figure 2.20). In contrast to the other pairwise

comparisons of the samples located on the Western Isles none of the genotypes

found within the North Lewis population could be better explained if they had been

located in the Tiree sample and vice versa.

The populations analysed from Orkney revealed the least diversity of the 3 island

groups. However, it is important to note that the sample number of populations

located on Orkney was only 4 as compared to 13 and 12 samples from the Western

Isles and Shetland respectively. Nonetheless, even though a similar number of

samples were obtained from the Western Isles and Shetland, the Western Isles

revealed a much higher diversity. This can be explained by the fact that the majority

of the Shetland samples were sourced from the same location in the last two years as

they were mostly taken from populations grown as part of the Shetland Organic

Producers Group project.

2.4.4 Causal effects of the bere barley genetic diversity estimates

How the pattern of diversity observed evolved and has been maintained will be due

to the combined effects of several genetic, environmental and human influences.

Such factors include: population size, gene flow, breeding system and natural

selection (Lowe et aI, 2004; Coates and Byrne, 2005). In addition, several factors on

the genome level need to be considered. These are mutation, polyploidy and linkage

(Lowe et aI, 2004).
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In order to consider these effects it is necessary to evaluate the life history traits of

bere barley, which will influence the patterns of genetic diversity. Bere barley is a

landrace that is diploid and predominantly self-fertilising. It has been maintained in

its current state by farmers through continual cycles of cropping for at least 100

years and has not been subjected to commercial breeding. The evidence from this

study showed that within island groups, seed was commonly passed between

farmers, the degree to which depended on island group and sample site. Also, some

bere crops were grown nearby commercial 2-row spring barleys, but this was

relatively uncommon. Each island group is geographically isolated from the other

and poses its own biotic and abiotic challenges. Further, within the island groups

and in particularly the Western Isles, environmental conditions are varied..

2.4.4.1 Geographical isolation of island group populations

The significant genetic variance between the island groups can be explained by the

geographical isolation of the three island groups. In addition, there were no accounts

of seed exchange between island groups, only within island groups which would

support the suggestion of isolated populations. Thus, the genetic and oral data

provide evidence for the likelihood that the bere barley within the island groups has

been separated from each other for some time.

The length of time of population divergence is not known at present but further

molecular work could be performed to elucidate this question. Microsatellite

sequence information was not available for the EST markers used in this study and

hence upon analysis with the Arlequin software the step-wise mutation model was

not assumed. This model assumes microsatellite mutations occur in a step by step

manner, increasing or decreasing single repeat units one at a time. Thus, under this

model a linear relationship between the time of divergence and the number of

differences in repeats is made. It can be shown that the square of the difference in

the number of repeat units between two microsatellites is proportional to the time of

divergence from a common ancestor.
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Several assumptions are made with this model and hence the time of divergence is

only an estimate. Further, it is not always clear as to whether the difference in one

repeat unit is in fact the result of a single mutation event due to homoplasy in SSR

evolution. For example two alleles of say length 100bp and 102bp at a locus would

seem to arise from a single dinucleotide insertion or deletion event. It is also feasible

that several events had occurred whereby two insertions followed by a deletion

resulted in the allele 102bp in length. As discussed previously in Section 1.4.3,

microsatellites do not necessarily mutate in this step-wise manner and under the

two-phase model two alleles IOObpand 104bp may be a result of a single mutation

rather than two under the step-wise model. In addition, it is also possible that if

within two separate populations an allele is found of the same length, the allele

could be a result of independent mutations at that locus (convergent evolution)

rather than being a result of a common allele in the original population.

The geographical isolation of island group populations causes differences in allele

frequency and type due to: the founder effect, gene flow, microsatellite mutation and

genetic drift. By considering the genetic and oral evidence obtained in this study a

picture can be gained as to the evolutionary history of the bere barley populations,

which enables the relative contributions of the causes identified above to be

assessed.

2.4.4.2 The founder effect

The founder effect explains diversity between populations from the fact that a starter

population tends to be a subset of the diversity present within the whole species or

variety. Thus, all the alleles that are present within the original bere barley

population will not be represented in all the sub-populations, Further, due to this

effect rarer alleles present within the original population are less likely to be

represented in all of the subpopulations. Therefore, alleles common to all island

groups, for example allele 159bp at locus Bmag0134 and 255bp at locus

SCSSR077591 are more likely to be those alleles present at the highest frequency in

the original bere population. In addition to this, the founder effect would also

contribute to the differences found in the allele frequencies between the island
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groups. A demonstration of the effect on diversity caused by the founder effect is

shown in Figure 2.31.

A B A A
CB~
AAC~

Original population

Sub population
(founder population)

Figure 2.31: Schematic representation of the founder effect on population diversity.
Letters A, B and C represent 3 different alleles at a single locus. It can be seen that
the most common alleles A and B are present in the sub population whereas the rarer
allele C is not represented in the sub population. Further, the frequency of allele
types has also been altered between the original population and the sub population.

( Thus, those populations that were the founding populations within the island groups

would contain alleles of type and frequency which are different from one another

due to the bottleneck of genetic diversity which is caused by founding populations.

This would also be influenced by the size of the founding population or populations

whereby the smaller the founding population the greater the bottleneck of diversity.

The selfing nature of barley also increases the effect of population bottlenecks due to

the smaller number of heterozygotes present within populations. Thus, a population

of selfing individuals equal in size to a population of an outcrossing species is likely

to hold less diversity if all other factors are kept the same.

Within island groups, the number, size and time of divergence of the founding

populations will affect the allele type and frequency. Therefore, the greater the
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number and size of the founding populations and the longer the time of divergence

between the establishment of the founding populations, the greater the resulting

diversity. The difference in SSR diversity within the island groups reveals that

different population histories have occurred.

Within Shetland the population history suggests that the cause of diversity between

populations, which was not shown to be significant, was due to bottlenecks in

diversity. This can be explained by the fact that 8 out of the 13 samples analysed

were sourced from 2 growers the previous year, so had only been through one

reproductive cycle. Hence, any allelic differences would be likely to be due to the

founder effect as opposed to mutation.

2.4.4.3 Gene flow

The level of gene flow between populations is paramount in the level of diversity

detected between populations and can occur through either pollen dispersal or seed

migration. Between populations that are isolated from one another no gene flow is

occurring, which means that mutations that occur from a specific event at a locus in

one population will not be present in the other population. Therefore, such events

will result in unique alleles in a population. This pattern was observed in the data

where island groups maintained unique alleles. For example, if the inter-island data

set is considered, unique alleles were observed across the 29 loci in all island

groups. Within the Western Isles,20 unique alleles were detected,S in the Orkney

samples and 5 in the Shetland samples (Table 2.8).

2.4.4.3.1 Gene flow within island groups: Seed migration

The effect of gene flow can also be seen in the diversity assessment within island

groups and within populations. The movement of seed from one population to

another within an island group will reduce the number of unique alleles and allele

frequencies within the populations, creating a blending effect. Indeed, as the

AMaVA results demonstrate (Table 2.14) the diversity present between the

populations within the island groups is very small (5% of the total variance). Only a

214



Chapter 2: Genetic diversity ofbere barley
2.4: Discussion

small amount of migration would be required to prevent genetic divergence resulting

from random genetic drift of non-selective genes (Lewontin, 1974).

Gene flow between populations can arise from sharing seed between growers, which

was evident within all island groups. The Western Isles group, where sharing of seed

was common, is a good example of the blending result of gene flow. From the oral

evidence obtained a schematic representation of the flow of seed between

populations was constructed and is shown in Figure 2.32. The effect of blending can

be seen in those populations that were known to share seed which is shown by the

fact that they demonstrate higher pairwise similarities than those with no reported

mixing. For example, there was no report of seed sharing between the North Lewis

and Tiree populations and these two populations demonstrated the largest genetic

distance of all within the Western Isles group as dem.onstrated by the log-log plot in

Figure 2.20. These two populations were also separated by the highest geographical

distance within the Western Isles group and are environmentally different. In

contrast to this the Tiree and South Uist populations demonstrated significant

pairwise Fst values (P=0.05) and it can be seen in the log-log plot in Figure 7 that

these two populations contain genotypes that could be equally explained in both

populations. This evidence is backed up by the oral account from the grower whom

stated that the Tiree bere barley had been contributed to from a South Uist source.

The existence of seed sharing which effects the gene flow within island groups is

likely to be the major cause of the low between population variance within each

geographical region as compared to the results found with the study of Arabidopsis

(Bakker et aI, 2006) which was 38.5% as compared to the 5.04% found in this study.
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South Uist 2

Figure 2.32: Schematic representation of the flow of bere barley between the islands
within the Western Isles group. Information regarding the origin of here at each of the
sample sites was given where known by the grower. The site where here has been
known to be continually grown from seed the longest is highlighted in green (South
Uist 1) and is traced back to 1914.
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The Western Isles also demonstrated the most complex flow of material, where a

single common source could not be located. The Shetland and Orkney Isles differed

in this way in that bere growth could be traced back to a single or few growers in

recent years. It would be expected from this information that within the island

groups, the Western Isles would demonstrate the highest genetic diversity, followed

by Shetland and Orkney, which was indeed the case.

2.4.4.3.2 The effect of breeding system on diversity: pollen dispersal

The nature of the breeding system of a species has been shown to affect the detected

genetic diversity within and between populations (Hamrick and Godt, 1996; Nybom

and Bartish, 2000). Theoretically it is assumed that inbreeding will create a larger

between population diversity than within population diversity (Graner et ai, 2003;

Coates and Byrne, 2005). It is inferred that this is because, in a totally inbreeding

species, there is no movement of genotypes between populations due to pollen

dispersal, as would occur with outcrossing, and thus in effect populations are

isolated. Also, this may be due to the fact that founder populations of selfing species

are likely to hold less diversity than populations of equivalent size that are

outcrossing. This is due to the larger number of heterozygotes within outcrossing

species which provides a larger number of potential alleles in a smaller number of

individuals.

As barley is predominantly self-fertilising, genetic theory dictates that homozygosity

will increase with each generation. Thus, the lower the outcrossing rate the higher

the degree of homozygosity present within populations. The level of heterozygosity

found within this study was very low and as a result significant deviation from

Hardy-Weinberg equilibrium was found at all loci in all populations (p = <0.05)

(Section 2.2.3.2.5.5). The Hardy-Weinberg principle is a model for random mating

and would therefore be expected to be deviated from if the populations under

examination were self-fertilising.
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It is not possible to deduce from the data the degree of outcrossing and further more

whether the outcrossing is restricted to within populations or occurs between

populations within the island groups. Nonetheless, work examining the level of

outcrossing within bere barley and the degree of gene flow between populations due

to outcrossing could be carried out to elucidate the situation further. Previous work

on crop species with regards to the dispersal of pollen and the distance it travels has

been performed largely due to concerns over gene flow between genetically

modified (GM) and non-GM crops (Reiger et al, 2002; Eastham and Sweet, 2002;

Hanson et ai, 2005). Pollen dispersal in barley has been found to occur at distances

of up to 60m, but that a cross-pollination event at this distance was rare (Wagner and

Allard, 1991). Further, their study indicated that distance was the major factor in

cross-pollination events with small increases when the pollen was down wind. Work

by Hanson et al (2005) on pollen dispersal in wheat revealed dispersal distances of

up to 45m but identify that this could be different depending on the cultivar and

environmental conditions. The results of these studies suggest that the distances

between populations assessed in this study are outwith the normal pollen dispersal

range of a crop such as barley and hence outcrossing between populations would be

a rare event.

In order to test the hypothesis that outcrossing within bere barley is restricted to

within populations, methods could be applied utilising sequence information from

the chloroplast DNA (McCaulay, 1995). Chloroplast DNA can be used to track the

maternal line. If the diversity present within the DNA of the chloroplast is compared

to that within the nuclear DNA the degree of discrepancy would reveal the level of

gene flow as a result of outcrossing between populations.

2.4.4.4 Environmental adaptation: the effect of natural selection

There is also the possibility that the SSR diversity detected between the island

groups and or populations is representative of local environmental adaptation and

has been directed by natural selection. SSRs are generally assumed neutral so that

diversity patterns are a result of random genetic drift or gene flow (Valdes et al,

1993; Shriver et ai, 1993 and Di Rienzo et al, 1994). However, evolutionary

mechanisms which either link SSRs to loci under selection or where the SSRs
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themselves have a functional role may deviate SSRs from neutral expectations

(Stephan and Cho, 1994; Li et ai, 2000a; Li et aI, 2000b and Li et aI, 2002). Hence

selective pressure may have a contributory role to the hierarchical variance detected.

Mechanisms by which SSRs could be influenced by natural selection include genetic

hitchhiking in selective sweeps (Slatkin, 1995) whereby an SSR has close linkage to

a selective locus and thus other 'neutral' SSR alleles diminish. Other studies have

revealed a regulatory functional role in selection at certain loci with substantial data

indicating that SSR expansions and/or contractions in protein-coding regions can

lead to a gain or loss of gene function via frameshift mutation or expanded toxic

mRNA (Li et aI, 2004). Microsatellites have also been linked to certain diseases. For

example, micro satellite expansion has been linked to several human disorders

including: Fragile X (Fu et al, 1991), spinal bulbar muscular atrophy (La Spada et

al, 1991) and Myotonic dystrophy types I and II(Ranum and Day, 2002).

In order to assess the influence of selection on barley diversity, assessments have

been made as to the association of genetic diversity measured by SSRs and

ecological factors (Turpeinen et ai, 2001 and Huang et ai, 2002). In both studies

which looked at wild barley (Hordeum spontaneum) it was concluded that the

association between the genetic diversity observed and the ecogeographical factors

may be non-random. Huang et al (2002) suggest that differences in the pattern of

diversity at different loci demonstrate effects of either diversifying, directional or

balancing selection. Therefore, where loci were fixed for specific alleles in a

particular microniche it is argued that this is due to the effect of directional selection

and thus environmental adaptation.

The Western Isles, of the 3 island groups presents the most diverse ecological

environment. The dominant soil type on which bere is grown is the machair and

even though the mean altitude increases from south to north this should not effect

growth as bere is only found along coastal areas. These ecological factors are the

same, but the mean temperature decreases south to north and mean rainfall alters

between areas (see Table 2.2). In accordance to the highest ecogeographical

variability of the island groups, the Western Isles demonstrated the highest level of

genetic diversity. Whether these two factors are indeed associated would require
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further, more extensive study, which would involve detailed analysis of the

ecogeographical variables present within each of the island 'groups. Interestingly,

though, the North Lewis sample was shown to be significantly different to the other

Western Isles samples. As the North Lewis sample was the most northerly of the

samples and was separated by the largest geographical distance, it could be argued

that this differentiation has occurred due to ecological selective pressure. In such a

situation selection overrides the blending effect that is created by seed migration,

creating populations that are significantly diverse. This conclusion was also

proposed by Huang et al (2002) whom recognised selection maintaining divergence

in wild barley from Israel.

A further possible reason which would explain the very high level of diversity found

within bere barley is the niche-width variation theory (Van Valen, 1965; Nevo,

2001). The theory postulates that there is a higher level of diversity found within

populations that are found within more stressful environments. Due to the marginal

environments where bere is found it would be of interest to identify whether the

increase in diversity found within certain populations does indeed correlate with

more stressful ecological conditions. The results of which would also contribute to

the debate as to whether SSRs are selectively neutral. Studies in wild barley to

investigate this theory have returned differing results. For example, Huang et al

(2002) found the lowest diversity in the most stressful micro niche, which they

assign to diversity-reducing selection. Contrary to this, Turpeinen et al (2000) and

Owuor et al (2003) found the highest diversity in the most stressful of the

environments.

2.4.4.5 Summary - causal effects of the observed pattern of

diversity

Despite low levels of heterozygosity within bere barley, genetic diversity measures

have indicated a high level of diversity, with the greatest proportion of this diversity

found within the populations. The causal effects of this pattern of diversity have

been discussed and in conclusion it is suggested that this pattern of diversity has

been mainly caused by:
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(i) Large original founding populations, which having had a long time to diverge,

have created a high level of within population diversity

(ii) The extent of seed flow between growers has created a low level of diversity

within island groups

(iii) The isolation of the island groups and the differing abiotic and biotic conditions

are thought to have led to the significant genetic differentiation between the island

groups.

2.4.5 The effect of sampling strategy on genetic diversity

In considering the results of this study it is important to consider the effect the

sampling technique and molecular methods may have on the statistical analysis of

population structure. This is in terms of the number of populations studied, the

number of individuals sampled per population, the number of loci assessed and the

corresponding number of alleles. Also, the type of marker used in the diversity

assessment.

Just as the founder effect influences the allele type and frequency of alleles, so does

the sampling strategy and sample size effect the subsequent diversity assessment

(Lowe et aI, 2004). For example, if a sample of 10 barley landrace heads is taken

from a population of 1000 heads there is a likelihood that that the alleleic diversity

within the 10 heads is non-representative of the diversity of the population as a

whole. Thus, it is important to consider this when sampling and also when analysing

the data. A review of plant diversity studies by Nybom (2004) revealed that

sampling strategy and population size influenced the intraspecific genetic diversity

measurements.

Consideration of the sampling strategy was made when collecting the bere barley by

collecting heads that were not close together, nor from the edge of the field.

However, the strategy used was dependent on the size and type of crop from which

the sample was obtained. For example, where bere was located within a mixed crop

of oats and rye the number ofbere heads could be limited and therefore the selection

of heads could be from individuals close together. However, in this situation, the
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proportion of bere within the population was small and hence there was a higher

chance of obtaining a representative sample of the diversity within the sample. With

the larger pure bere crops special care was taken to sample heads from areas that

were representative of the entire plot. Further study could refine the sampling

strategy to optimise the diversity collected, which would be particularly important if

the samples were to be kept ex situ for possible reintroduction. The issue of loss of

diversity due to small population size is an important one in conservation biology

..and has led to the modelling of minimum viable population sizes (effective

population size) which would maintain enough diversity to withstand environmental

pressure and remain intact (Lowe et ai, 2004).

2.4.6 Molecular marker type in the assessment of genetic diversity

As discussed in Section 2.4.2.1 the markers used were EST -SSRs and genomic

SSRs, with the genomic SSRs demonstrating the highest PIC values and it was

postulated that this was due to the EST-SSR regions being more highly conserved
I

due to them being transcribed. However,· the evidence that SSRs may be under

selection pressure, as discussed previously calls in to question there suitability as

diversity markers. This so as ideally markers would be neutral or nearly neutral,

where complete neutrality is an indicator of no selection. Thus, neutral markers

would reveal the interplay between migration and genetic drift.

The type of molecular marker used to assess plant diversity assessment has been

shown to affect the results (Nybom, 2004; Russell et ai, 1997a; Kraic et ai, 1998,

Powell et ai, 1996; Mignouna et ai, 2003). Nybom (2004) made a compilation of

307 studies that had evaluated the among and within-population diversity in wild

angiosperms and gymnosperms, including Hordeum spontaneum. It was found that

dominantly inherited markers (RAPD, AFLP, Inter Simple Sequence Repeat [ISSR])

demonstrated similar results but that the data using SSRs were not comparable. A

strong emphasis was made on the limited number of SSRs used in the studies and

was indicated to be the likely causal factor in the difference in diversity results. It is

important to remember, therefore, when considering the results that the type of

marker used contributes to a bias in the results and is thus a limiting factor. Only by

complementing the SSR data with results obtained from other molecular markers
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would it be possible to assess the degree to which this is so. Nonetheless, the

purpose of the work was to analyse the level of diversity within and between

populations of bere barley and SSRs have been shown to be an accurate tool for

such an assessment. The codominant nature of SSRs allows for an accurate measure

of heterozygosity and thus Hardy-Weinberg equilibrium (Lowe et ai, 2004).

The number and type of SSR markers used can influence the accuracy of the

diversity measure (You et ai, 2004). Lengths were taken to use the most effective

SSRs possible, with at least one marker from each of the barley chromosomes, thus

providing a wide genome spread. It seems, therefore, that the use of both SSR types

(ESTs and genomic) is beneficial as it allows for comparisons in the data observed.

Molecular marker technologies are de-yeloping with new ways of rapidly assessing

diversity across many loci. Recently, Diversity Arrays Technology (DArT) has been

used for genetic diversity assessment. DarT assesses polymorphism at thousands of

genomic loci, providing binary scores in a single hybridisation-based assay and was

developed originally using the rice genome (Jaccoud et ai, 2001). As identified by

Yang et al (2006) 'present technologies (RFLPs, RAPDs,AFLPs and SSRs) are

limited by one of, or a combination of, low throughput and high cost of development

and / or routine analysis. SNPs, even th0l:lgh they are highly abundant are costly in

discovery and development. They argue that the use of DArT can alleviate such

difficulties as it is low cost, high throughput and sequence independent. The

application of DArT technology to the barley genome (Wenzl et ai, 2004) means

that in the future low cost very high throughput genetic analysis of populations and

collections of barley could be feasible. To put the degree of throughput in context,

Yang et al (2006) utilised an array containing 700 markers for cultivated Pigeonpea

with an average successful call rate of 96% which was assayed in a single analysis.

2.4.7 Comparisons with National List data (5 SSRs)

Of the SSRs used in the analysis, 5 were analysed with both the National List data

described in Chapter 1 of this study and the bere barley. These SSRs were:

Bmag0009, Bmag0120, Bmag0211, HvM36 and HvM62. This number was limited

but was useful in comparing the degree of diversity over the 134 the commercial
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cultivars as compared to the one landrace. Over the 5 loci the National List cultivars

revealed 26 alleles and the bere barley 24 alleles. This demonstrated a similar level

of diversity in terms of alleleic richness. Further, 14 of the 26 alleles found in the

National List cultivars were also found at the 5 loci in the bere barley samples. This

suggests that these allele types have been conserved from the last common barley

ancestor of the bere barley and the germplasm used in the development of modem

cultivars. The micro satellite data also showed that those alleles that were found in

the bere barley and not in the National List cultivars tended to be at a much lower

frequency than those found in both data sets. Therefore, the most frequent alleles

found within the National List cultivars are also frequent alleles in the bere 'barley.

Therefore, over the 5 loci, the bere barley sampled and the National List cultivars

demonstrated a similar level of genetic diversity. This corresponds to findings

reviewed by Graner et at (2003) whom found that studies have shown that diversity

decreases from landraces to cultivars. This is explainable by the fact that landrace

varieties have not been exposed to the intense selection for uniformity and specific

traits, which is carried out in the breeding of commercial cultivars.

Patterns of microsatellite step-wise mutation can be observed in the data. For

example the locus Bmag0009 has the allele lengths 174bps and 176bps common in

both the National List cultivars and the bere barley. However, the National List

cultivars also had the allele lengths 178bps and 180bps whereas the bere barley had

an allele length of 172bps. This suggests dinucleotide microsatellite expansion in the

National List cultivars and a single repeat unit dinucleotide microsatellite deletion in

the bere barley. Further examples of allele mutations, which follow the step-wise

mutation model, can also be seen at the loci Bmag0120, Bmag0211, HvM36 and

HvM62. One allele that was detected in the National list data at locus HvM62 does

not follow this pattern, though. Sequencing the microsatellite loci would enable a

greater insight into the microsatellite mutations that cause the differences in allele

type at the loci.
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2.4.8 Morphological diversity

2.4.8.1 A morphological character profile of bere barley

Prior to the collection of bere barley obtained on the sampling trip, the heritage

collection kept at SASA contained only a few samples of bere. A bere barley

character profile had been developed from these samples obtained in the past. The

characters that were used to describe bere were compared with those found in this

study. Of the 41 characters found to be uniform in the bere grown in this study 14

characters were found to be identical to those of the historical accessions. The bere

collected in this study was from a diverse area and represents the bere that is

currently grown. It is possible that the bere that the historical profile is based on was

from an area where bere is not currently grown and so is not represented in the

collected samples, for example from mainland Scotland. Further, this finding may

represent the morphological plasticity of bere, which is revealed under different

growth conditions. However, it is difficult to see how a high number of characters,

all found to be uniform in the bere in this study are not so in the bere obtained within

the last century.

It is important to consider the limitations of growing seed in glasshouses, whereby

morphological characters may alter due to differences from the in situ environment,

cannot be identified. However, the aim of the work was to assess the existence of

morphological diversity within bere barley. Further work could assess in situ

morphology if the effect of the environment was needed to be investigated. In

addition, samples of seed could be grown on islands other than where it was

obtained to assess environmental adaptation.

As expected for a landrace, a higher level of variation in morphological traits was

observed than would be expected for a modern cuItivar bred for DUS testing. The

character traits observed in this study were chosen for their ability to distinguish

barley varieties and include both major and minor characters. Levels of

morphological diversity in bere are comparable with those previously recorded for a

Batini barley landrace (Jaradat et ai, 2004). Jaradat et al (2004) with an observed

diversity value of H' = 0.5 considered their result to be comparable to or higher than
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.the morphological diversity of barley landrace collections previously examined

(Brown and Munday, 1982; Jaradat et aI, 1987; Parizies et a12000a; Demissie and

Bjornstad, 1996). However, it is difficult to compare levels of diversity found within

a single landrace with those studies that examine severallandraces which inevitably

leads to limited sampling of each landrace.

If the number of observed phenotypes that were found for each character in the

study by Jaradat (2004) is compared to the results of those same characters analysed

in this study either a similar number of morphotypes or higher are observed with

bere barley. Further, certain characters that were found to be polymorphic in the

Batini barley landrace were found to be monomorphic in bere. For example, awn

pigmentation was absent in bere barley whereas within the Batini landrace 4

different morphotypes were found .

.The only previous morphological study ofbere barley was by Jarman (1996), which

is restricted to 5 grain characters of 10 bere samples obtained from historical, gene

bank accessions. Jarman (1996) reported that 8 of the 10 samples are uniform for the

5 characters with differences in one sample for 2 characters. The majority of the

samples had long haired rachillas, which corresponds, to the samples in this study

which were all uniform for this character. The second character which Jarman

(1996) found to differ was the degree of spiculation on the inner lateral lemma

nerves. The majority of Jarman's samples displayed strong spiculation with one

sample where spiculation was absent. The results from this study also showed that

this character was polymorphic, but that differences in this character were restricted

to the Western Isles, where the great majority displayed strong spiculation, with a

minority with no spiculation or medium-strong spiculation. Thus, the results of this

study support Jarman's speculation that bere is a mixture of these two morphotypes,

but refines this to the existence of two morphotypes that are geographically

restricted. It is interesting that the description of bere by Peachey (1951) describes

spiculation to be absent which in present day bere is rare. Further, the results agree

with Jarman (1996) in that bere differs from all modem 6-row barleys by not

possessing ventral furrow hairs.
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The other sample studied by Jarman was 'black bere', which differed due to the

presence of black pigmentation on the lemmas and paleas. None of the bere

collected in the sampling of this study showed black pigmentation which suggests

that this type of bere is no longer grown on the islands of Scotland. Jannan (1996)

also suggests that two samples which were shown to have electrophoretic and

morphological characters which were distinct from the other samples were not bere.

Only 3 of the samples used in Jarman's (1996) study have a place of origin, which is

in all cases Orkney, so it could be argued that these 2 samples are bere barley but

they just originated from different geographical areas. Therefore, the differences are

a reflection of the high diversity found within bere, which was revealed in this work,

rather than of differences that would dictate 'non-bere' samples. The study presented

here greatly extends the characterisations presented by Jarman (1996) hut

demonstrates that morphological characters have been lost which were present

within bere in the past. However, without further study using a wider morphological

analysis on plants grown from stored viable seed it is not possible to determine

whether such loss corresponds to an overall loss in diversity.

As discussed in Section 1.1.2 for a cultivar to pass certification it is tested for DUS.

Only those varieties that have demonstrated morphological uniformity for a set of

characters recommended by UPOV (1994) are allowed to pass certification and

hence National List testing. bere barley has never, been tested for DUS, but the

results of this study support Jarman's (1996) statement that the level of diversity

found within bere mean that it is not uniform to the degree required for certification.

Of the 25 characters found to be polymorphic in bere, 4 are used in tests of DUS

(Table 2.18), all of which demonstrate a degree of variability across the island

groups. One of the characters: length of the 1st rachis segment showed variability

within all island groups. Two of the characters: The 1si rachis segment curvature and

the ear density were variable characters within the Western Isles and Shetland but

were uniform in the Orkney samples. The fourth DUS character: the inner lateral

lemma nerves were variable within the Western Isles but uniform within Shetland

and Orkney.

A greater diversity within bere barley is indicated with morphological and SSR

analysis than when SSRs are used as the only diversity measure. This suggests that
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combinations of diversity measures are the most informative when accurate diversity

assessments are needed. However, the SSRs alone were sufficient to provide distinct

.clustering between the island groups but that the addition of morphology measures

gave a better indication of the similarity between populations. The results also

emphasised the wide diversity maintained within bere barley and supports the fact

that the diversity is not just held within non-coding regions of the genome but that

the diversity is represented morphologically and hence functionally. Again, this

highlights the need for effective conservation strategies if this diversity is to be

maintained.

2.4.8.2 Correlation of similarity based on SSRs and morphological

characters

The correlation of similarity found using SSRs and morphological characters was

found to be very low « 10% r = 0.30) which is contrary to the findings of Hamza et

al (2004). Harnza et al (2004) assessed the genetic diversity of 26 Tunisian winter

barley cultivars and accessions using 12 agro-morphological traits and 17 SSRs.

Their study assessed clustering of the cultivars using SSRs and morphological traits

separately but went on to compare the two measures by correlating the similarity

matrices produced by the two measures (genetic similarity [GS] and morphological

similarity [MS]). They found that the two matrices significantly correlated (p=0.006)

which meant that there was good correspondence between the two diversity

measures. Further, when the clustering from the separate measures was observed, 3

consistent groups were observed.

It would seem reasonable to suggest that such correlation would be affected by the

number and type of SSRs used and also the morphological characters. For example,

EST-SSRs would seem to more likely correlate as they are found within transcribed

regions. Also, a higher number of SSRs with a wide genomic spread would provide

the best representation of all the chromosomes and could be used in further study in

order to evaluate the correlation of the two diversity measures.
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These results seem to suggest that genetic diversity assessments using SSR markers

are not necessarily representative of the morphological variation present. Phenotypic

diversity can be a product of phenotypic plasticity, whereby exposure to different

environmental conditions can cause changes in morphology or it can be a

representation of genetic differences. Therefore, a bere barley plant of identical

genotype exposed to different environmental conditions may exhibit a different

phenotype. Hence, the difference in phenotype does not correlate with difference in

genotype. This provides a further explanation as to why the two measures don't

correlate.

Comparisons of the morphological and genetic data showed that there was no

significant correlation between the SSR loci and morphological characters as

discussed above. However, results as to the degree of diversity between the island

groups, as revealed by the number of alleles at SSR loci and the number of character

states, were comparable. In both the morphological and genetic analyses the Western

Isles was shown to be the most diverse having the highest number of allele types and

morphological states. The Western Isles also revealed the highest number of alleles

and character states that were unique to that island group. In addition, Orkney

demonstrated the least polymorphism of the bere barley obtained from the 3 island

groups. It is suggested that this is a result of the greater number of established

populations on the Western Isles that have been separated from one another for a

greater amount of time than the populations on the other islands. A further

contributing factor is the greater degree of environmental diversity within the

Western Isles group as compared to Shetland and Orkney as discussed previously.

2.4.8.3 Comparisons of SSR and morphological data

The number of SSR haplotypes found within populations was found to be high

(Table 2.17). In comparison the level of different morphological haplotypes was not

found to be so. However, it is possible that the use of sub-groups to analyse

morphology within populations may not be the optimum method for the analysis of

morphological characters. The method was time efficient given the number of plants

that required analysis but may have missed small differences in morphology which

would be important when examining intra-population differences.
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Rossi et al (2001) assessed diversity of barley landrace populations from Sardinia,

Italy using 13 RAPDs, 3 morpho-phenological traits, 2 isozyme loci and 22

quantative traits. It was found that the quantative traits showed an overall

significantly higher level of differentiation than the other markers. The comparison

of the mean number of alleles found at the SSR loci (5.7) and the number of

morphotypes found for each character (3.4) in this study suggests that morphological

characters do not reveal a higher level of differentiation, contrary to the results of

Rossi et al (2001). However, allele number is a crude measure of differentiation as

the frequency of the alleles / morpho types is critical. Further, the loci and characters

selected for observation will also affect the result.

2.4.9 Implications of the study for PGR

Understanding the distribution of genetic diversity among and within populations is

necessary for the efficient management of germplasm collections and breeding

programs. Ex situ collections of seed can exist to fulfil several roles, the nature of

which affects the amount of seed maintained. Firstly, there exists a role in holding a

true representation of all the available genetic germplasm within a species. In this

respect the results from this study provide data to create an efficient collection of

bere barley. From the results presented here, it is suggested that further collection of

bere would need to sample from each island group and that it is more important to

collect a large number of individuals from within the population than it is to sample

a large number of single individuals from different population sites. This strategy

would achieve the largest range of genetic diversity with the minimum amount of

collection and seed banking. This also supports the recommendations made by

Graner et al (2003) who discussed the ex situ storage of barley landraces. The

question falls, however, as to the minimum sample size required to effectively

source the maximum variation that exists within a population. Effective population'

size has been modelled in several studies. For example, Crossa and Vencovsky

(1999) recommended that for 5 to 100 loci and 2 to 20 alleles per locus, samples' of

between lOS and 335 individual plants per population would need to be collected in

order to keep all alleles that are present at a 5% or more frequency.
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The importance of in situ conservation of plant genetic resources has gained greater

recognition in the past 10 years (Hammer, 2003). This emphasis was initiated with

the 'Convention on Biological Diversity' (CBD), the treaty signed by 150

government leaders at the 1992 Rio Earth Summit (www.biodiv.org/convention) and

gained momentum with the Global Action Plan of the Food and Agriculture

Organisation of the United Nations (FAO) (Rome, 1996) which emphasised the

priority needed for in situ methods of diversity maintenance. To the type of material

which requires priority, Hammer et al (20.03) recognise that material which is under

utilised or is a neglected crop of today has had little attention with regards to

biodiversity and should thus be given precedence.

The need for effective in situ conservation of bere barley is highlighted by the

results of this study. Itwas shown that the Western Isles contained the largest degree

of diversity. It is likely that the smaller number of populations and the length of time

from the establishment of populations on Orkney and Shetland have created a

bottleneck in the diversity on these island groups. Therefore, only through the

efficient management of populations on the islands is the diversity of bere barley

likely to be kept. It is also suggested that the results of this study could be

generalised to all marginal landraces with populations geographically isolated, thus

emphasising the need for in situ conservation. The need for in situ conservation is

also supported by the findings of Parzies et al (2000) and Rossi et al (2001). It was

found by Parzies et al (2000) that there was a gradual decrease over time in average

genetic diversity and increase in genetic differentiation between barley landrace

samples kept ex situ. In contrast, with Sardinian barley landrace populations

sampled in 1990 and 2000 the level of structure of diversity did not alter over time.

Thus, indicating that the only way to maintain current levels of diversity is to put in

place efforts to conserve the material in situ.

The need for the maintenance of bere barley populations in situ leads to the second

use of ex situ collections. This is the management of seed collections which are

available for use for reintroduction of populations in the event of the loss of seed at a

site or within an island group. Such collection would require more careful

monitoring of the material in keeping it both viable and In large enough amounts to

facilitate reintroduction. In addition, the diversity of the seed within the seed bank
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would need to be monitored to limit the loss of diversity which can occur with

regeneration through genetic erosion (Hammer 2003).

As can be seen the evidence reported here supports a PGR policy. Not only in the

maintenance of collections but in the need for in situ conservation. This so as the

study clearly shows the extent of diversity that is contained within bere barley.

There is a prevailing threat to the in situ maintenance of bere barley which was

evident during the field trip. This threat is caused .by several environmental, cultural

and social factors which differ between island groups and include: an emphasis on

cash crops, destruction of seed by geese on the Western Isles and a decline in

traditional crofting methods. Such factors were also identified by Podyma et at
(1995) in relation to the traditional oat, Avena strigosa, which is also grown on the

Western Isles. The development of policy and strategy to support and drive this need

for in situ conservation is therefore recommended in light of this study.

2.4. to Origin of bere

bere barley is a unique link to the past and is therefore of high importance to the

agricultural heritage of Scotland. Previous speculation as to the origin ofbere barley

has focused on its introduction from the Viking invasion between 787 and 950CE

(Jarman, 1996). As indicated in the introduction, preliminary work has begun in

order to investigate this hypothesis. Ramsay et at (2004, unpublished data) observed

similarity between Scandinavian varieties and bere barley sourced from genebanks.

However, a limited number of bere samples were obtained and of these insufficient

data was available on the bere sample's place and date of origin. The extensive

collection of present day bere now available and the SSRs utilised in this study

present a useful resource for further research, which could establish the degree of

relatedness between bere and Scandinavian varieties.

The fact that archaeological remains of 6-row barley have been discovered at sites

which date back to Neolithic times (Jesson and Helbaeck, 1944; Hedges, 1984 and

Childe, 1945) may suggest that the bere of today has Scottish roots which pre-date

the Viking era. The use of SSRs to determine allelic variance in archaeological

material, along with present day bere and the Scandinavian material would provide
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valuable insight into the true origin ofbere bailey. Such use of ancient plant DNA to

gain insight into the evolutionary history of plant populations and species is

reviewed by Gugerli et at (2005). As identified in the introduction, one of the

objectives of this study was to identify a set of SSRs for bere barley that were

informative and may be of use in archaeological analysis. In principle this has been

achieved but further work is required to assess whether the microsatellite lengths

amplified at the loci in this study would be suitable for PCR analysis of degraded

DNA which may be obtained from archaeological samples.

2.4. t t Conclusions

The growth of landraces has declined in correspondence to the development of

modem farming techniques and the growth of modem cultivars. The low yields of

bere compared to modem cultivars treated with fertilisers, its susceptibility to

disease and the reduction in traditional crofting have all led to the decline in bere

growth. Yet, bere poses great potential for local sustainable fanning under low

input, organic conditions. It is likely that desirable barley traits for survival in the

harsh marginal lands of Scotland are found in high frequency within this landrace

and thus presents a crop with high potential for sustainability due to years of

adaptation to local environmental conditions. The adapted landraces form an

essential part of the sustainability of the local island agricultural system by:

1. Maintaining stock levels

2. Reducing reliance on winter fodder imports

3. Providing a unique marketing niche for local food products.

It is only through active measures in in situ and ex situ conservation will the

diversity, which allows for adaptation, be conserved..
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2.4.12 Summary

• The greatest proportion of bere barley genetic diversity is evident within

populations and it is suggested that this is a result of large founding populations

that have had a significant time to diverge.

• ' The high within population variance of bere barley (63%) as compared to

the between population variance (5%) is likely to be a result of gene flow

caused by movement of seed between growers.

• The significant population variance between bere barley (32%) between

the island groups indicates that the bere has been genetically isolated.

• The population structure of bere barley in Scotland consists of 3

significantly different and isolated sub-populations which are defined by island

group.

• The need for ex situ and in situ conservation is highlighted
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Appendix A
Bere barley phenotypic character descriptor (Cereals section, SASA)
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Juvenile GS20 habit semi prostrate Ist Rachis seg length medium to long
Sheath hairs absent width medium wide

pigment weak curvature straight to slightly curved
Leaf GS30 length medium profile upright

width medium wide basal constr absent
attitude semi erect margin hairs numerous
colour dark green Rachis seg profile hump absent

frequency recurved-plants mid 113rd alignment (6R) strong zig-zag
margin hairs numerous

Ear emergence length medium wide
Flag leaf GS 49 attitude @ EE recurved convex absent
auricle pigment strong face concave basal present
GSSO length long intcrglumal absent

width wide Grain lateral cfmed
Uppcrnode pigment shape elongated
Glaucosity car medium to strong length medium

flag sheath genn contour concave
Culm strong

Ear colour grey green Lemma basctype bevel
Ear attitude 21 afterEE recurved to pendulous Aleurone colour
Pigment GS60 lemma nerve Palea length long

awn medium apex square

Sterile spkt attitude Rachilla hair type long and straight

tip shape med. spkt length medium long
length abnormalities

length g1umc+awn Lemma awn type awned

hairiness roughness rough
pales cf lemma med. nerve spies lies Icm+

Med spkt glume awn length longx2 base Iat. spies homogeneous
(6R) g1ume length Lemma nerves median nerve absent
Ext. lemma hairs basal ventral inner lateral Btypc

basal dorsal outer lateral S-7I side
basal lateral ret. anthocyanin weak to medium
basal marginal Ventral furrow hairs, extent glabrum

spines on margins absent
Ear GS90 length width medium

pit absent
Awn length Internal lemma hair concave

awn spread wrinkling absent to coarse
awn retention roughness smooth
cfpioneer (w) overlap medium

Straw length cfproctor (s) adhesion medium
Neck length Kernel type hulled

flexuosity Lodicules type medium long collar
kink position clasping

Ear maturity attitude Ear type 6row
Collar type

density
Seasonal Type shape
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Appendix B

Photographs of the bere barley heads collected during the sampling trip.
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Appendix C

Frequency graphs to show the distribution of character types between the
three island groups. Numbers are used to indicate types for each character
and the description of each numerical value is shown in Table 2.18.
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