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3.1 Introduction.

The wealth of molecular markers available to systematists and ecological geneticists is

constantly deepening and broadening as more established techniques are continually being

refined and newer, more sophisticated, markers are being developed. Those ecologists just

entering this field are faced by a bewildering, almost off-putting, range of molecular

techniques. However, the selection of an appropriate molecular marker is perhaps the first,

and certainly the most important, technical decision to be made in any population genetics

study as the type of marker used has a major influence on the type of data collected and

ultimately on the answers obtained to the original question. The key to the successful use

of molecular markers in ecology is the marrying up of the most appropriate molecular

marker with tight, clearly defined and focused questions. In this section a range of

molecular markers are considered within the context of the aims of this study to enable

suitable markers to be selected.

There has been a tendency in molecular ecology to accord kudos to the use of the most novel

technique almost to the detriment of the questions being asked. Indeed molecular ecology

could be accused of being a “technology driven” field rather than an “ideas driven” field -

effectively putting the technologist before the scientist. Fortunately, this is now changing

as more attention is being paid to ecologically and systematically meaningful questions

rather than expositions of the latest molecular marker technique.

All molecular markers give estimates of genetic variability based on a stratified sample

from the genome. Particular molecular markers sample particular regions of the genome,

i.e. DNA fingerprinting provides a sample from those regions of the genome termed

‘minisatellites’ or VNTRs (variable number tandem repeats), whilst RFLP (restriction

fragment length polymorphism) analysis of mtDNA provides a sample of genetic variation

from the mitochondrial  genome. The many different regions of the genome evolve at widely

differing rates, some regions, for example, ribosomal genes, evolve very slowly with few

mutations and recombination events and can be described as conservative, whilst other

regions, for example, minisatellites, evolve extremely quickly and can been described as
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hypervariable. The rate of molecular evolution (certainly in selectively neutral regions>

controls the amount of genetic variability that can be expected to be sampled.

Molecular markers should be employed which sample the genetic variation at those regions

of the genome which are evolving at a rate commensurate with the time scale of the

systematic question being asked. For example, when investigating the evolutionary

relationship between congeners,  relatively conservative regions of the genome should be

sampled - perhaps using FULP analysis of mtDNA.  mtDNA evolves at such a rate that

detectable differences can be expected between closely related species without much within-

species variation which tends to obscure the useful among-species variation. When

investigating questions of individual identity a molecular marker technique sampling a

rapidly evolving region of the genome is required such as DNA fingerprinting. DNA

fingerprinting uncovers large amounts of genetic variability in minisatellites enabling

discrimination among even closely-related individuals.

In selecting the most appropriate molecular marker various other factors must also be

considered including: the ease of use, the cost in time and resources, the type of data

produced, the statistical tools available for analysis of the data, the ability to make valid

comparisons among existing studies and the existence of a suitable context in which the

results can be meaningfully interpreted. These are also discussed within the context of the

key questions of this study.

Avise  (1994) provides a thorough review of the most widely used molecular tools available

to investigators at the time of publication and outlines which molecular marker techniques

are appropriate for a range of questions (summarised in Table 3.1). His re-;iew will provide

a basis for this section, although it is now three or four years out-of-date and newer

techniques have been developed. Avise’s  review cannot, therefore, be considered exhaustive

and frequent reference is made to more recent publications.

The three key questions of this study can be summarised below:

1. What is the distribution of selectively neutral genetic variation within and among

aspen populations in Scotland?

2. How much genotypic variation is present in a large natural aspen-dominated woodland?

3. How many genotypes are present within the Orkney aspen population?
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Table 3.1 The appropriateness of various molecular marker techniques for investigating
questions at differing levels of divergence (Modified from Hillis and Moritz 1990 by Avise, 1994
and again by Easton this study)

RFLP Analysis of

Hierarchical Level Protein Isozyme DNA-DNA mtDNA scnDNA VNTR  loci DNA

I m m u n o l o g y  analysis hybridisation sequencing

Genetic identity / * * * ** *

non-identitv

Parentage

conspsci6c

* *- * * * * *

* * * * * * * *

Closely related

species

* * * * * * *

Intermediate

taxonomic  levels

** * * * - - * *

Deep separations * * - - * *

** - highly informative; * - marginally informative, but with some drawbacks i.e. cost
effectiveness;(-) - inappropriate method.

Question One requires molecular markers capable of uncovering a large amount of variation

at the con-specific population level. Question Two requires molecular markers that can

consistently and accurately discriminate between clones by producing individual-specific

genotypes. Question Three is effectively an auxiliary question to Question Two and

requires a similar type of molecular marker. The techniques appropriate to Question One

will be discussed first with reference to the use of these techniques in studies of P. tremula,

P. tremuloides and P. grandidenta. This will be followed by a discussion of techniques

appropriate to Questions Two and Three where the limited use of such techniques in

studies of the aspens will be reviewed. After considering the relative merits and demerits

of each technique the most appropriate molecular marker technique will be selected to

answer each question.
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3.2 Question One: Molecular markers appropriate for estimating
genetic variation within and among con-specific populations.

It can be seen from Table 3.1 that three main techniques are recommended by Avise (1994)

for the analysis of genetic variation within and among con-specific populations: isozyme

analysis, RFLP analysis of mtDNA and RFLP analysis of scnDNA (single copy nuclear

DNA). To this can be added RAPD analysis (random amplified polymorphic DNAs) which

has only recently been mooted as a suitable molecular marker technique for investigating

genetic variation at the conspecific population level (Lynch and Milligan, 1994; Chong, Yang

and Yeh, 1994; Liu and Fumier, 1993c)  and is omitted in Avise’s review.

3.2.1 RFLP analysis of mtDNA.

This technique has been widely used in analysis of population differentiation in animal

populations, hence its recommendation in Avise’s table (see Table 3.1 above). RFLP

analysis involves cutting up the mtDNA molecule into a number of fragments using a

variety of restriction enzymes, separating the resultant fragments by size using

electrophoresis, then visualising the banding profile of fragments using ethidium bromide.

In such a way a fragment profile for each mitochondrial genome is generated. The presence

or absence of bands can then be scored allowing the creation of a matrix from which genetic

distance calculations are easily made. The banding profile directly reflects the position and

frequency of restriction sites within the mtDNA molecule. The number and position of

restriction sites are determined both by mutation and by recombination events.

Animal mtDNA has a constant size and is composed of a closed circle, the sum of fragment

sizes is, therefore, always constant allowing comparisons between different studies and

different laboratories that is not always possible using other techniques. Plant mtDNA,

unfortunately, differs signScantly  from animal mtDNA (Bachmann, 1994). Plant mtDNA

is highly variable in size existing as a collection of different sized circles with extremely

complex recombination processes (Palmer et al. 1990). Whilst  animal mtDNA has a rate of

evolution commensurate with studies of conspecific populations, plant mtDNA evolves

much more slowly with respect to nucleotide substitution (perhaps loo-fold more slowly)

making this technique largely unsuitable for analysis of conspecific populations (Bachmann,
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1994; Avise,  1994). The reasons for the slow rate of nucleotide substitution are still

obscure but may include error-free DNA replication mechanisms and/or efficient DNA repair

systems (Palmer et al.1990). The complicated recombination of plant mtDNA, technical

difficulties and the unsuitable rate of evolution have limited the use of mtDNA in the

analysis of plant populations although there are some examples e.g. (Ennos, Sinclair and

Perks, 1997; Bachmann, 1994; Avise, 1994; Dong and Wagner, 1993; Strauss, Hong and

Hipkins, 1993)

Chloroplast DNA (cpDNA) has been used much more extensively than mtDNA in studies of

plants (see - Bachmann, 1994; Soltis, Soltis and Milligan, 1992). However cpDNA evolves

at a rate only three to four times faster than plant mtDNA rendering it similarly

unsuitable for analysis of conspecific plant populations and its use is generally restricted to

systematic studies at a higher taxonomic level than the population although there have

been a few exceptions, e.g. Helgasson (1995) and Ferris et al. (1995).

3.2.2 RFLP analysis of scnDNA.

This technique screens for restriction site polymorphisms amongst sequences that are only

represented once throughout the haploid nuclear genome. The data produced have

similarities with those produced by isozyme analysis as the RFLP ‘alleles’ are detected co-

dominantly, homozygotes and heterozygotes can therefore be identified for particular

restriction site/loci. Furthermore, Mendelian inheritance of particular polymorphisms can

be confirmed by breeding experiments or by comparison with Hardy-Weinberg expectations

in a similar way as with isozyme data. RFLP data can be analysed using standard

population genetic analysis techniques developed for isozyme data.

The main advantage of this technique is the almost unlimited number of potentially

polymorphic loci that can be screened. There exist many thousands of single copy regions

throughout the genome each of which can be screened with a range of restriction enzymes.

Suitable genetic variation for population studies can be found in almost any species making

this technique potentially very useful (Avise,  1994). However this technique is very

expensive in time and resources.
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RFLP analysis of scnDNA requires Southern blotting, construction of libraries and labelling

of probes - all processes that are as expensive as they are time consuming. Considerable

effort is entailed in library construction and screening clones for single copy sequences with

dot blots. Although PCR-based techniques are being developed thus speeding up the

process and eliminating the need for radioactive probes, considerable work generating

primers is still required. The technique remains expensive and has been infrequently used

as a consequence. To date there have been no studies published which use this technique

in either P. tremula or P. tremuloides.

3.2.3. hXPD analysis.

RAPD analysis has only recently been used in studies estimating the genetic variation

within and among populations (Bachmann, 1994; Lynch and Milligan, 1994; Chong, Yang

and Yeh, 1994). RAPD analysis is a PCR-based technique that uses short arbitrary

primers (usually decamers)  to generate short DNA fragments from whole genome DNA.

The technique relies on the statistical chance that complementary primer sites occur

elsewhere on the same strand of DNA as inverted repeats enclosing only a relatively short

sequence (up to a few thousand base-pairs). PCR amplifies the sequence enclosed between

the primer sites producing a range of fragments from similar sites throughout the genome.

Electrophoresis is used to separate fragments by size and the bands are visualised using

ethidium bromide. ‘The particular type of genetic variation sampled involves the number of

primer sites throughout the genome and the numbers of base-pairs between them. The

variation in the position and frequency of these primer sites is, like restriction sites,

generated by mutation and recombination events.

In common with other DNA-based techniques genetic variation can almost always be found

(Bachmann, 1994). As there are potentially thousands of primer combinations it may only

be a matter of persistence (and expense) to uncover potentially informative genetic

polymorphisms. RAPD analysis has uncovered genetic variation where other techniques,

such as isozyme analysis, have failed (Brauner,  Crawford and Stuessy, 1992; Crawford et

al. 1991). Because ethidium bromide staining is used to visualise the RAPD fragment

profiles the need for costly autoradiography is eliminated. Furthermore, as the primers

consist of random sequences it is reasonable to assume that the whole genome is sampled

more randomly than with other methods (Bachmann, 1994).
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There are, however, significant drawbacks with this technique that seriously limit its

applicability for investigating population structure. The most important disadvantage

concerns the dominant expression of RAPD alleles. As both scnDNA RFLPs and isozyme

loci are co-dominantly expressed so both homozygotes and heterozygotes can be easily

scored directly from the gel, however, RAPD alleles are dominantly expressed making the

estimation of allele frequency much less accurate especially when recessive alleles are at

low frequency.

Lynch and Milligan (1994) have endeavoured to produce a methodology that allows

estimation of allele frequency from RAPD loci. However, they concede that completely

unbiased estimates of allele frequency are not possible with this type of dominantly

expressed marker. For estimates of allele frequency in a population of an accuracy

comparable with estimates made with co-dominant markers, sample sizes must be

increased by between two and ten tunes depending on the frequency of rare alleles (Lynch

and Milligan, 1994). Furthermore, loci, at which there are very rare alleles, must be

excluded from analyses simply because allele frequency is too low to be accurately

estimated. Consequently, many more loci must be included in initial screenings to allow for

later disqualification.

Divergence between populations of P. tremuloides  has been successfully estimated using

RAPD analysis (Chong,  Yang and Yeh, 1994). However, in the analysis of their data set

Chonget al. had to rely on an existing data set derived from previous isozyme analysis to

provide an unbiased estimate of F, to compensate for the inherent biases in their RAPD

marker system. The advisability of screening populations first with isozymes then with

RAPDs  to achieve an accurate estimate of population divergence seems dubious.

A further shortcoming of RAPD analysis concerns the anonymity of RAPD bands

(Bachmann, 1994). There is no assurance of the homology of co-migrating bands. Bands

appearing at the same position on a gel may indeed represent the same fragment although

it could just as likely be a fragment of similar size from a different part of the genome.

Whilst it is possible to check the homology of bands by isolating bands, re-amplifying,

labelling, Southern blotting, and probing, such a procedure is extremely costly if it is to be

repeated for every allele to be scored. Earlier concerns about the lack of repeatability of
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RAPD analyses are perhaps of less importance as the technique is more widely used and

refined, however, RAPDs  still have the reputation of being unreliable and of allowing very

limited comparison between studies (Bachmann, 1994). At present the theoretical tools

available for population structure analysis using RAPDs are not sufficiently sophisticated

to provide acceptable estimates of the standard genetic parameters in widespread use.

The variability uncovered by BAPDs is such that the technique could be used much more

profitably in clonal identification.

3.2.4. Isozyme Adysis.

Isozyme analysis (or starch gel electrophoresis S.G.E.) is the oldest of the molecular marker

techniques still widely in use today having been developed some 30 years ago (Lewontin

and Hubby, 1966). Immediately after its development there was a fantastic explosion of

studies using isozyme analysis to investigate the genetic variation within and among

natural populations (Avise,  1994). The high level of variability within species uncovered by

isozyme analysis has had a major effect on evolutionary theory. Indeed, Kimura’s Neutral

Theory, which defines the context in which most molecular ecologists and systematists

work, was developed in the years immediately af%er Lewontin and Hubby’s initial paper on

isozyme analysis and is heavily based on the data produced from early isozyme analyses

(Kimura,  1983). However, as newer DNA based techniques are developed, at an almost

bewildering rate, isozyme analysis is increasingly being viewed by younger biologists as an

old-fashioned, out-moded,  almost arcane technique. This view is symptomatic of the field

of molecular ecology where novel technology holds a primacy over novel ideas and novel

questions.

Despite its increasing unfashionability isozyme analysis still remains the standard tool for

surveys of genetic variability within and among conspecific  populations as evidenced by the

large numbers of population structure surveys published regularly using just this technique

(Bacilieri,  Labbe and Kremer, 1994; Breitenbach-Dorfer et al. 1995; Hsiao and Rieseberg,

1994; Parker and Hamrick, 1992; McClintock and Waterway, 1993; Bousquet, Cheliak and

Lalonde, 1987; Bousquet, Cheliak and Lalonde, 1988) and the comprehensive periodic

reviews of plant population structure solely of studies employing isozyme analysis (Hamrick

and Godt,  1989; Hamrick  et al. 1991; Hamrick, Mitton and Linhart, 1981; Hamrick  and

Godt, 1996; Hamrick,  Godt and Sherman-Broyles, 1992; Hamrick,  Godt and Sherman-
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Broyles, 1995). In recent reviews of molecular markers in plant ecology isozyme analysis

has been acknowledged as the routine choice of technique for population surveys (Avise,

1994; Bachmann, 1994; Ellstrand and Boose,  1987; Widen, Cronberg and Widen, 1994).

Isozyme analysis is a molecular marker technique which works on gene products - enzymes
- rather than on nucleotide sequences as all DNA-based techniques do. The technique

samples variability within a class of structural genes manifested as differences in net

charge of the enzymes they code for. Such enzymes varying in charge but not function are

termed isozymes. The differences in charge between isozyme variants can be visualised

using the technique of starch gel electrophoresis; isozyme variants migrate at different

rates across a starch gel matrix when a potential difference is applied across it depending

on their net charge. Differences in net charge between isozyme variants are due to

differences  in their constituent amino acid sequences that are large enough to account for a

change in charge but not so large as to change the function of the enzyme. There are five

charged amino acids; lysine, arginine and hi&dine are positively charged, whilst aspartic

acid and histidine are negatively charged. Substitution of any of these charged amino acids

may result in a change in net charge of the isozyme. The amino acid sequence of any

protein is controlled by the nucleotide sequence of the coding regions of its allele.

Nucleotide substitution in these coding regions is thought to be the origin of isozyme

variation although evidence for this is rarely available (Avise,  1994).

Isozyme analysis begins with the extraction of water soluble proteins by homogenising

tissue in a suitable buffer, the homogenate is soaked onto paper wicks and transferred to

a starch gel. The gel is placed within a buffering system and a suitable potential difference

is placed across it (this process is termed electrophoresis). Electrophoresis is continued for

several hours to allow the isozymes to migrate across the gel before the gel is removed,

sliced into thin sheets, transferred to a buffer containing specific hi&chemical stains for

the isozyme of interest and incubated until bands appear. The histochemical stain

typically is composed of a suitable buffer, the substrate for the isozyme under scrutiny i.e.

ethanol for alcohol dehydrogenase, necessary co-factors and an oxidised salt such as

tetrazolium blue (NBTL At the point on the gel where the particular isozyme variant has

migrated the isozyme begins to catalyse a reaction turning the substrate into the product

and incidentally reducing the salt causing it to precipitate to a blue solid dye visible on the

gel as a blue band.

69



Chapter Three - The choice of appropriate molecular markers.

Individuals that are homozygous for the isozyme locus being investigated produce only a

single band whilst heterozygotes  possessing two alleles each coding for a different variant

of the enzyme will produce two or more bands depending on the structure of the isozyme

protein. For example, monomeric isozymes such as GOT are composed of a single

polypeptide unit that produces two bands whilst dimeric  isozymes such as PGI are

composed of two polypeptide units that interact with each other resulting in three bands

with the middle band of higher intensity.

Isozyme analysis has a great many advantages over other, more technologically

sophisticated, techniques when used in the elucidation of population structure. As

isozymes are co-dominantly expressed, both alleles can be visualised and allele and

genotype frequencies can be calculated directly from the gel. As has been argued above,

this presents a great advantage over RAPDs that are dominantly expressed and which

require far larger sample sizes to achieve estimates of genetic variability of comparable

amcy.

The long heritage of population genetics theory as developed by Wright, Fisher and

Haldane  amongst others (Wright, 1951; Fisher, 1930; Haldane,  1954) is based on allele

and genotype frequencies. The direct calculation of allele and genotype frequencies allows

the use of a great many analytical tools developed prior to isozyme analysis and advanced

greatly since. Ecological and evolutionary forces such as natural selection, genetic drift,

gene flow, mutation and recombination have all been subject to rigorous theoretical

analysis and are widely discussed using the language of classical population genetics

theory. Wright’s F-statistics (Wright, 1951; Weir, 1996),  for example. still form the

paradigm for understanding and discussing population structure. The F-statistics

approach was developed prior to isozyme analysis but has required little modification since

to enable isozyme data to be analysed. Such a method of analysis cannot be easily

amended to allow data derived from DNA analyses to be used, resulting in newer, less

rigorous, methods of analysis (see, for example, Chong, Yang and Yeh, 1994). Indeed for

all molecular markers, with the exception of isozyme analysis, data analysis techniques

have fallen far behind data acquisition techniques (Avise,  1994).
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Isozyme analysis is inexpensive relative to the expense of DNA-based techniques. Costly

apparatus such as PCR machines and expensive materials such as primers, taq

polymerase, and radioactive isotopes are not required. This is much more important in

population structure studies than other investigations as large sample sizes are required.

Isozyme analysis also requires much shorter development times to produce a suite of

suitable markers. The long history of its use across a wide range of taxa has left a legacy

of methodologies and recipes which should enable suitable markers to be found in almost

every species within a reasonable time scale. Moreover, isozyme analysis does not require

the same level of lab expertise as DNA-based techniques and is consequently much more

accessible to non-laboratory specialists such as field ecologists.

Most population genetic analysis tools require that the particular markers used are

inherited in a simple Mendelian fashion. Early isozyme studies involved classical breeding

experiments to confirm that segregation of isozyme alleles conformed to Mendel’s laws. As

more and more isozyme studies have been published the early findings have been

corroborated many times over and a large library of information on the inheritance of

isozyme loci has been established, thus effectively eliminating the necessity for further

breeding experiments. Confirmation of inheritance and correct scoring of zymograms is now

routinely done by comparing observed allele frequencies with Hardy-Weinberg expectations

in populations where random mating can be expected, and by comparing the banding

patterns with those expected t%om  the conformation of the isozyme being screened (Avise,

1994). Other DNA-based markers such as RAPDs  do not have such a library of

information on inheritance. Because of the anonymity of RAPD loci Mendelian inheritance

must be demonstrated in every study before allele frequencies can be estimated (Avise,

1994; Castiglione et al. 1993).

All molecular marker techniques, short of sequencing entire genomes, can only provide

relative estimates of genetic variability based on a restricted sample from the genome.

Since these estimates are not absolute they can only meaningfully be interpreted within a

comparative context provided by similar studies on similar populations or species using

similar markers (Avise,  1994). Thirty years of isozyme analysis has left a rich heritage of

studies across a large number of plant taxa  providing an unparalleled  context in which new

data can be meaningfully interpreted. The wealth of papers on plant population genetics

are comprehensively and frequently reviewed providing an overview of trends in genetic
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variation in species sharing similar ecological traits (Ellstrand  and Roose, 1987; Widen,

Cronberg and Widen, 1994; Hamrick  and Godt, 1989; Hamrick  et al. 199.2; Hamrick,

Mitton  and Linhart, 1981; Hamrick, Godt and Sherman-Broyles, 1992; Hamrick, Godt  and

Sherman-Broyles, 1995; Loveless and Hamrick,  1984; Hamrick, Linhart and Mitton,  1979;

Hamrick and Loveless, 1989; Brown, 1979). This body of literature is invaluable when

little or no previous studies have been completed in the species under study. Such a

comparative context is not available for studies employing DNA-markers and indeed it is

unlikely  to accrue as newer and newer marker techniques are consistently being employed

with little consolidation around a particular technique. The existence of a suitable

comparative context is perhaps the main advantage of using isozyme analysis over DNA-

based techniques to investigate population structure and genetic variability within and

among populations as there have been very few population genetics studies of P. tremula.

Excepting this present study there are no published data on the distribution of genetic

variation within and among populations of P. tremula estimated using isozyme analysis,

indeed there have been no studies of this type using any type of molecular markers in P.

tremula. Isozyme analysis has, however, been readily used to investigate the genetic

structure of North American populations of P. tremuloides  and four main studies have been

published to date. Cheliak and Dancik (1982) produced the initial paper investigating the

genetic variation in seven populations of Trembling aspen in Ontario. They screened 222

clones for 13 enzyme systems yielding 26 putative loci. Hyun et al. (1987b)  used a similar

approach to investigate the genetic variation within and among eight populations in

Ontario by using eight isozyme systems yielding 15 loci. Jelinski and Cheliak (1992)

surveyed six populations for 13 isozyme systems yielding 17 putative loci in Alberta whilst

Lund et al. (1992)  surveyed nine populations in Minnesota for seven isozymc systems

revealing 10 putative loci. The inheritance of isozyme loci and the scoring of banding

patterns was investigated relatively recently by Hyun et al. (1987a)  and by Gallo  and

Geburek (1991).

There are a number of problems with isozyme analysis which one should be aware of and

correctly should be presented in this discussion. All estimates of genetic variability are

based on a sample taken from the genome. This sample should be sufficiently large to

provide a reasonable estimate of genetic variability of comparable accuracy to other studies.

Typically between 15 and 50 genes are screened (Avise, 1994) although most studies tend
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towards the bottom of this range (see for example Hamrick  and Godt (1989) for an idea of

the range of loci typically employed in plant population studies). Often studies screen

rather fewer genes than is recommended and these studies tend to be of plants rather than

animals (Ellstrand and Roose,  1987). As the physiology and biochemistry of animals tends

to be rather standard, many isozyme systems can be easily screened across almost all

animal taxa.  Whereas the defence mechanism in animals is immunological, the defence

mechanisms of plants tend to include a wide range of biochemical defences. These

secondary metabolites have evolved to interfere with enzyme action though are normally

compartmentalised from routine metabolic processes. On homogenisation isozymes and

secondary metabolites mix resulting in a loss of isozyme activity preventing detection with

hi&chemical  stains. Even with buffers designed to precipitate secondary metabolites

many isozyme loci are often hard to resolve clearly thus constraining the numbers of

suitable systems that can be used. This requires that a wider range of extraction buffers,

gel and electrolyte buffers  and staining solutions are used in developing a suite of markers,

it also means that many more isozyme systems must be investigated before a suitable

suite of markers is developed. Although isozyme analysis maybe constrained by such

problems it is seldom precluded.

The theoretical context in which most analysis of population genetic data takes place was

set out by the patriarch’s of population genetics - Fisher, Haldane  and Wright - and is

based on their assertion that selection plays little part in determining allele frequencies in

natural populations (Avise, 1994). As a consequence, selection is rarely accounted for in

their work and the assumption of selective neutrality of alleles is a necessary condition of

using many of their analytical tools such as Wright’s F-statistics (1951). Isozyme markers

are routinely assumed to be neutral markers, indeed their method of detection -

histochemical stains - uses their function to assay for their presence thus introducing,

perhaps unconsciously, the assumption that variants share the same function and so are

selectively neutral. However, a number of studies have been published which suggest that

particular isozyme variants may confer a selective advantage to certain individuals within

some species (see Avise,  (1994) pp 27 & 230-231). This selective advantage mainly

originates from small differences in the kinetic properties of the isozyme. Such evolutionary

forces as gene flow, genetic drift and breeding structure should effect all loci equally,

however, selection can act on single loci and skew allele frequencies at these loci against

the trends of all other loci screened. Whilst the probability of selection being detected at
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any individual locus is low any loci at which selection is suspected should be excluded from

estimations of genetic variability and analyses such as F-statistics. The potential for

selection to intluence  estimates of genetic variability and population structuring based on a

single locus merely emphasises the need for multi-locus approaches employing sufficient

numbers of isozyme loci.

In populations with very low levels of genetic variability isozyme analysis may fail to detect

any genetic variation. For example, 22 isozyme loci were screened in 83 individuals of

Luctoris  fernundeziana  (Lactoridaceae)  without uncovering any genetic variation. Screening

of the same population with rDNA RFLPs and RAPDs uncovered substantial genetic

variation (Brauner,  Crawford and Stuessy, 1992; Crawford et al. 1991). DNA-based

markers sampling a more variable region of the genome than isozyme analysis may enable

small amounts of genetic variability to be uncovered. However there are cases where the

levels of genetic variability within a population are so low that no variation can be detected

with any of the present armoury of molecular marker techniques. In the highly self-fertile

Pinus resinosa in Newfoundland no genetic variation could be found when screened at 23

isozyme loci. Further analysis with RAPDs using 69 primers uncovered no genetic

variation either and it must be concluded that there is very little genetic variation within

this population (Mosseler,  Egger and Innes, 1993).

3.2.5 Question One - the choice of appropriate molecular marker
technique.

On considering the suitability of various molecular marker techniques for estimating genetic

variation within and among aspen populations in Scotland it is evident that isozyme

analysis is, by far, the most appropriate. Isozyme analysis is acknowledged as the

standard technique for such of surveys and has a number of clear advantages over DNA-

based techniques including co-dominant expression requiring smaller sample sizes and

smaller numbers loci to be screened, an array of suitable sophisticated statistical analysis

tools, low cost in time and money, a long heritage of isozyme use precluding the need to

confirm Mendelian inheritance, relative ease of operation and, most importantly, a large

literature providing a suitable context in which the data can be correctly interpreted. The

only real advantage DNA-based techniques have over isozyme analysis is their ability to
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sample regions of the genome that are more variable and should therefore be considered

only where limited isoxyme  variation is uncovered.

3.3 Questions Two and Three: appropriate molecular markers
for identifying clones and estimating genotypic diversity.

The estimation of genotypic diversity and the identification of clones - which are essentially

the same thing - requires molecular markers that are capable of uncovering a stratum of

genetic variation that is, at the very least, equivalent to, and preferably more variable

than, that sampled by those molecular markers used for con-specific population surveys.

Ideally the molecular marker technique should yield a unique genotype (or gel phenotype)

for every clone in the population and should be variable enough to discriminate between

groups of clones that may be very closely related, i.e. where genetic variation may

potentially be limited but genotypic variation is not. However, short of sequencing the

entire genome of every individual, there are no marker techniques that can provide an

absolute measure of genotypic diversity, though the more variable the region of the genome

sampled by the marker technique the more accurate the estimate of genotypic variation is.

Any estimate of genotypic diversity within a population is affected both by the underlying

genotypic variation and also by the discriminative power of the molecular markers used.

Valid comparison between studies requires that the particular type of molecular marker

used is standardised.

It can be seen that from Table 3.1 that Avise (1994) recommends only a single technique

for estimation of genotypic diversity - RFLP  analysis of VNTB loci (DNA fingerprinting).

However, both isozymes and FUPDs have been extensively used to estimate genotype

diversity and identify clones successfully in a number of plant species (Bachmann, 1994;

Avise, 1994; Liu and Fumier,  1993c; Ellstrand and Boose,  1987; Widen, Cronberg and

Widen, 1994; Castiglione et al. 1993; Hamrick  and Godt,  1989). BAPD fingerprinting is

perhaps omitted by Avise simply because it is a relatively new technique; isozyme analysis,

perversely, is perhaps neglected because it is a relatively old technique though it is,

nevertheless, a capable and appropriate molecular marker technique for use in estimating

genotypic variation and identifying clones.
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3.3.1. DNA Fingerprinting.

VNTR (variable number tandem repeat) regions or ‘minisatellites’ are regions of the genome

characterised by extensive duplication of short repetitive sequences. These regions have

very high mutation rates and consequently are hypervariable relative to the rest of the

genome rendering them extremely good individual-specific markers. Minisatellites were

first discovered in humans in 1985 (Jeffreys, Wilson and Thein,  198513)  and DNA

fingerprinting - the technique used to sample these hypervariable regions - has been

extensively used since in paternity tests and human identification (Jeffreys, Wilson and

Thein, 1985a). Similar minisatellite regions have been found in many plant species and

have been used as clonal markers since 1988 (Rogstad,  Patton and Schaal, 19881.

DNA fingerprinting is usually carried out using one of two methods: a multilocus approach,

and a single locus approach. The older multilocus  approach employs radioactive labelled

probes either of human minisatellite origin (so called Jeffrey’s probes), or derived fi-om Ml3

phage. Although short oligonucleotides such as (GATA), have recently been used to

successfully detect VNTRs (Bachmann, 1994; Nybom et aE.1992;  Piquot et aZ.1996).

Typically, whole genomic DNA is digested with one of a range of restriction enzymes and

electrophoresed very slowly across an agarose gel to separate the resultant digested

fragments by weight. Southern blotting transfers the DNA to a nylon membrane and this

is soaked in a solution containing the labelled probe. The probe hybridises to those DNA

fragments which are composed of VNTRs and these now-radioactive fragments are

visualised as bands on X-Ray film using standard autoradiographic techniques. A DNA

fingerprint characteristically consists of a ladder of bands of varying intensity and position,

between 20-50 bands are typically storable.  The single locus approach involves cloning

sequences from a sample of DNAs,  screening libraries for individual VNTR loci, sequencing

these and designing primers to amplify these unique sequences with PCR. PCR can then

be used to detect individual VNTR loci polymorphisms which are visualised on minigels

with ethidium bromide (Bachmann, 1994).

DNA fingerprinting is probably the molecular marker technique that uncovers the most

genetic variability. Indeed, there is an extremely high probability of uncovering all

genotypic diversity within a population using this technique. However, there are a number

of disadvantages that have accounted for its limited use in studies of clonal plants. The
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main disadvantage is expense in time and money. The requirement for radioactive labelled

probes and the need for large amounts of clean DNA incurs an often prohibitive cost -

generally DNA fingerprinting is considered more expensive than RAPD fingerprinting

(Weatherhead and Montgomerie, 1991). Moreover, bands visualised using the multilocus

approach are anonymous like those bands produced by RAPDs as co-migration and

hybridisation does not guarantee homology. Whilst the single locus approach circumvents

the problem of homology to an extent, it still requires a considerable time investment to

develop a suite of primers with which to screen a population. Furthermore, it is essential

that the mutation rate of the minisatellite loci sampled is much slower than the rate of

sexual reproduction. The origin of the hyper-variability in minisatellites stems from the

characteristically fast mutation rate in these regions. In very long lived clones, such as

aspen, minisatellite mutations may occur within the lifetime of a clone potentially skewing

estimates of genotypic diversity significantly (Brookfield, 1992).

Successful use of DNA fingerprinting has been demonstrated in a limited number of

studies of clonal plants (Schaal, O’Kane  and Rogstad, 1991). For instance Nybom and

Schaal(1996)  used multilocus DNA fingerprinting with the Ml3 probe to investigate the

genotypic diversity of Rubus  occidentalis  and R. pennsylvanicus in Missouri. The authors

showed that the more sexual species - R. occidentalis indeed had a greater genotypic

diversity than the apomictically inclined R. pennsyZvanicus. The same technique has also

been used successfully to investigate the clonal growth pattern and genotypic diversity in

Eucalyptus argutifolia  populations in Western Australia (Kennington, Waycott  and James,

19961, and Rogstad et al. (1991b)  successfully used DNA fingerprinting to identify

morphologically cryptic clones of P. tremuloides  in North America uncovering an

interdigitating clonal structure. The PCR-based single locus approach has had limited use

in studies of clonal plants although it has been used successfully to identify individuals of

Burr oak Quercus  macmcarpa  in Illinois (Dow and Ashley, 1996).

3.32. RAPD anulysis.

RAPD analysis has been shown to be a useful technique for the discrimination and

identification of valuable clones in commercial species such as tomato, cocoa and brassicas

since the early 1990’s (Wilde, Waugh and Powell, 1992; Klein-Lankhorst et aZ.1991;

Quiros et a1.1991). However, it is only relatively recently that RAPD analysis has been
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widely accepted in ecological studies of clonal plants and tree breeding (Castiglione et

a1.1993; Lin, Hubbes and Zsuffa, 1994; Smith, Bruhn and Anderson, 1992; Eriksson and

Bremer, 1993). In a study comparing the discriminative power of RAPDs, RFLPs and

isozymes, RAPDs were shown to uncover substantially more genetic variation than the

other two techniques (Liu and Fumier, 1993~).  Furthermore, it has been suggested that

fingerprinting with RAPDs is a much less expensive technique for identifying clones than

VNTR fingerprinting (Weatherhead and Montgomerie, 1991).

The two main drawbacks of RAPD analysis for population structure surveys - dominant

expression and anonymous bands - are much less critical when using the technique to

generate individual specific banding profiles. Loci and alleles need not be identified when

using banding profiles to identify clones as the gel phenotype can be scored in much the

same way as scoring a DNA fingerprint. Providing the bands are heritable, the Mendelian

inheritance need not be confirmed to allow the technique to be used to detect genotypes.

Moreover, the wealth of bands generated more than compensates for the inability to detect

rare recessive alleles and the potential lack of homology of co-migrating bands.

The drawbacks of RAPD fingerprinting amount to problems of consistency and a greater

cost in comparison to isozyme analysis. Whilst the lingering suspicions of a lack of

consistency are slowly dispersing with increased use, there still remains a residual lack of

confidence in the reliability of RAPD profiles (Liu and Fumier, 19934. It is known, for

instance, that variability in reagent concentrations, DNA quality and concentration, and

taq polymerase batches may result in a lack of uniformity in banding profiles of individuals

of identical origin stemming from the statistical nature of the RAPD technique (Bachmann,

1994). Such an inconsistency of banding profiles may lead to over-estimcrtcs  of genotypic

diversity rather than the more usual under-estimate. Furthermore, the development time

required to produce consistent serviceable clonal markers with R.APDs  is greater than with

isozyme analysis and more costly of resources. The technique also requires a more

specialised knowledge and a more specialised lab than isozyme analysis and is

considerably less accessible to field biologists as a consequence. Where isozyme analysis

has uncovered substantial genetic variation the advantages of RAPD analysis may be

outweighed by the effort in development and its material cost.
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To date only one study has been found in which BAPDs were used to identify aspen clones.

Castiglione et al. (1993) used four random primers generating up to 120 bands to identify

32 elite clones of various Popuhs  species including P. tremuh. The authors suggest that

this technique be developed to enable commercially valuable clones to be identified so

enabling tree breeders to assert their ownership of such clones. The F.C. have also recently

been experimenting with BAPD fingerprinting to identify poplar clones (Cottrell personal

communication) though have not, to date, extended their research to aspen.

However, the lack of consistency of BABD profiles produced in different labs could

potentially lead to conflict over clone identity and, as yet, is inappropriate for the

production of definitive genotypes. The technique has not been used, as yet, to study clonal

diversity in natural populations of Populus  spp.

3.3.3. Isozyme  Analysis.

Until the development of DNA-based techniques isozyme analysis provided the only source

of genetic markers for studies of clonal plant ecology (Bachmann, 1994; Avise,  1994;

Ellstrand and Boose, 1987; Widen, Cronberg and Widen, 1994). Other techniques had

been previously been used to study clonal plants including phenotypic markers such as

phenology (Barnes, 1969; Blake, 1963),  physical connections (Cook, 1988; Klimes, 1992)

and even incompatibility (Eriksson  and Bremer, 1993). However isoxyme analysis opened

up the field resulting in the accretion of a substantial literature on the subject that has

been subject to periodic review (Hamrick  and Godt, 1989; Hamrick,  Mitton and Linhart,

1981; Loveless and Hamrick,  1984; Hamrick,  Linhart and Mitton,  1979; Hamrick  et

uZ.1991; Ellstrand and Boose,  1987; Widen, Cronberg  and Widen, 1994).

Despite the proliferation of DNA-based techniques isozyme analysis is still the routine

choice for studies of clonal plant ecology (Bachmann, 19941,  indeed Widen et al. (1994)

state that:
“...even  if the importance of DNA markers increases we expect isozyme
electrophoresis  to be the standard method for genetic studies of clonal plants”.

There remain a number of advantages to using isozyme analysis over DNA-based

techniques including: its ease of use and accessibility to non-molecular biologists, the

substantial body of literature allowing meaningful comparisons with similar studies, and

the vast selection of recipes and techniques facilitating short development times to produce
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suitable suites of markers. Furthermore, statistical methods have been developed which

ahow the discriminative power of a suite of isoxyme markers to be evaluated allowing an

estimate of confidence to be attached to estimates of genotypic diversity (Aspinwall and

Christian, 1992; Parks and Werth, 1993). As the technique is widely used in the study of

population structure, estimates of genetic diversity obtained from clonal studies can be

articulated in the same notation as population structure studies thus allowing an

integrated approach to the study of genetic variation from the clone, to the stand, up to the

population and beyond using a common set of analysis tools and units.

The main limitation to the ongoing use of isoxymes as clonal markers is that they sample a

much less variable seam of genetic variation than RAPD or DNA fingerprinting and so

potentially have much less discriminative power. Indeed, comparisons of estimates of

genotypic diversity show that much less variability is uncovered *vith isoxymes than with

DNA fingerprinting or with RAPDs (Avise,  1994; Lin, Hubbes and Zsuffa,  1994; Liu and

Fumier, 1993c). For example, in a study of clonal diversity of the aquatic plant

Sparganium erectum DNA fingerprinting using oligonucleotide probes uncovered higher

levels of genotypic diversity than with isozymes (Piquot et al. 1996). However, estimates of

genotypic diversity from isozymes were shown to be highly correlated with estimates

genotypic diversity from DNA fingerprinting (Piquot et aZ.1996). Similar correlations

between estimates of genotypic diversity from DNA fingerprinting and isozyme analysis

have been found in Plantago spp. (Wolff, Rogstad and Schaal, 19941 and Hippwvpis

emerus  (Lonn,  Prentice and Tegelstrtim,  1995) suggesting that although isozyme analysis

perhaps underestimates genotypic diversity it does so consistently and so can still be

considered to be a useful clonal marker. Such findings highlight the need for comparisons of

genotypic diversity to be made only between studies using similar markers (Avise, 1994); a

parallel can be drawn with statistics where valid comparisons can only be made between

studies employing the same sampling intensities.

A major shortcoming of many studies using isozymes is the low numbers of loci screened

(Ellstrand and Roose,  1987; Widen, Cronberg  and Widen, 1994). Clearly any estimate of

genotypic diversity depends both on the numbers of clones present and the discriminant

power of the markers. The number of loci that should be screened to give acceptable

estimates of genotypic diversity depends on the variability detected at each locus but can

be evaluated using the method described by Aspinwall and Christian (1992). In some
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cases the variability at all isozyme loci may be so low as to prevent the use of isozymes as

clonal markers and other more variable markers will need to be used. It should, however,

always be borne in mind that low estimates of genotypic diversity may be due to low clonal

diversity rather than shortcomings of the technique.

Isozyme markers have had moderate use in identifying clones in P. tremula  and P.

tremuloides.  Mitton  and Grant (1986) investigated the clonal structure of a small stand of

phenotypically cryptic Trembling aspen clones in Colorado using three polymorphic isozyme

loci and uncovered some inter-digit&ion. Cheliak and Pitel (1984a) demonstrated the

discriminative power of a suite of isozymes consisting of 11 isozyme systems yielding 16 loci

and found genotypic variation amongst putative monoclonal  stands. Suites of isozyme

markers have also been used to identify commercial clones of P. tremulu;  Bergmann (1981;

1987) used five isozyme systems to characterise multiclonal cultivars of P. tremuZa

although gel phenotype was scored rather than identifying specific loci and alleles. In the

only study of clonal structure of natural populations of P. tremula Culot et al. (unpub.)

screened three contrasting areas of aspen using seven isozyme systems uncovering a range

of clonal strategies.

3.3.4 Questions Two and Three: the choice of most appropriate
marker technique.

The DNA-based techniques - DNA and RAPD fingerprinting - provide the most rigorous

methods for identifying clones and estimating genotypic diversity simply because they

sample much more variable regions of the genome than, for example, isozyme analysis.

However, here are two main drawbacks of DNA fingerprinting: the considerable cost in

development time and resources such as radioactive labelled probes, and the high mutation

rate of VNTR regions which may be detectable in long-lived clones, such as aspen, resulting

in over-estimates of genotypic diversity. These two drawbacks preclude its use in this

study.

Fingerprinting with RAPDs is the most appropriate of the two DNA-based techniques. It

is capable of detecting comparable amounts of genetic variation to DNA fingerprinting but

is considered much less expensive. There are, however, problems of consistency of banding

patterns: the absence or presence of a single band is suf&ient  to characterise a new clone.
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In screening large numbers of samples even a small inconsistency may result in an

overestimate of genotypic diversity. In large genotypically-depauperate  populations this

may introduce a significant error. Furthermore, fingerprinting with RAPDs is still a

relatively new technique which has, to date, been largely restricted to use in identifying

commercial clones in controlled situations and has been used only once in identifying

Populus  clones.

Isozyme  analysis is, by far, the most reliable technique and has long been the standard

method for investigations of the clonal biology of plants. A large comparative literature has

developed and there are a number of examples of its use in clonal identification and

estimating genotypic diversity in aspen. Whilst it undeniably samples a much less

variable portion of the genome there are techniques available to estimate the

discriminative power of a suite of isozymes enabling their suitability as accurate and

consistent clonal markers to be evaluated. As isozyme analysis is the chosen technique for

the estimation of genetic variation within and among populations, results from this initial

study will enable the discriminative power of the suite of isozymes to be evaluated thus

gauging their suitability for investigating genotypic diversity in a single large aspen stand

and in the Orkney aspen population. If the suite of isozymes used in the initial study

prove sufficiently variable then they should be considered the preferred method for

estimating genotypic diversity, if not then RAPD fu?ger-printing  should be considered the

next most suitable technique.

3.4 Summary.

On evaluating the available molecular marker techniques suitable for investigating the

genetic variability within and among populations of aspen in Scotland (Question One)

isozyme analysis has been selected as the most appropriate. This is despite its age and

its lack of favour amongst younger molecular ecologists. For estimating the genotypic

diversity within large aspen-dominated woodlands and within the Orkney aspen

population (Questions Two and Three) the most appropriate molecular marker technique

again seems to be isozyme analysis provided there is sufficient  genetic variation within the

populations. In both cases the appropriateness of isozyme analysis can only be confirmed

with use, if little isozyme variation is uncovered then perhaps other techniques such as

RAPDs should be used.
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Chapter Four - The Genetic Resources in Scottish Native Aspen
(Popzdus  tremuhz L.) Populations.

4.1 Introduction.

The current favourable climate within the forestry industry for native woodlands with the

attendant need to produce and deploy suitable planting stock has exposed large gaps in

our knowledge of our native species (Rodwell  and Patterson, 1996; Soutar and Spencer,

1991; Soutar, 1991; Worrell, 1992). For those of our native species used in commercial

forestry on the European mainland some general information is available, although more

detailed information on the ecology and conservation of our native species is generally

unavailable or specific only to a particular, and mainly inappropriate, foreign context.

Virtually no research has been carried out on the biology, ecology, conservation and

silviculture of many of our native species in Scotland despite the growing appreciation of,

interest in, and perceived value of our native woodlands and native tree species. Without a

basic knowledge of the ecology, history, genetics and silviculture the success~l  conservation

management and utilisation of our native species will, almost certainly, be limited. Efforts

to re-establish new authentic native woodlands, such as the Millennium Forest for

Scotland, may therefore be compromised over the mid to longer term. There is,

consequently, a clear and urgent need for research into the biology of our native species to

provide a sound knowledge base for successful future management both for conservation

and commercial forestry objectives.

Aspen Populus tremula L. is Scotland’s only native poplar species. The Scottish native

aspen resource (SNAR),  however, has received only scant attention from UK forest

scientists. Indeed, Worrell (1995a)  points out that only one paper has been published on

aspen’s ecology in Britain (MacGowan,  1992),  one on its silviculture (Powell, 19571, and

two on its propagation (Gray,  1949; Hollingsworth and Mason, 1991). Worrell(1995a)  goes

on to state that ” . . ..less is known about aspen in Britain than probably any other major

tree...“. However, aspen makes significant contributions to natural heritage at the local,

regional and national scales, both in terms of landscape value and biodiversity, and should

therefore be considered of high conservation value (See Chapter Two). It is surprising that

there has been little previous research into the ecology of this species.
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In Scandinavia, the Baltic states, Russia and in parts of Central Europe extensive natural

aspen stands are widespread and are commercially exploited (Worrell, 1995a).  However,

aspen occupies an extremely marginalised niche in Scotland’s woodland ecosystem in

comparison to boreal Europe. Although aspen is naturally distributed over most of

Scotland, including the Northern and Western Isles, it is usually found at very low density

and is locally rare in much of the country. Indeed a survey of aspen locations carried out

jointly by the F.A. and SNH collected only 550 aspen reports from throughout the entirety of

Scotland (Worrell, 1993). Aspen in Scotland mostly occurs in small groups  or as individuals

on roadsides, rocky ledges, screes,  carries,  riverbanks, field boundaries and only

occasionally in mixed native woodlands (See Chapter Two).  It is vulnerable to both human

and stochastic disturbance and most populations are, almost certainly, in decline.

Moreover, in common with many other native species, natural regeneration of existing

aspen clones is extremely limited (Peterken, 1996). Aspen is reputed to be the most

palatable of our native tree species to browsing animals such as sheep and deer (Biirset,

1970; Worrell, 199513; Powell, 1957),  indeed natural regeneration was judged to have been

prevented by browsing in almost all the stands observed in the course of this study (see

Chapter Two). The vulnerability of the present SNAR, its limited natural regeneration and

its considerable nature conservation and landscape value (Ma&wan,  1992; Worrell,

1995a; Chapter Two) makes aspen a strong candidate for positive nature conservation

management. Sound conservation management must be based on good quality basic

information thus requiring extensive research into the biology, and particularly the

population genetics, of this species (Worrell, 1995a).

As with many poplar species aspen has the ability to reproduce both sexually and

asexually. Aspen is a dioecious, outcrossing species producing very small wind-borne seeds.

However, in Scotland, aspen is reputed to flower only very rarely with pollination and

production of fertile seed thought to occur even more rarely (Worrell, Shearer, Boluski,

Brodie persorud  communication). Although no systematic research has been carried out, the

extent of sexual recruitment to the Scottish native aspen resource is thought to be

exceedingly low (see Chapter Two). Asexual reproduction from root suckers is the normal

mode of reproduction in present day Scottish populations (MacGowan,  1992; Worrell,

1995b; B&-set,  1970; Powell, 1957). Suckers are profusely sent up from the shallow,

though extensive, mot system, which eventually grow to become independent trees resulting
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in the typical small, even-aged, dense and ostensibly monoclonal  stands characteristic of

aspen in mixed woodland and in field margins.

As the production of mobile propagules is limited by the low incidence of sexual

reproduction then the capacity for aspen to colonise new areas and to re-colonise areas

where it existed prior to disturbance is extremely low. The ability of the present aspen

resource to expand is thus limited both by high browsing levels and also by its own

reproductive biology. Opportunities for natural regeneration and expansion of aspen

stands are limited to those areas around the edges of existing stands where browsing

pressure is lifted and root suckers can become established.

Beyond the immediate rescuing of species from extinction perhaps the main aim of

conservation biology is the preservation of the opportunity to evolve (Hamrick  and Godt,

1996). The ability to evolve is a necessity for the long term survival of any species as the

natural competitive environment is subject to constant change. Successful adaptation to

future challenges requires high levels of genetic variation. Any population which has

suffered a reduction in genetic variation through bottlenecking, inbreeding or genetic drift

may be at long term risk. Therefore, successful conservation management of any species

should be based, in part at least, on a knowledge of the genetic variation present within

and among populations and the processes which shape it (Avise,  1994). Without such

knowledge strategies cannot be put in place to optimise and extend genetic resources

within those populations (Ennos, Worrell and Malcolm, 1997).

The normal mechanisms for the creation and maintenance of genetic variation within and

among populations are driven by sexual reproduction; recombination reorders the existing

genes within the population into novel combinations, whilst gene flow introduces new genes

from surrounding populations (of course, the origin of all genetic variation - mutation - can

occur both in sexual and asexual populations although the mutation rate is so slow relative

to the length of the post-glacial period as to make this process irrelevant in this instance).

Without sexual reproduction the genetic variation within the Scottish aspen population is

limited to that which presently exists and it cannot increase without an increased incidence

of recombination or importation of foreign planting stock. The limited extent of the Scottish

aspen resource, the probable, though gradual, loss of individual clones, and the reputed

inability to reproduce sexually could predispose the Scottish aspen population to the loss of
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genetic variation. Without gene-flow and frequent recruitment genetic erosion cannot be

balanced potentially leaving the Scottish aspen resource genetically depauperate. Indeed,

in speaking to various foresters throughout the course of this study, it was often suggested

that very few clones are present in an area and that genetic and genotypic diversity are

probably very low in Scotland as a result (Chapter Two).

The genetic structure of the Scottish native aspen resource is of additional interest as any

indication of genetic differentiation of North-Western populations may be interpreted as

providing evidence for a multiple origin of the SNAIL Although the pollen record for poplar

species is incomplete (see Chapter Two) there is some evidence to suggest that the Scottish

aspen population had a disjunct distribution immediately after  the last glaciation. Such a

disjunct distribution raises parallels with the initial postglacial distribution of native Scats

pine populations. Although colonising the British Isles some 2,600 years later than aspen,

Scats pine also exhibited a disjunct distribution in its first appearance in the pollen record

(Huntley and Birks, 1983). The post-glacial distribution of Scats pine pollen has been

interpreted as evidence of an independent origin of the present native Scats pine population

of Wester Boss possibly from glacial refugia situated off the present West-er  Ross  coastline

(Kinloch, Westfall  and Forrest, 1986). In their influential study of the genetic

differentiation of Scottish native Scats  pine populations Kinloch  et al. (1986) present

compelling evidence to suggest that north-west populations, particularly Shieldaig, are

genetically distinct from other Scottish populations thus providing further evidence in

support of a multiple origin hypothesis. Recent work using mtDNA markers has provided

corroborating evidence to support this hypothesis (Ennos, Sinclair and Perks, 1997).

As aspen can be considered the most hardy of our native species it is perhaps no surprise

that it was amongst the first species to colonise the British Isles on the retreat of the

glaciers and would certainly be capable of inhabiting any conditions in glacial refugia that

Scats pine could survive. Studies of genetic differentiation in Scottish aspen populations,

essentially following Kinloch et al. (19861,  would provide further insight into the origins of

aspen in particular and native tree species in general (Worrell,  1995a; Soutar and Spencer,

1991).

A survey of selectively neutral genetic variation using molecular markers can provide

estimates of genetic variation within and among populations. As selectively neutral
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variation is, by definition, free from influence from selection this factor can be excluded

allowing the genetic diversity and structuring of variation to be interpreted in terms of non-

selective evolutionary forces such as genetic drift, gene flow, genetic erosion, mating system

and population history. For instance, loss of genetic variation through drift, erosion or,

more spectacularly, genetic bottlenecks can be detected by comparing the genetic variation

in the population of interest with other ‘healthier’ populations of greater size and density

where similar surveys have taken previouly taken place. The origins of present-day

populations can be investigated by looking for patterns of genetic differentiation which

match with palynological evidence (c.f. Kinloch et al. (1986),  extensive gene flow can be

detected through a lack of population structuring, and, the mating system can be

investigated by testing geneotype frequencies against Hardy-Weinberg expectations.

The choice of molecular marker to use in am-specific  population surveys has previously been

discussed (see Chapter Three). Isozyme analysis is the routine choice of marker for such

studies and has a number of clear advantages over other more-advanced DNA-based

techniques including: co-dominant expression, a large comparative literature, a wealth of

standard data analysis tools, and a lower cost relative to DNA-based techniques. Co-

dominant expression is important as it allows genotypes to be scored directly from the gel.

Furthermore, as rare recessive alleles are more easily detected so smaller sample sizes are

required to achieve estimates of allele frequency of comparable accuracy than, for instance,

RAPDs which are dominantly expressed. As all estimates of genetic variation are relative

rather than absolute so a suitable context is required in which to interpret the results.

Isozymes have been used in many plant species and reviews of these studies are regularly

published providing this context (see, for instance Brown, 1979; Hamrick  and Godt, 1989;

Ellstrand  and Roose, 1987; Hamrick  et aZ.1991; Hamrick,  Mitton and Linhart, 1981;

Loveless and Hamrick,  1984). A parallel literature has not yet accrued for studies

employing DNA-based markers. Moreover, a wide range of sophisticated data analysis

tools have been developed for use with isozyme derived data which allow the various

parameters of genetic variation to be summarised and expressed in standardised notation

further facilitating comparison among studies (Weir, 1996). The analytical tools available

to use with DNA markers are relatively unsophisticated and unwieldy compared to those

available for isozyme data.
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Previous use of isozyme analysis in studies of P. tremula has been limited to investigations

of inheritance of isozyme genes (Hamrick, Mitton and I&hart, 1981; Guzina, 1980; Cheliak

and Dancik, 1982) and for use as clonal markers in commercial cultivars (Bergmann, 1981,

1987) and in natural stands (Culot et aZ.unpub). The literature on isozyme analysis in P.

tremuhides is much richer. Initially, isozymes were used as clonal markers (Cheliak and

Dancik, 1982; Mitton and Grant, 1980) though Mendelian inheritance was confirmed in a

number of studies (Liu and Fumier, 1993a,  b; Cheliak and Dancik, 1982; Hyun, Rajora

and Zsuffa, 1987a; Hyun,  1984) allowing their use as genetic markers in studies of

variation within and amongst populations (Hyun,  Rajora and Zsuffa, 1987b; Cheliak and

Dancik, 1982; Jelinski and Cheliak, 1992; Lund, Fumier and Mohn, 1992). These studies

are used as models for the present study of population differentiation and the distribution

of genetic variation within and among populations of Scottish native aspen.

By estimating selectively neutral genetic variation within and among six aspen populations

in Scotland using isozyme markers, this study aims to provide information on the following

areas of aspen biology:

extent of genetic drift, genetic erosion and/or genetic bottlenecking in Scottish aspen

populations - comparison of the genetic variation within and among Scottish aspen

populations with larger populations at higher density would allow the genetic ‘health’ of

the Scottish aspen resource to be determined and the limiting effects of genetic drift,

inbreeding and erosion in each population to be evaluated;

origins of the Scottish aspen resource - significant genetic differentiation of North-

Western aspen populations would provide further evidence to support a multiple origin

hypothesis for the SNAR;

the mating system of Scottish aspen populations - comparison of observed genotypic

frequencies with Hardy-Weinberg expectations will inform whether aspen are mating

randomly or assortively and the role of inbreeding in shaping genetic variation in the

SNAIL

the extent of aspen clones - estimates of geneotypic diversity in each population would

inform on the size and extent of aspen clones and the suitablity of isozyme analysis for

clonal identification.

88



Chapter Four - The genetic resources in Scottish native aspen populations

4.2 Materials and Methods.

42.1 Data collection.

421.1 The scope of sampling within the Scottish native aspen resource.

In 1992 the Forestry Commission and Scottish Natural Heritage commissioned a report

from Worrell(1993)  on the distribution of aspen clones throughout Scotland. Aspen reports

were collected from local F.A. and F.E. staff, local SNH staff, naturalists and aspen

enthusiasts and from field surveys. This collection of aspen locations and the distribution

map subsequently produced (see Fig. 2.3) allowed the identification of areas of relatively

high density where aspen forms a significant feature of the natural heritage. Such areas

were chosen to form the core of this study and are as follows; Strathspey (Area #l),

Sutherland (Area # 2), Deeside (Area #3 1, Highland Perthshire (Area #4).  Two further

areas were chosen; We&r  Ross(Area #5), and a Southern area encompassing the Borders,,

Dumfries and Galloway (Area #6), . These areas, whilst of intermediate aspen density,

were chosen for the following reasons: the Southern area was chosen to complete coverage of

mainland Scotland from North to South and to provide a contrast to the otherwise all-

Highland areas; whilst Wester Ross was chosen as it has been suggested that this area

may contain native tree populations originating from glacial refugia which may be

genetically distinct from other Scottish populations.

The sampled areas are shown on Map 4.1. These areas are large to allow a reasonable

sized sample to be collected but are naturally delineated by geographic features. For the

purposes of this study those individuals contained within each of these areas will be

regarded as populations.

4.2.1.2 Sampling methodology.

The sampling methodology followed model studies of genetic variation in P. tremuloides in

North America (Cheliak and Pitel, 1984a; Hyun, Rajora and Z&Ta, 1987b; Lund, Fumier

and Mohn, 1992; Jelinski and Cheliak, 1992). The generally accepted sample size
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required to adequately characterise the genetic variation within a population is around fifty

(Avise,  1994). Between 45 and 60 samples were collected f?om each population with the

Fig. 4.1 The aspen  populations sampled in the course of this study.

0

exception of Southern Scotland where only 34 samples were collected due to the low density

of aspen in this area and the need to minimise storage time of collected samples. The

numbers of samples collected in each area is presented in Table 4.1. The locations of ail

aspen locations sampled in the course of this study are presented in Appendix Two.
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Fig 4.2 The locations of all aspen sampled in the course of this study.

&

As aspen can potentially form large widespread clones (Baker, 1925; Blake, 1963; Barnes,

1966; 1969; B&set,  1970; Kemperman and Barnes, 1976; Worrell, 1995a)  a minimum

distance of c. 5OOm was left between each sampled individual to avoid repeated sampling

of the same clone . This rule was relaxed where a physical feature such as a river or steep

ravine divided two nearby stands and it was obvious that the stands were of independent

origin, for example, two aspen clones on either sides of Corrieshalloch Gorge were judged to

be of independent origin even though they are only tens of metres apart. The location of all

aspen sampled in the course of this study is presented in Fig 4.2
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Dormant buds were collected following Bergmann  (1981, 1987) working on P. tremula;

Gal10 and Geburek (1982) on both P. tremuZa  and P. twmuloides; Jelinski and Cheliak

(1992) and Lund et al (1992) working on P.tremuZoides;  and Liu and Fumier (1993a,  b) on

P.tremuZoides  and P. grandidentata. Dormant buds contain large numbers of unexpanded

cells with high enzyme activity whilst containing low concentrations of the secondary

metabolites which can interfere with enzyme activity on homogenisation. They present the

optimal tissues for isozyme extraction in poplar. Other authors have used leaves (Guzina,

1978, 1980; Liu and Furnier, 1993a,  b) and also root tips (Hyun,  Rajora and Zsuffa,

1987a;b; Rajora, 1986; 1990),  however, there are difficulties in the storage of leaves

beyond a few days, whilst the use of root tips is only practicable when large numbers of

clones have been collected and raised from suckers in pots.

From each selected stand only one tree was sampled. From each tree approximately 5-8g

of buds were collected and stored in 30ml universal containers which were subsequently

transferred to an insulated container maintained at between 0 and 2 OC. Buds were

stored for no longer than 3 days in this container before being transferred to -2OOC  freezer

inEdinburgh.

Each population was sampled over three to four days. Isozyme analysis was carried out

immediately on return to the lab to minimise the storage time of samples in the freezer.

Previous experience suggests that aspen buds stored whole at -200C lose enzyme activity

within two to three weeks. Dates of collection for each area with the number of samples

collected are presented in Table 4.1.

Table 4.1 The locations, dates of sampling and the number of samples collected for each area.

Area sampled Dates of sampling Number of samples

Sutherland 501194  - 9/l l/94 56

Strathspey Euw94 - 12/12/94 57

Deeside 15/l/95  - 19/l/95 59

Southern Scotland 2m95 - WV95 34

Perthshire 2212195 - 2w2l95 53

Wester Ross 22/4/95  - 2w4l95 51
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4.2.1.3. Ekctrophoresis.

Starch gel isozyme analysis was carried out following the methods and protocols developed

by Cheliak and Pitel (1984b) who provide a comprehensive and reliable collection of recipes

that are useful over a wide range of forest species for a large number of isozyme systems.

Their methods are standardised for two pH regimes; a histidine-WC1 based system at pH 7
- system H, and a Tris-citric acid based system at pH 8.5 - system B. However, the B

system recommended by Cheliak and Pitel(1984b)  did not yield clear storable  bands with

aspen bud samples and was replaced by a system developed by John Morman (personal

communication) which had a greater salt concentration whilst maintaining the same pH.

Samples were loaded onto 11% starch gels and run for approximately five hours at 50 mA

or until the front had migrated 5 cm. Nl details of isozyme anb’;sis techniques including

gel, gel buffer,  bridge buffer  and stain recipes are given in Appendix One.

The following isozyme systems were investigated; Ace,  Adh, Est, Got, Gludh, GGpd,  Gdh,

Idh, Lap, Mdh, Me, Nadphdh, Nadhdh, Pgm, Pgi, 6-pgd, Shd, Sod (full names and codes

given in Appendix One). However, only the following systems were consistently and reliably

resolvable and therefore investigated more fully; Got, Gludh, Gdh, Mdh, Pgm, Pgi, 6-

pgd and Sdh. A number of systems were resolved, though not consistently, including; Ace,

Adh, Est, GGpd,  Idh, Lap and Sod. A further subset of isozymes did not resolve at all; Me,

Nadhdh and Nadphdh. Those isozyme systems listed in the latter two groups were

excluded from this study.

4.2.1.4 Scoringgels

The interpretation and scoring of banding patterns was based on scoring charts drawn

from existing studies ofP. tremuloides  (Bergmann, 1981; Cheliak and Pitel,  1984a; Hyun,

1984; Rajora, 1986; Liu and Furnier, 1993b; Huntley and Birks, 1983; Bergmann, 1987;

Rajora, 1990; Cheliak and Dancik, 1982; Liu and Furnier, 1993a; Liu and Fumier,

19938). The patterns observed in P. tremula  agree with those patterns found in P.

tremubides with some exceptions (Bergmann, 1981, 1987; Cheliak and Dancik, 1982) - a

full discussion of scoring and interpretation is presented in Appendix One. Isozyme loci

were scored  using the scoring chart also presented in Fig 3 in Appendix One. The genotype
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for each locus was designated by two digits for each of the alleles following standard

conventions. A multi-locus genotype was compiled for each sample consisting of a string of

four digits for each locus screened set out in a consistent order.

4.2.2. Data analysis.

4.2.2.1.  Data preparation.

Prior to full data analysis the extent of within-clone sampling was estimated in the

following manner: for each population the location of samples sharing an identical multi-

locus genotype were compared, those pairs of identical samples separated by less than

500m were deemed to belong to the same clone. and one of the samples was removed from

further analysis. However, only one pair of samples sharing both approximate location and

genotype were found, the duplicate sample from this pair was excluded from further

analyses.

Multi-locus genotypes were organised into a suitable form for input into GENEPOP

(Raymond and Rousset, 1995) using Microsoft Excel. GENEPOP is a flexible population

genetics analysis package which has an ‘ecumenical’ facility allowing the generation of

input files in a form suitable for a range of other genetic analysis programmes such as

BIOSYS (Swoford and Selander, 1981) and F-STAT (Goudet,  1997).

4.2.2.2 Analysis of genetic variability within the Scottish aspen resource.

Genetic variability within populations and within the Scottish aspen resource was

described following the conventions set out in Hamrick’s series of co-authored papers which

review the distribution of selectively neutral genetic variation within and among plant

populations (Hamrick, Mitton and Linhart, 1981; Loveless and Hamrick,  1984; Hamrick

and Godt, 1989; Hamrick et aZ.1991; Hamrick,  Godt and Sherman-Broyles, 1992). Four

parameters are estimated at the within-population level and are as follows:

l HeP - mean genetic diversity (or genie  diversity (Cheliak  and Dancik, 1982; Nei, 1973));

He is calculated for each locus using He = 1 - z pf where pi is the mean frequency  of

the ith allele, and an average is taken over all loci screened within each population to
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give Hep (equivalent to the mean expected heterozygosity under Hardy-Weinberg

conditions (Weir, 1996; Nei, 1973)).

l Pp - the percentage of all loci screened in each population which are polymorphic;

l Ap - the mean number of alleles per locus in each population;

l hp - the effective number of alleles - equivalent to A, = ( 1 _ ‘,
ep

>

The genetic variability within the Scottish aspen resource was described using a similar set

of four parameters though these were estimated for a pooled all-Scotland data set:
l Ha - genetic diversity was calculated for each locus using H = 1 - 2 pf where pi is the

mean frequency of the ith allele and averaged over all loci to give the mean genetic

diversity for the entire sampled Scottish aspen resource;

l P, - the proportion of polymorphic loci within the pooled Scottish aspen resource;

l Ap - the total number of alleles detected at all loci and in all populations divided by

the total number of loci screened;
1

l Ag - the effective number of alleles - equivalent to A, =
(I- H,)

Nei’s genetic diversity statistics (1973) were used to describe the genetic variation within

and among populations to allow comparisons with the literature. These statistics are

calculated only over polymorphic loci. Total genetic diversity within the resource (HT) is

equivalent to Ha though averaged only over polymorphic loci (HT= (H,*11)/6)  whilst the

mean genetic diversity within populations (Hs) is equivalent to the mean over the six

populations of Hep again calculated only over polymorphic loci. The proportion of genetic

diversity among populations (G& _ is equivalent to the proportional difference between

total genetic diversity (HT) and within population genetic diversity &Is) and calculated as

GsT =(H+Q$HT.  Please note @T is, in certain cases equivalent to FsT as described by

Wright (1951),  however, as will be discussed below, Wright’s F-statistics are not used in

this study to analyse population structure, instead Weir and Cockerham’s estimators of F-

statistics are used (1984). GgT is only calculated to allow comparison with Hamrick’s

reviews (Hamrick, Mitton and Linhart, 1981; Loveless and Hamrick,  1984; Hamrick  and

Godt, 1989; Hamrick et al. 1991; Hamrick,  Godt and Sherman-Broyles, 1992).
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4.2.2.3. Analysis of genetic structure within populationa,

The Exact&St  method, proposed by Haldane  (1954),  was used to test the fit of observed

genotypic frequencies to Hardy-Weinberg expectations using the algorithm of Louis and

Dempster (1987). The overall significance for each locus was estimated with Fisher’s

combined probability test. Tests were performed for each locus, globally over loci within

each population, globally over populations over populations, and globally over both loci and

populations using GENEPOP (Raymond and Rousset, 1995).

Linkage disequilibrium was tested using GENEPOP.  This creates contingency tables

corresponding to all possible pairs of loci in a population and analyses them using a

Markov chain method to estimate the unbiased P value. For each pair of loci a global

measure over populations was obtained by averaging across populations and a global test

was obtained through Fisher’s combined test (Raymond and Rousset, 1995).

4.2.2.4 Analysis of genetic variation and structure among populations.

The distribution and structuring of genetic variation within and among populations was

investigated using two methods, a contingency table approach and an F-statistics approach

The contingency table approach was used to test whether genetic variation was randomly

distributed amongst populations or whether it was organised into a structure. For each

locus a contingency table of genotypic frequencies for all six populations was generated

using GENEPOP (Raymond and Rousset, 1995). Fisher’s Exact Test was used to test the

null hypothesis that there is no difference  in genotypic frequency between populations (i.e.

that all genotypic frequencies are essentially samples from the same population). A global

test over all loci was obtained also using Fisher’s Exact Test. The Exact Test method

constitutes a more sophisticated approach than the conventional chi-squared method as it

is can be used when allele frequencies are small enough to preclude the use of &i-squared

tests (Weir, 1999).

The distribution of variation within and among populations was quantified with Weir and

Cockerham’s (1984) estimators of Wright’s F-statistics using the FSTAT computer package

(Goudet,  1997). Weir and Cockerham’s methods were selected in preference to more widely
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used methods (Wright, 1951; Nei, 1973; 1975; 1978b; 1977) for a number of practical and

theoretical reasons (Weir, 1996; Weir and Cockerham, 1984). Weir and Cockerham’s

approach provides standardised unbiased estimates of F-statistics whereas Nei’s method,

on which the more-widely used BIOSYS package is based (Swoford  and Selander, 19811, is

biased depending on the number of populations sampled, the number of individuals

sampled, the number of loci scored and the numbers of alleles observed. Therefore, any

comparison of F-statistic values obtained from a range of studies employing different

sampling methodologies will be confounded by the biases introduced by the variation in

sampling strategy. Weir and Cockerham’s method specifically controls for differences in

sampling methodology and consequently allows for more valid comparisons. This is

especially important since studies of genetic variation within and amongst populations are

often interpreted within a comparative context. Although Weir and Cockerham’s approach

is algebraically more demanding and intuitively less satisfying than Nei’s or Wright’s

methods, the difiiculties in calculation are circumvented with the availability of the custom

computer package FSTAT (Goudet, 1997).

Weir and Cockerham name their estimators of F-statistics differently from Wright (1951)

and Nei (1977). This, they state, is to avoid any confusion as to which method is used and

also to differentiate these values as estimators of F-statistics and not the parameters

themselves (see Weir and Cockerham (1984) for full discussion of this point). FIT as

denoted by Wright (1951) and Nei (1977) is r-e-termed F, FgT is re-termed 6, and FI8 is

i-e-termed  f.

Weir and Cockerham’s (1984) approach easily accommodates such statistical procedures as

jackknifing and bootstrapping thus enabling estimates of variance and the distribution of

estimates to be provided and, consequently, allowing the calculation of confidence intervals

and significance testing (Weir, 1996; Weir and Cockerham, 1984). Within FSTAT it is

possible to test the null hypothesis - Fxz is not greater than zero (where Fxx can be FST,

FIT or FIs).  This is done using a permutation process which permutes alleles within and

among samples depending on which F statistic is being tested. This process generates a

null distribution which can be compared with the observed distribution. A probability of

obtaining by chance a value as large as that observed is calculated. The distribution of the

null hypothesis (Ho):  f not > 0, is obtained by permuting alleles among samples. For the

Ho: 8 is not > 0 two methods are given depending on the outcome of the previous test: if f
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not significantly greater than zero (p>o.O5)  then it is assumed that alleles are independent

and so it is valid to permute alleles among samples to get the Ho distribution; if f is

significantly different (p< 0.05) then alleles within an individual cannot be considered

independent. In this case the multi-locus genotypes are permuted among samples to

generate the Ho distribution (Goudet,  1997).

This permutation method is preferred over the more widely used confidence interval

approach, i.e. Lund et al. (19921,  simply because it provides a more powerful test. Using

the permutation approach the null hypothesis must be: Fxx is not greater than zero and so

requires a one tailed test based on the a priori expectation that Fxx will be greater than

zero (the expectation that Fst > 0 is valid depends on the results of the genetic

differentiation contingency table exact tests whilst the validity of the expectation that Fis >

0 depends on the results of Hardy Weinberg tests). The use of confidence intervals as tests

requires them to be two-tailed i.e. the null hypothesis is: Fxx does not differ from zero. They

are consequently less powerful than the one-tailed approach.

4.2.2.5. The relationships amongst populations.

The similarities between populations were investigated using Nei’s unbiased genetic

identity (fi (Nei,  197813;  Weir, 1996). This statistic, and its complement Nei’s unbiased

genetic distance (D), are the most widely used methods of summarising the amount of

genetic variation shared between two populations (Weir, 1996; Hedrick,  1983). Genetic

identity is a multilocus ratio of the proportion of genes that are alike between and within a

pair of populations and varies within the range - zero to one; zero describing two

populations completely divergent and one describing two populations that are identical.

Nei’s genetic distance (0) is related to Nei’s genetic identity 8 such that D = - In (I).

A similarity matrix can be obtained by calculating I for each pair of populations. This

matrix can then be summarised and visualized by using a clustering algorithm, in this case

the widely used UPMGA method (Unweighted  pair-group method with arithmetic

averaging) (Swoford and Selander, 1981), to produce a dendrogram allowing the similarities

amongst populations to be visualised. BIOSYS was used to calculate Nei’s unbiased

genetic identity, perform UPMGA cluster analysis and to produce a dendrogram.
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4.2.2.6 Genotypic diversity.

Genotypic diversity (G/N)  (Parker, 1979; Ellstrand and Boose,  1987; Widen, Cronberg and

Widen, 1994) was calculated for each individual population by dividing the number of

distinct genotypes detected (G) by the population sample size (NJ. The multi-locus

genotype for each sample was entered into Microsoft Excel and sorted allowing the

detection of duplicate genotypes.

In contrast to all other analyses data from screening Mdh were used in the identification of

clones. Gel phenotype was scored (Bergmann, 1981,1987;  Cheliak and Pitel, 1984a)  using

the scoring key presented in Appendix One. This scoring key was developed by noting all

gel phenotypes as individuals were screened until consistent patterns emerged. The key

bears some close resemblance to the patterns noted by Cheliak and Pitel (1982)  in P.

tremuieides  and Bergmann  (1981,1987)  in P. tremula. Data from scoring MDH phenotype

were used in conjunction with genotypes from the six variable isozyme loci to produce a

combination multilocus genotype/phenotype for each sample.

4.3 Results

4.3.1 Genetic variability within populations.

Of the eighteen isozyme  systems which were originally investigated only eight systems were

consistently resolvable, seven could be interpreted genetically whilst the eighth - Mdh -

defied interpretation. Data from screening Mdh were therefore unsuitable for quantitative

analyses, however, they were used in constructing multi-locus genotypes for clonal

identification. The remaining seven systems yielded eleven putative loci listed as follows;

Got-A, Got-B, Pgm, 6-Pgd-A,  6-Pgd-B,  Pgi-A, Pgi-B,  Sdh-A, Sdh-B, Gludh, and Gdh of which

the following six were polymorphic Got-A, Got-B, Pgm, 6-Pgd-A,  6-Pgd-b and Pgi-B.

Estimates of the four parameters of within-population genetic variability:- Pp - the

percentage ofpolymorphic loci; Hep - mean genetic diversity; Ap - mean number of alleles

per locus; and hp - the effective number of alleles, and also the mean observed

heterozygosity (Hop) are presented in Table 4.2 for the six sampled populations. The

99



Chapter Four - The genetic resources in Scottish native aspen populations

estimates of genetic variability within the sampled Scottish aspen resource - Ps, HS, AS

and ks - are presented in Table 4.3.

Estimates of the four parameters of genetic variability are fairly similar over all six

populations - Pp is uniformly 54.5 as six loci were polymorphic out of the eleven screened in

all six populations; Hep varied between 0.156 and 0.185 (mean=0.172,  s.e.=0.004);  Ap

ranged from 1.6 to 1.8 (mean=1.67,  s.e.=0.033)  and Aep varied from 1.185 to 1.280

(mean=1.207,  s.e.=0.006).  The variation among populations was described using Nei’s

genetic diversity statistics and were calculated as follows: HT = 0.319, & = 0.314 and @T

= 0.016.

Table 4.2 Conventional parameters of genetic variability as estimated within six population
of P. tremula  in Scotland (Hamrick, Mitton and Linhart, 1981; Loveless and Hamrick,
1984; Hamrick and Godt,  1989; Hamrick et a1.1991; Hamrick, Godt and Sherman-Broybes,
1992).

Population

Sutherland

Strathspey

Deeside

S. Scotland

Perthshire
Wester

Ross

Sample
Size

40

52

58

28

50

47

Proportion of
polymorphic

loci. Pp

54.5

54.5

54.5

54.5

54.5

54.5

Measures of genetic variation

Genetic Observed Mean no of
diversity heterozygosity alleles per

Hep HOP locus. Ap

0.168 0.155 1.6

0.185 0.140 1.6

0.171 0.127 1.6

0.172 0.175 1.7

0.177 0.151 1.7

0.156 0.145 1.8

Effective
number of
alleles 4p

1.200

1.228

1.206

1.209

1.214

1.185

Table 4.3 Genetic variability described using the standard parameters of genetic variation
within the Scottish aspen resource (Hamrick, Mitton and Linhart, 1981; Loveless and
Hamrick,  1984; Hamrick  and Godt, 1989; Hamrick et a1.1991;  Hamrick,  Godt and
Sherman-Broyles, 1992).

Sample size Pp 1 Hes I HOS 4 AS3

275 54.5 0.174 0.146 2.00 0.121
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4.3.2 Genetic structure within pop&!&ions.

Observed genotype frequencies were found to significantly deviate from Hardy Weinberg

expectations in thirteen out of thirty six cases (p < 0.05) - see Table 4.4. Global tests over

loci indicated that genotype frequencies in four of the six populations - Sutherland,

Strathspey, Deeside and Perthshire - deviated significantly from Hardy-Weinberg

expectations. Global tests over populations showed that all loci, with the exception of

Pgm, deviated significantly from Hardy-Weinberg expectations. A significant deviation from

Hardy-Weinberg expectations was found with a global test over both loci and populations

suggesting that the aspen resource in Scotland is not in Hardy-Weinberg equilibrium.

Table 4.4 Deviations from Hardy Weinberg expectations: exact pr&abilities  produced using
Haldane’s  exact test method (Cheliak and Pitel, 1964b)  to test the Ho that observed genotype
frequencies do not deviate from those expected under the Hardy- Weinberg model. c&x&ted
using Raymond and Rousett’s GENEPOP  (Raymond and Rousset, 1995). Values
unaklined  indicate sta.tistically  significant deviations (PC 0.05).

Population

Sutherland

Strathspey

Deeside

S. Scotland

Perthshire

Nester Ross

4ll-Scotland

T Isozyme Loci

Got-A

0.0187

0.0098

0.0086

0.0119

0.3420

1.0000

0.0002

Got-B

0.1241

0.0029

0.0009

1.0000

0.0016

1.0000

0.0000

PgIll

0.6302

0.0363

0.1677

0.6939

0.7910

0.2868

0.2512

6-Pgd-A

0.1628

0.4794

0.7115

0.0321

0.1828

0.0506

0.0372

6-Pgd-B

0.3040

0.3337

0.1018

1.0000

0.0054

0.0084

0.0037

Pgi

1.0000

0.0097

0.0009

1.0000

0.1468

1.0000

0.0024

1
Overall

0.0395

0.0001

0.0000

0.1706

0.0009

0.1148

0.0000

On comparison of expected  heterozygosities with observed heterozygosities it is evident that

in twelve out of the thirteen cases (6 loci, 6 populations, 1 global test) significant deviation

from Hardy-Weinberg expectations was due to a deficit of heterozygotes and only one

significant case of heterozygote excess was found - 6-Pgd-A  in Southern Scotland. It can be

concluded that the Scottish aspen resource has, in general, a deficit of heterozygotes.
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,

Table 4.5 Linkage disequilibrium; those cases where significant (P-C 0.05) departure from
non-random association between loci was found using Fisher’s exact probability method..

Population Locus I Locus II Exact P-
Value

Strathspey Got-B

Deeside Got-A

Deeside BP

Wester Ross Got-B

6-Pgd-B 0.03642

P&P 0.00022

6-Pgd-B 0.00226

PgIIl 0.00868

Within each population all pairwise  combinations of loci were tested for linkage

disequilibrium using Fisher’s exact probability test. In total, ninety such tests were carried

out. Significant departure from non-random association (PcO.05)  was found in only four

cases. This is lower than the 5% significant deviations due to chance which could generally

be expected from such repeated sampling. Abbreviated results are presented in Table 4.5.

Global tests over all populations for each locus pair found no significant linkage

disequilibrium for 14 of the 15 loci combinations - see Table 4.6. A significant non-random

association was found between Got-A and Pgm. On closer examination of Got-A x Pgm

pair-wise exact tests for each population it was found that the highly significant global

result was solely attributable to a single population - Deeside - which skewed the global

probability estimate. On removing Pgm data from the Deeside population and re-running

the global linkage disequilibrium tests the significant result disappears. This shows that

such global tests can be skewed by a single highly significant  result and should be correctly

treated with some caution. Nevertheless in the Deeside population there is highly

significant non-random association between Pgm and Got-A Overall, however, it can be

concluded that there is little linkage disequilibrium within the Scottish aspen populations.

4.3.3 Genetic variation among populations and genetic structure.

The distribution of genetic variation within and among populations was investigated using

Weir and Cockerham’s estimators of Wright’s F-statistics calculated using FSTAT (Goudet,

1997).  Estimates of F-statistics for each locus and global estimates over loci are presented

in Table 4.7. The multilocus value of 6 (Fst) was estimated at 0.014 i.e. 1.4% of genetic

variation is partitioned amongst populations. Whilst f (Fit) was estimated at 0.153

indicating that there are 15.3% less heterozygotes than would be expected under Hardy
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Weinberg equilibrium. This agrees with the results of the Hardy-Weinberg tests where an

overall deficit of heterozygotes was detected.

Table 4.6 Linkage disequilibrium: global test-s over populations for linkage disequilibrium
using Fisher’s exact method. Significant departures from non-random association are
underlined (p -z 0.05).

Got-A

Got-A

Got-B

Got-A

Got-B

Pgm

Got-A

Got-B

P&P

6-Pgd-A

Got-A

Got-B

Pgm

6-Pgd-A

x

X

X

X

X

X

X

X

X

X

X

X

X

X

X

Locus I Locus II x2 D.F. P-value

Got-B 13.182 12 0.35598

P/P 24.297 12 0.01853

RP 14.704 12 0.25805

6-Pgd-A 11.664 12 0.47300

6-Pgd-A 16.756 12 0.15899

6-Pgd-A 11.294 12 0.50388

6-Pgd-B 5.909 12 0.92059

6-Pgd-B 14.022 12 0.29930

6-Pgd-B 20.708 12 0.05483

6-Pgd-B 8.448 12 0.74919

Pgi 7.266 12 0.83955

Pgi 0.000 12 1.00000

Pi+ 9.063 12 0.69758

Pgi 11.816 12 0.46058

Pgi 7.025 12 0.855961 6-Pgd-B

Note that there are two cases where single locus estimates of 6 are negative - Cot-B and 6-

Pgd-A. There are two possible reasons why this may occur: the first, and most unlikely, is

that genes are more correlated among populations rather than within populations,

however, there are only a few special cases where this could be expected to occur (Weir,

1996) and these can be dismissed; the second reason is by far the most plausible, Weir

and Cockerham’s estimates of F statistics are just that - estimates - when the real value

of Fst is close to zero it is possible for the estimate - 8 - to be just above or just below zero

hence the occasional negative estimates (Weir, 1996) In such cases Fst should be

considered very close to zero.
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Table 4.7 Results of the population structure analysis carried out using FSTAT (Goudet,
1997) based on Weir and Cockerham’s (1984) estimators of F-statistics.

Locus F (s.d.)

Got-A 0.290 (0.059)

Got-B 0.466 (0.115)

Pgm 0.136 (0.064)

6-Pgd-A -0.190 (0.040)

6-Pgd-B 0.278 (0.050)

Pgi 0.335 (0.199)

Overall 0.164 (0.098)

0 (s.d.)

0.011 (0.013)

-0.009 (0.004)

0.024 (0.015)

-0.004 (0.002)

0.030 (0.017)

0.009 (0.006)

0.014 (0.007)

f (s.d.)

0.282 (0.062)

0.470 (0.114)

0.114 (0.059)

-0.184 (0.041)

0.256 (0.059)

0.328 (0.201)

0.153 (0.097)

Permutation procedures were used to test whether F, f and 6 are significantly greater than

zero. The results of the permutation tests are presented in Table 4.8. The probability of

the null distribution - P - differing from the actual distribution due to chance is in all cases

< 0.001. It can therefore be concluded that 6, f and F are all significantly greater than zero

confirming that there is a slight but significant amount of population structuring and a

significant amount of inbreeding in Scottish native aspen populations.

Table 4.8 Results from the permutation procedure testing the Null Hypotheses: Fxx is not
greater than zero where Fxx can be 0, F or f in the notation of Weir and Cockerham (1984)
calculated wing FSTAT (Goudet, 1997). In all three cases Frx is significantly greater than

Probability that f (Fis) is not > 0 < o.001

Probability that 8 (Fst) is not > 0 < o.001

Probability that F (Fit) is not > 0 c o.001

(permuting alleles within samples)

(permuting genotypes within total)

(permuting alleles within total)

A contingency table approach was also used to complement the F-statistics analysis.

Contingency tables are generated from allele frequencies and take no account of genetic

processes. Fisher’s exact tests were performed on contingency tables generated by

GENEPOP to test for heterogeneity in allele frequencies amongst populations for each locus

and globally over all loci (Fisher’s method). Allele frequencies were found to be significantly

different (PcO.05)  amongst populations at three loci - Got-A, Pgm and 6-Pgd-B.  A global

test over loci indicated significant heterogeneity amongst populations in allele frequency
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(p<O.OOO)  - see Table 4.9. This confhms  the finding from the F-statistics analysis where a

small but statistically significant amount of population structuring was detected.

Table 4.9. Heterogeneity in allele frequencies between populations: results of Fisher’s exact
tests calculated using GENEPOP (Raymond and Rousset, 1995) to test the null hypothesis:
the allelic distribution is independent across populations. Underlining indicates statistically
sign+xm.ce  (p<O.Otil.

Locus

Got-A

Got-B

Pgm

6-Pgd-A

6-Pgd-B

Pgi

Globally over all loci

Unbiased estimate of the

exact probability P.

0.00778

0.47624

0.00205

0.63034

0.00148

0.05459

o.ooooo

Table 4.10 Nei’s Unbiased Genetic Identity (I) (1978a) calculated for each population pair
using BIOSYS (Raymond and Rousset, 1995).

Wester Ross

Sutherland

0.998

1.000

0.984

0.999

0.996

Strathspey

0.992

0.997

0.995

0.995

Deeside

1.000

1.000

0.993

S. Scotland

0.990

0.992

Perth&ire

1.000

4.3.4 Relationships betweenpopula-tions.

The limited population structuring found using both Weir and Cockerham’s estimators of F-

statistics and contingency table testing was further investigated using a combination of

Nei’s unbiased genetic identity I (Nei, 197813) and UPMGA cluster analysis (Swoford  and

Selander, 1981). Genetic identity I is a measure of the similarity between populations; it

can be seen from Table 4.10 that four of the six populations are, indeed, extremely similar:

the genetic identities calculated between Sutherland, Deeside, Wester Ross and Perthshire
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vary between 0.999 and 1.000. Strathspey and Southern Scotland were found to be

slightly less similar though it is interesting to note that the least similar population -

Southern Scotland - is also the most geographically distinct. A dendrogram was generated

using the UPMGA clustering algorithm by BIOSYS (Raymond and Rousset,  1995) allowing

the relationships among the populations to be visualised see Fig 4.3.

Fig 4.3 Dendrogram showing the similarities between populations calculated using Nei’s
unbiased genetic identity I. Dendrogram  produced using the UPMGA clustering algorithm in
BIOSYS (Raymond a& Rousset,  1595).  -

0.97 0.98 1.00 Population pairs joined
I I 3 I 1

: : I !

Sutherland

Perthshire
Sutherland-Perthshire

Deeside Deeside - Wester Ross

Wester Ross Sutherland - Deeside

Strathspey Sutherland - Strathspey

S. Scotland Sutherland - Borders

Nei’s unbiased genetic identity (I)

Clustering Level

1 .oooo

1 .oooo

0.9992

0.9949

0.9909

The relationship between populations was further investigated by plotting genetic distance

against geographic distance. A matrix of geographic distances between pairs of populations

was compiled by plotting all samples collected from all populations and estimating a

notional geographic centre of each population. Geographic distance was then plotted

against Nei’s unbiased genetic distance CD> which is the complement of Nei’s unbiased

genetic identity 0 - see Fig 4.3. (Nei’s unbiased genetic distance (D) is related Nei’s

unbiased genetic identity (I) such that D = - In (I)). Regression analysis was performed

using MINITAB and the results are presented in Table 4.11.
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Fig 4.4 Geographic distance between all pairs of populations estimated from  their notional
centre plotted against Nei S unbiased genetic distance CD).

0.02-

ii
l

.015-

B

.i
i+j O.Ol- l

2

B

l e
l

$05- l l

s
l

l
l

l
0 ,, ,, ,=, ,, ,, ,,(ly, ,,, ,, ,, ,, ,, ,, ,,, ,, ,, ,, ,, ��1

0 50 100 150 200 250 300 350 400 450
Geographic Distance (km)

Table 4.11 Analysis of variance table is presented from the regression analysis of genetic
distance CD) v. geographic distance as performed by MINITAB.

Source DF s s MS F P

Regression 1 0.00042910 0.0004910 32.67 0.000

Error 14 0.00018390 0.00001314

. Total 15 0.00061300

It can be seen there is a highly significant (p<O.OOl)  relationship between genetic distance

and geographic distance. If, however, this relationship is investigated further and the most

genetically distinct population - Southern Scotland - is removed from the regression analysis

then the relationship between genetic and geographic distance is no longer significant tp =

0.104) - see Table 4.12. This is obvious if all data are plotted except those from Southern

Scotland -see Fig. 4.4.
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Table 4.12 Analysis of variance table is presented from  the regression analysis of genetic
distance (D) geographic distance with the Southern Scotland population remwed.

Source DF s s MS F P

Regression 1 0.000031793 0.000031793 3.28 0.104

Error 9 0.000087207 0.000009690

Total 10 0.000119000

Fig. 4.5 The relationship between geographic and genetic distance between all pairs of
populations excepting Southern Scotland. It can be seen there is no longer a linear
relationship.
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4.3.5. Genotypic Diversity.

Genotypic diversity was found to be high for all populations ranging from 0.72 - 0.93 - see

Table 4.13. The highest genotypic diversity was estimated in Southern Scotland which

was, by far, the most disparate of the populations sampled. The population with the

lowest genotypic diversity is Wester Ross which was the most densely sampled population.

The other four populations have very similar values of G/N.
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Table 4.13 The genotypic diversity (GIN) within each population calculated as the number
of uniquegenotypes (G) divided by the number of trees sampled(N).

Population No of samples (N) No of genotypes (G) G/N

Sutherland 41 36 0.88

Strathspey 53 44 0.83

Deeside 58 48 0.83

Southern Scotland 28 26 0.93

Perthshire 50 45 0.90

L W e s t e r  R o s s 47 34 0.72

4.4 Discussion

4.4.1 Genetic variation within the Scottish aspen resource.

All studies using selectively neutral molecular markers to quantify genetic variation within

and among populations are essentially comparative. As molecular markers sample only

the genetic variation within a portion of the genome they can only provide a relative

estimate of genetic variation (Avise,  1994), it therefore follows that for such estimates of

genetic variation to be interpreted for ecologically and historically meaningful ends they

must be set within a suitable comparative context. The study of genetic variation within

and among Scottish aspen populations was, notwithstanding other reasons, undertaken to

inform whether the Scottish aspen resource is genetically depauperate or not. To enable

this question to be answered, the estimates of genetic variation thus derived would ideally

be compared with similarly derived estimates from healthy continental populations where

aspen are actively reproducing sexually and inhabit a more exalted niche in their ecosystem

than the presently marginalised  Scottish resource. However, studies of selectively neutral

genetic variation within and among continental populations of P. tremula are yet to be

undertaken in European mainland populations (although a large number of adaptive

studies have been carried out - see Chapter Two). Indeed, the present study is perhaps the

only investigation of the population genetics of P. tremula, which is surprising given the

ecological and commercial importance of aspen in Scandinavia, the Baltic states, Northern

Europe and Russia (Worrell, 1995a,  b).
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As a directly relevant context for the interpretation of genetic variation within the Scottish

aspen resource is unavailable, recourse must be made to other, perhaps less directly

pertinent, contexts in which to properly evaluate the genetic resources of Scottish aspen

populations. This is provided in two separate bodies of literature; a series of reviews of

isozyme variation within and among plant populations, and four studies of isozyme

variation within and among North American populations of the homologous species P.

tremuloides (Cheliak and Dancik, 1982; Hyun, Rajora  and Zsuffa, 1987b; Lund, Fumier

and Mohn, 1992; Jelinski and Cheliak, 1992). The estimates of genetic variation within

the Scottish aspen resource will be examined within each of these contexts in turn.

4.4.2 Comparison with mean values of genetic variation derived porn reviews of

genetic variation in plant species.

A series of articles have been published which review large numbers of studies of selectively

neutral genetic variation within and among plant populations carried out mainly by

Hamrick with a number of co-workers (Hamrick, Linhart and Mitton,  1979; Brown, 1979;

Hamrick,  Mitton and Linhart, 1981; Loveless and Hamrick,  1984; Hamrick  and Godt,

1989; Hamrick  et a1.1991; Hamrick,  Godt and Sherman-Broyles, 1992). These reviews

endeavour to draw out those ecological and taxonomic factors which may influence the

amount and distribution of genetic variation within and among populations by calculating

mean values of the four measures of genetic variability for groups of species sharing similar

ecological and taxonomic characteristics. For example, Hamrick  and Godt (1989) reviewed

653 studies of 449 species and recognised eight factors which they thought may influence

the genetic variability within and among populations; these are - life form, geographic

range, taxonomic status, breeding system, regional distribution, seed dispersal, mode of

reproduction and successional status. Within each of these factors all reviewed studies

were sorted into a series of categories containing only species sharing similar ecological and

taxonomic characteristics. For instance, breeding system’ was broken into five categories:

selfing, mixed-animal, mixed-wind, outcrossing animal, and outcrossing-wind. Each of the

449 species reviewed was assigned to one of these categories depending on its breeding

system. Within each category all genetic variability data were pooled and a mean value for

each of the four measures of genetic variability within-populations and within-species was

calculated. Mean values of Nei’s genetic diversity statistics were also calculated to account

for total genetic diversity @-IT)  and among-population diversity (C8q-j (Nei, 1973). Such an
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approach seeks to produce reliable estimates of the amount of genetic variation which could

be expected within and among populations of species sharing similar ecological and

taxonomic characteristics but which have not yet been investigated. By comparing the

estimates of genetic variation produced in this study with the appropriate mean estimates

culled from such reviews crude comparisons can be made thus providing an appropriate

context for the interpretation of data generated in this study.

The most appropriate paper with which to make these comparisons is also the most recent,

Hamrick et al (1992)  focus their latest in a series of reviews specifically around woody

plants including many more studies than previous reviews. Data from 332 woody taxa

were included in this review in contrast to the 127 taxa in their next most recent review

(Hamrickand Godt, 1989) and 20 taxa  in their review focusing specifically on forest trees

(Hamrick, Mitton and I.&hart,  1981). Mean values (and standard errors) of four measures

of genetic variation within-populations, within-species and among-populations are

presented in Tables 4.14, 4.15 and 4.16 for the categories most appropriate to the biology

of aspen in each of eight factors.

Table 4.14 Within-population mean genetic variation measures calculated over species
sharing similar characteristics to P. tremula over nine factors, taken porn Hamrick, Godt and
Sherman-Broyles (1992). Also included are mean within population values of the genetic
variation measure  from the Scottish aspen resoume.

Genetic variation measure Pp Ap HeD

AU plant species 34.6 (1.0)

Scottish aspen resource 54.5 (-)

Factor Category

Life Form
Long lived

w o o d y  ereti~ 49.3 (1.8)

T a x o n o m y  A n g i o s p e r m 45.1 (2.5)
Geographic
* W i d e s p r e a d 74.3 (7.7)

Regional Boreal-
d i s t r i b u t i o n  &-rate 68.4 (3.6)

B r e e d i n gs tern Outcrossing53.0( 2 . 2 2

Dispersal Wind 50.9 (2.6)
Mode of

reproduction Sexual/asexual 67.7 (8.0)
Successional

Status Mid 50.9 (3.0)

1.52 (0.02) 1.16 (0.01) 0.113 (0.004)

1.67 (0.03) 1.21 (0.01) 0.171 (0.004)

1.76 (0.04) 1.20 (0.01) 0.148 (0.006)

1.68 (0.05) 1.20 (0.02) 0.143 (0.910)

2.66 (0.31) 1.33 (0.04) 0.228 (0.026)

2.07 (0.08) 1.28 (0.28) 0.204 (0.015)

1.84 (0.05) 1.21 (0.01) 0.154 (0.008)

1.79 (0.05) 1.20 (0.01) 0.149 (0.008)

2.15 (0.21) 1.37 (0.07) 0.251 (0.037)

1.81 (0.06) 1.19 (0.02) 0.152 (0.010)
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Estimates of mean within-population measures of genetic variation (P,, Ap, bp and Hep)

from Scottish aspen populations compare favourably with mean values calculated over

species sharing similar characteristics to aspen. For all four measures genetic variation is

higher in Scottish aspen populations than mean values over populations of all species.

Compared to the mean values for long-lived woody perennials aspen populations have

greater genetic variation for three of the four measures with only the mean number of

alleles per locus (Ap) slightly lower in Scottish populations, indeed, for all categories Ap was

lower in aspen.

Scottish aspen populations have greater genetic variation in three of the four measures (P,,

kp and bp) for five of the eight comparative categories including: angiosperms,

outcrossing-wind, wind dispersal, mid successional status, and, of course, long-lived woody

perennials. Scottish aspen populations had lower mean levels for all measures of genetic

variation for widespread species, boreal-temperate distribution and sexual-asexual

breeding system. However, very few species were reviewed that inhabit the boreal-

temperate zone (N=30)  and these were mostly conifers which tend to be much more

genetically variable than angiosperms (Hamrick, Mitton and Linhart, 1981; Hamrick  and

Godt, 1989; Hamrick,  Godt and Sherman-Broyles, 1992). Moreover, mean population

estimates for widespread species and sexual-asexual species were also based on low

sample sizes of nine and seven studies respectively and may be less than representative

consequently.

It is clear from the above within-population comparisons that there is no evidence to

suggest that Scottish aspen populations are genetically depauperate or have suffered fi-om

genetic bottlenecking or serious genetic drift. Indeed the congruence of the four measures of

genetic variation amongst the six Scottish aspen populations suggests that the historical

and genetic factors acting on the six Scottish populations are very similar indeed.

Comparisons of the mean within-species estimates of genetic variation (Ps, &, 4s and &,)

for those categories appropriate to the ecology and taxonomy of aspen with the within-

species estimates from the Scottish aspen resource indicate that the Scottish aspen

resource has overall slightly lower levels of genetic variation. Whilst the Scottish aspen

resource has greater genetic variation in all four measures than the mean over all plants,

for long-lived woody species in almost every category and for almost  every measure there is
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lower genetic variation in the Scottish aspen resource than the mean within-species

estimates. For only three categories is Gs greater in the Scottish aspen resource than the

category means and these are: outcrossing-wind, wind dispersal and mid-successional

stage.

Table 4.15 Within-species mean genetic variation measures calculated over species sharing
similar characteristics to P. tremula over eight factors, taken fi-om Hamrick,  Godt and
Sherman-Broyles (1992). Also included are within-species values of the genetic variation
measures from the Scottish aspen resoume.

Genetic variation measure Ps As 4s Hes

Mean over all plant species 51.3 (1.1) 1.97 (0.04) 1.20 (0.01) 0.150 (0.004)

Scottish aspen resource 54.5 (-1 2.00 (0.33) 1.21 (0.062) 0.174 (0.062)

Factor Category
Long lived

Life Form woody perennial 65.0 (1.9) 2.22 (0.06) 1.24 (0.01) 0.177 (0.006)

T a x o n o m y Angiosperm 59.5 (2.6) 2.10 (0.07) 1.26 (0.02) 0.183 (0.011)
Geographic
uRan e 2.11 (0.18) 1.39 (0.08) 0.257 (0.039)

Regional Boreal-
distribution temperate 82.5 (3.2) 2.58 (0.14) 1.28 (0.03) 0.206 (0.014)

1Bre . 8 tern Outcrossin 6 9 . 1  ( 2 . 0 )1.23 (0.01) 0.173 (0.007

Dispersal Wind 66.2 (2.8) 2.24 (0.09) 1.21 (0.02) 0.160  (o.ot)g)
Mode of

reproduction Sexual/asexual 72.7 (7.2) 2.12 (0.19) 1.39 (0.07) 0.251 (0.036)
Successional

Status Mid 65.6 (4.0) 2.18 (0.09) 1.23 (0.03) 0.171 (0.014)

The comparatively lower genetic variation in Scottish aspen at the within-species level is,

almost certainly, due to the limited scope of the present study. Many of the studies

reviewed in Hamrick  et al. (1992) sample large numbers of populations over large

geographic ranges, moreover, the mean values of within-species variation are calculated

from many individual studies carried out in many different  locations. Estimates of mean

within-species genetic variation calculated from such studies can be considered to be

representative. The scope of this present study is small compared to many of the studies

reviewed in Hamrick  et al, (1992) and is extremely small compared to the world-wide

distribution of aspen - see Chapter Two. Estimates of within-species genetic variation

calculated from the data collected over the six Scottish aspen populations cannot be

considered representative of genetic variation within aspen world-wide. The comparison of
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within-population estimates of genetic variation is clearly inappropriate in this case. It is,

therefore, little surprise that there is overall less genetic variation at the within-species

level for all four measures.

Table 4.16 Among species mean genetic diversity measures calculated over species sharing
similar characteristics to P. tremula over eight factors taken from Hamrick,  Godt and
Sherman-Broyles  (1992). Also included are values ofNeib genetic diversity measures from the
Scottish aspen resource.

Genetic variation measure HT Hs GST

Mean over all plant species 0.302 (0.005) 0.224 (0.005) 0.228 (0.010)

Scottish aspen resource 0.319 0.314 0.016

Factor Category

Life Form
Long lived

woody perennial 0.283 (0.009) 0.253 (0.0081  0.084 (0.008)

2 A n g i o s p e r m  0 . 2 8 7  ( 0 . 0 1 6 )  0 . 2 4 9  ( 0 . 0 1 4 )  0 . 1 0 2  ( 0 . 0 1 2 )Taxonom
Geographic

Range Widespread 0.316 (O.OlSl  0.306 (0.015) 0.033 (0.009)

Regional Boreal-
distribution temperate 0.280 (0.015) 0.268 (0.014) 0.038 (0.006)

Breeding system Outcrossing 0.279 (0.009) 0.254 (0.009J  0.077 (o.oog)

Mode of
reproduction
Successional

Status

Sexual/asexual 0.376 (0.035) 0.356 (0.037) 0.051 (0.013)

Mid 0.237 (0.013) 0.221 (0.012) 0.095  (0.020)

However, closer examination of the four measures of within-species genetic variation

indicates that for every appropriate category of Hamrick  et al. (1992) the percentage of

polymorphic loci (Ps) is much lower in Scottish aspen than the category mean. As all other

measures of genetic variation are mean values calculated over all loci screened (regardless if

they are polymorphic or not) then it is inevitable that Hes, &, and f& will be

proportionately lower if P, is lower. Comparison of Nei’s genetic diversity statistics, which

are calculated only over polymorphic loci, shows that estimates of total genetic diversity

@-IT)  and total within-population genetic diversity (Hs) are higher in the Scottish aspen

resource than mean values in seven out of eight categories - see Table 4.16. Only sexual-

asexual species have, on average, greater levels of genetic diversity although, as has

already been argued above, these values are calculated over a very small sample size of

only ten studies. Within polymorphic loci the Scottish aspen resource is every bit as
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genetically variable at the within-species level as those species sharing similar ecological

and taxonomic characteristics. Sampling more widespread populations in, for example,

Scandinavia or the Baltic Republics may uncover other polymorphic loci.

Hamrick, Godt and Sherman-Broyles (1992) also present estimates of genetic diversity at

the within-population (He,)  and within-species level (l&,) and among-population genetic

variation (GT) for individual genera. 0x1 comparing eStimat.eS of these measures of genetic

variation derived only from studies of Populus with similar estimates derived from Scottish

aspen it is evident that Scottish aspen populations and the Scottish aspen resource as a

whole retains much more selectively neutral genetic variation than the average poplar

population or poplar species - see Table 4.17.

Table 4.17 Comparison of mean genetic diversity calculated over Populus spp .(Hamrick,
Godt and Sherman-Broyles, 1992) and Scottish aspen populations at the within-species,
within population and among-population levels.

Comparison &

Populus 0.161

Scottish Aspen 0.174

He p GST

0.154 0.041

0.171 0.016

From this series of comparisons it can be concluded that Scottish aspen populations retain

levels of genetic variation comparable to mean values from species sharing similar

ecological and taxonomic characteristics and, therefore, cannot be considered to have

suffered from the loss of genetic variation through drift, inbreeding, genetic bottlenecking or

genetic erosion from any other factors. Indeed the Scottish aspen resource has comparably

healthy levels of genetic variation at the within-population level and also for total genetic

diversity(&). Whilst genetic variation at the within-species level was lower than could

have been expected it was concluded that the limited scope of the sampling in this study

was not sufficient to provide appropriate estimates of genetic variation at the within-

species level commensurate with those values calculated by Hamrick, Godt and Sherman-

Broyles ( 1992).
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44.3 Comparisons with genetic variation estimated in studies ofNorth  Amerkan

P. tremuloides populations.

A second comparative context can be constructed from the small collection of papers on the

genetic variation within and among populations of the North American homologous species

P. tremuloides - see Chapter Two. To date only four studies have been published which use

isozyme analysis although RAPDs have recently been used with limited success - see

Chapter Three. These four studies cover a large number of populations over a wide

geographic range from Alberta (Cheliak and Dancik, 1982; Jelinski and Cheliak, 1992) to

Ontario (Hyun, Rajora and Z&Ta,  1987b) and Minnesota (Lund, Furnier and Mohn, 1992).

The results from these studies have been summarised in Table 4.18, also included are the

results from this study to enable comparison. Any comparison between P. tremula and P.

tremuloides must be prefaced with the simple caveat that they are different species;

although these species share the same common name and very similar biology they inhabit

different continents with different distributions and densities and different histories.

Table 4.18 Summarised results from studies in North America on genetic variation in P.
tremuloides contrasted with results from this study.

Authors

Cheliak and Dam& (1982)

Jelinski & Cheliak (1992)

Hyun, Rajora & ZsufTa

(1987b)

Lund, Fumier & Mohn

(1992)

Easton -this study

Location

Alberta

Alberta

Ontario

Minnesota

Scotland

No of loci

26

16

15

10

11

92.0

81.3

79.2

lsi Aep
2.3 1.724

2.4 1.40E

2.7 1.337

2.6 1.285

1.67

Hep
0.42

0.290

0.235

22 GST
n/a n/a

0.310 0.030

0.248 0.068

n/a 0.003

0.319 0.016

It can be seen from Table 4.18 that all studies of P. tremuloides in North America

uncovered higher levels of genetic diversity over Hamrick’s four measures than was found in

P. tremula in Scotland though the Scottish P. tremula resource maintains genetic variation

of roughly the same order. Excepting Cheliak and Da&k’s early study (1982) which finds

incredibly high levels of genetic variation in Albertan populations (not confirmed in later

studies (Jelinski and Cheliak, 1992)) all other North American studies are remarkably
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consistent in the amounts of genetic variability detected given the diversity of methods

used, isozymes screened, tissues used and populations sampled. The mean number of

alleles per locus Ap varies between 2.4 and 2.7 in P. tremuloides compared to 1.67 in

Scottish P. tremula; similarly the genetic diversity Hep varies between 0.220 and 0.290

compared to 0.171 in P. tremula. The percentage of polymorphic loci Pp varies between

79.2% and 91.0% compared with 54.5% in P. tremula.

Pp the percentage of polymorphic loci is the measure which shows the greatest disparity

between the North American P.tremu1oide-s  populations and the Scottish P. tremula

populations. Indeed this measure is perhaps the most important because, as has been

stated already, it underpins the other three - Ap, hp and Hep. These measures of genetic

variability are mean values calculated over all loci whether polymorphic or not, if Pp is

small then it is likely that all other measures of genetic variability will also be small. In P.

tremula Pp is indeed much smaller and consequently all other measures of genetic

variability are smaller too. Nei’s total  genetic diversity HT is calculated over polymorphic

loci only (Nei, 1973) and provides a means of comparing genetic variability without

confounding with Pp. Total Genetic diversity HT is calculated in only two of the four North

American P. tremuloides papers (Hyun,  Rajora  and Zsuffa,  1987b; Jelinski and Cheliak,

1992). However, it can be seen from Table 4.18 that total genetic diversity HT in P.

tremula  is indeed greater than in P. tremuloidea. For those loci which are polymorphic

Scottish populations of P. tremula maintain higher levels of genetic diversity than North

American population of P. tremuloides in Alberta and Ontario.

Such a finding necessarily raises the question of the reason for the relatively reduced

percentage of polymorphic loci in the Scottish aspen population. Certainly it has been

found there is generally a relatively weak correlation between Hep and HT (calculated over

all loci and only polymorphic loci respectively) suggesting that among-species differences in

plants are due, fix the most part, to the percentage of polymorphic loci rather than the

number and frequency of alleles at polymorphic loci (Hamrick, Godt and Sherman-Broyles,

1992). However, the Scottish aspen resource has a considerably lower percentage of

polymorphic loci than the North American populations. The percentage of polymorphic loci

is a self-explanatory parameter simply describing those isozyme loci which are variable and

is the most basic estimator of genetic variability. It may be that there is simply less

polymorphic loci in the Scottish aspen resource than in North American populations of P.
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tremuloides  indicative of reduced genetic variation. However, the percentage of polymorphic

loci is also the estimator of genetic variability most prone to experimental bias either

consciously or not.

Sampling any population for any parameter usually requires that a random representative

sample is selected which can be meaningfully compared with a similar random

representative sample. Isozyme analysis should be no different in this respect, the

particular isozyme loci selected for screening should be chosen without bias and a large

number of loci screened for the sample to be representative of the genome. However, this is

seldom the case in modern isozyme analysis. Those loci chosen for screening are usually

selected because they are well known as polymorphic loci from previous studies in the

species under investigation, or because the isozyme systems are known to consistently yield

polymorphic loci across many species. This may be because population geneticists are

generally looking for variation as it is much more interesting than uniformity. Loci which

have a tendency to be monomorphic are almost never screened as they are considered

boring and there is an inherent bias within scientists against running gel after gel of

monomorphic ‘uninformative’ loci resulting in a tendency to under-represent monomorphic

loci in any study. The usefulness of P as a meaningful estimator of genetic variability is

therefore limited because of this bias except where the particular loci screened are

standardised across populations and species.

Unlike the three later P. tremuloides  papers (Lund, Furnier and Mohn, 1992; Jelinski and

Cheliak, 1992; Hyun, Rajora and Zstia, 198713)  no precedent exists for isozyme analysis in

P. tremula on which to base a choice of suitable isozyme systems to use in this study. All

isozyme loci that could be resolved and interpreted were simply used in the screening. A

total of 18 systems were investigated, however, only seven systems yielded eleven storable

and genetically interpretable isozyme loci. As so many systems were investigated it is

unlikely there was any conscious bias in the choice of systems used - simply those systems

that were resolvable were used. However, five of these 11 loci proved to be monomorphic,

had they previously been known to be monomorphic then there may have been a bias

against screening them. If only two of these loci not been screened, if SDH had not been

screened at all, for example, then Pp would have been estimated at 67% and Hep would

have been estimated at 0.212. This is clearly much closer to the North American estimates

of genetic variation and comparable to the results of Lund et al (1992)  for P. tremuloides in
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Minnesota. Incidentally HT - the total genetic diversity - would have been unaffected. It is

obvious from this discussion that the choice of isoxymes  which are screened in any study is

very important especially for future comparative purposes. It may be much more

statistically rigorous, certainly removing the bias against well-known monomorphic loci, to

only compare a standard suite of isozymes across all plant species though it is unlikely

that this will ever be adopted as newer sophisticated genetic markers are increasingly

employed.

In examining the genetic variation in the Scottish aspen resource within the comparative

context of the North American P. tremuloides  literature it is evident that the Scottish aspen

resource maintains comparable though slightly lower levels of genetic variation. This is

most obviously manifested in a much lower percentage of polymorphic loci Pp. However, on

considering only polymorphic loci it is clearly the case that the Scottish aspen population

maintains higher total genetic diversity (HT) than the two North American studies for

which this parameter was calculated. Scottish P. tremula populations exhibit a wide

dispersion of common alleles amongst many loci. As the P. tremuloides populations

sampled in Ontario, Alberta, and Minnesota are all large widespread populations at

relatively high density forming a significant component of the forest cover of the areas

sampled with no suggestion they have suffered genetic bottlenecking in the past (Cheliak

and Dancik, 1982; Hyun, Rajora  and Zsuffa,  1987b; Lund, Fumier  and Mohn, 1992) they

can be considered to represent large ‘genetically healthy’ natural populations. It can

therefore be safely concluded from comparisons with such populations that the Scottish

aspen populations have also avoided detectable genetic erosion arising from such processes

as drift, inbreeding and bottlenecking and can also be considered as similarly ‘genetically

healthy’ populations.

4.4.4 Maintenance ofgenetic variation in Scottish Aspen populationx

It has often been suggested that the genetic diversity in an asexual population should

eventually ebb away as the inevitable ecological and stochastic processes gradually erode

local genotypic diversity, moreover, the restricted recruitment and immigration expected in

an asexual species would do little to counter this genetic erosion (Ellstrand  and Roose,

1987; Widen, Cronberg and Widen, 1994). However, in general, this is not the case as

asexual populations often maintain comparable levels of genetic variation as similar sexual
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species (Loveless and Hamrick, 1984; Hamrick  and Codt, 1989), or indeed greater genetic

variation (Hamrick, Godt and Sherman-Broyles, 1992). Possible mechanisms for the

maintenance of genetic variation in clonal species in general have been discussed

elsewhere at length (Ellstrand and Roose,  1987; Widen, Cronberg  and Widen, 1994; Cook,

1985; Culot et aZ.unpub;  Cook, 1983; Eriksson, 1993a; Hamrick  and Godt, 1989). Since

this is the first study of the population genetics of P. tremula it is unsurprising that the

maintenance of genetic variation in this species has hitherto received scant attention. Even

in P. trernuloi&,  despite being the subject of a number of studies, only one pair of authors

have discussed the possible mechanisms accounting for the maintenance of genetic

variation albeit only in Albertan populations (Jelinski and Cheliak, 1992). As has been

stated previously, there are many similarities between the ecology and history of P.

tremuZo&s  and P. tremula, for instance, the Albertan populations of Trembling aspen are

reputed to have largely ceased sexual recruitment perhaps a result of climatic changes, it is

also dioecious, outcrossing, wind-pollinated and wind dispersed.

P. tremuloides colonised North America early after the last glaciation with a period of

extensive seedling recruitment and early populations are thought to have been highly

genetically variable as would be expected in such a species (Soutar  and Spencer, 1991;

Loveless and Hamrick,  1984; Hamrick  and Godt, 1989; Hamrick,  Godt and Sherman-

Broyles, 1992). Jelinski and Cheliak (1992) hypothesise that seedling recruitment largely

ceased due to climate change throughout the Holocene with only negligible numbers of

seedlings becoming established in modern times. Consequently, they regard extant clones

as being ancient i.e. in the order of 10,000 -14,400 years old (Barnes, 1975; Kemperman

and Barnes, 1976; Cheliak and Dancik, 1982; Cook, 1985). They suggest that P.

tremuloides  clones are capable of surviving for this period due to a number of adaptations

specifically linked to clonal reproduction. The clonal growth habit theoretically allows

genets to be effectively immortal, certainly no physiological constraints are known of which

should limit the life of a genet (Barnes, 1966). Moreover, the ecological factors which may

prejudice the long-term survival of a genet are also buffered  by features of the clonal habit.

The phalanx growth form (dense, closely packed ramets with distinct boundaries) reduces

competition with other species within a clone; physiological integration of ramets within a

genet buffers the genet against drought and unfavourable microsites by transporting water

and solutes to disadvantaged parts of the genet (DeByle,  1964; Barnes, 1966); as ramets

can also maintain physiological independence they can share the risk from stochastic
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catastrophic events, the risk of loss of genotype for genets is, therefore, much lower than

would be associated with individual independent and genetically unique plants. They also

hypothesise that genetic variation could be maintained by rare bouts of sexual recruitment

through ‘windows of opportunity’ when the ecological and climatic conditions necessary for

successful seed production and establishment occur together (Krasny  and Johnson, 1992).

Even extremely rare occurrences of these windows of opportunity’ would be sufficient  to

maintain genetic variation where the rate of loss of genetic variation is so slow (Jelinski

and Cheliak, 1992). All of the adaptations described above are common to P. tremzdu  and

would contribute to clonal longevity similarly.

4.4.5. Genetic structure within popdutions

Hardy Weinberg Analysis

The deficit of heterozygotes observed in the Scottish aspen resource is confirmed by the

positive estimate of f (Fit) - the inbreeding coefficient - off = 0.153. In the Scottish aspen

resource 15.3% less heterozygotes were detected than could be expected if the populations

were in Hardy-Weinberg equilibrium. Heterozygote deficit can be explained by a number of

factors including selection for homozygote advantage, the Wahlund effect, and the most

obvious, inbreeding (Weir, 1996). The heterozygote deficit was reasonably consistent over

four of the six populations and over four of the six loci. Such consistency should rule out

selection for homozygote advantage as it is extremely unlikely that increased fitness would

be associated with 2/3 of the polymorphic loci sampled; selection is more oflen associated

with deviations from general trends by single loci. The Wahlund effect is a sampling

artefact  associated with a larger area being sampled than the actual interbreeding

population (Crow and Kimura, 1970; Brown, 1979). Such an effect should effect all loci

consistently. However, the Wahlund effect should only be used to explain heterozygote

deficit if significant population differentiation is subsequently uncovered, as this is not the

case in the Scottish aspen resource it can also be discounted (Lewontin,  1974). Inbreeding

is, by far, the most likely of the three factors to account for the significant heterozygote

deficit.

In referring to the literature on North American populations of P. tremzdoides  a confusing

scenario emerges including examples of Hardy-Weinberg equilibrium, heterozygote excess
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and heterozygote deficit in different studies from different locations. In Alberta large and

consistent heterozygote excesses were detected (Cheliak  and Dancik, 1982),  the authors

explained these excesses by the great ages of the clones they sampled. They hypothesised

that many of the clones were in excess of 10,000 years old and the high genetic variation

detected was due, in part, to Miiller’s ratchet. In a similar paper on Albertan populations

both heterozygote excess and deficit were detected (Jelinski  and Cheliak, 1992). In a study

of Ontario populations (Hyun,  Rajora and Zsuffa,  198713) a deficit of heterozygotes was

detected for a loci which the authors attributed to the Wahlund effect although only modest

population subdivision was subsequently detected (Fat  = 0.08). In Minnesota no

divergence from Hardy-Weinberg equilibrium was detected (Lund, Fumier and Mohn,

1992). It can only be concluded from such results that the factors effecting the breeding

structure of P. tremdoides  are many and locally variable.

It is almost certainly the case that the factors acting on the breeding structure of Scottish

P. tremula populations are similarly complex. Certainly, the presence of detectable

inbreeding within a dioecious species is a rare event. Two mechanisms are postulated to

account for this supposed inbreeding. The first hypothesises that uniparental inbreeding

occurs and requires that selflng takes place through  the periodic appearance of monoecious

individuals bearing both male and female flowers. Although it a phenomenon that is not

unknown in plants such individuals have never been recorded in Scottish aspen

populations and is unlikely to be responsible for the observed heterozygote deficit within

the Scottish aspen resource.

The second mechanism is much more plausible and involves biparental inbreeding.

Although flowering is a rare occurrence in the Scottish aspen resource, individual clones

have been observed which consistently flowered over the three years when flowering surveys

took place in Strathspey. Similarly, consistently flowering clones of both sexes have also

been reported in Strathspey and Sutherland (Brodie,  Boluski. personul  communication).

Such clones do not flower heavily but produce small numbers of flowers at the top of the

crowns and occasionally produce seed. If these individual clones have retained the facility

to consistently flower in modern climatic conditions (or at some period since widespread

flowering and sexual recruitment ceased) and this ability has some heritable basis then it

is possible that assortive mating has taken place within a subset of the Scottish aspen

resource. This subset would gradually become increasingly related so increasing the rate of
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inbreeding. Even if only occasional recruitment of seedlings were to occur the frequency of

homozygote genotypes in the population would rise. This process need only occur relatively

rarely over 7.000 - 8.000 years to introduce detectable heterozygote deficit.

The probability of such a process occurring would increase with aspen density as the

probability of pollination would be much higher. It is therefore interesting to note that

significant heterozygote deficit is detected in the four populations where aspen occurs at

higher density - Strathspey,  Deeside, Sutherland and Perthshire. The density of aspen in

Southern Scotland is very low and so the probability of pollination is also very low, in

Wester Ross aspen density can be high locally though the weather conditions are such that

the scope for flowering, pollination and establishment is much reduced than in other

populations.

Positive assort&e mating in dioecious species resulting in detectable heterozygote deficit

can also occur due to pollination fern nearby close relatives (LAX&  1986). The negative

relationship between distance and parental relatedness is well known (see, for instance,

Coles (1976)) Locally occurring conditions suitable for flowering, pollination and seedling

establishment, which may occur periodically, for example, summer 1995, would also result

in assortive mating contributing to heterozygote deficit.

Linkage Disequilibrium

Very little significant linkage disequilibrium was detected in the Scottish aspen resource.

For only one population and for only one pair of loci was significant linkage disequilibrium

detected. It is generally accepted that it is difficult to attribute any bioiogical  meaning to

linkage disequilibrium except in the exaggerated cases where direct linkage is detected

(Lewontin, 1974). Often linkage disequilibrium is interpreted as evidence of multilocus

selection though this is very difficult to demonstrate experimentally, other forces

contributing to linkage disequilibrium may include hybridisation and assertive  mating

(Hedrick, 1983). The absence of significant linkage disequilibrium in the Scottish aspen

resource merely indicates that these forces have had little effect on the genetic structure of

the loci screened in this study.
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4.4.6 Genetic variation among populations.

Surveys of genetic variation among populations using selectively neutral genetic markers

and statistical methods such as Weir and Cockerham’s estimators of F-statistics,

goodness-of-fit tests and UPMGA  clustering of genetic distance essentially provide

information on whether populations share similar allele frequencies or not. The precise

evolutionary forces which have acted to structure genetic variation within and among

populations are not identified by such detailed analytical approaches, instead they must be

teased out through  careful interpretation within a context provided by ecology, geography

and the post-glacial history. If the evolutionary forces of selection and mutation are

excluded (which can be justified since only selectively neutral markers were used, no

evidence for selection was detected, and the mutation rate is to low to have anything but a

negligible effect on marker allele frequencies (Mukai and Cockerham, 1977)) then the two

main factors which can influence population genetic structure are genetic drift and history.

Genetic drift is essentially a process of population genetic divergence where populations

become increasingly different due to the inconsistency of generational genetic sampling

within population sub-units, that is the passing on of alleles from one generation to

another (Weir, 1996). Genetic drift occurs in all populations to some extent but is

exacerbated in small discrete populations where stochastic processes are much less

buffered  and where the moderating process - gene flow - is limited. Gene flow counters the

effects of drift by mixing alleles from one population to another; the greater the rate of gene

flow among sub-populations the more these sub-populations can be considered unified as

one meta-population,  thus the effects of drift are buffered by the greater size of the meta-

population. The likely extent of gene flow among populations is affected by ecological

factors such as pollen and seed dispersal mechanisms; geographical factors such as

physical barriers e.g. mountains, large bodies of water and great distances; and climatic

factors such as prevailing winds. In species with limited dispersal mechanisms for both

pollen and seed which occur in isolated locations the likely extent of gene flow will be very

low, the exception may only occur where Man is moving populations around. Similarly, in

wind dispersed, outcrossing  species which are widely distributed and locally common the

extent of gene flow amongst populations will be great and the effects of drift minimised.
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A species such as aspen which is dioecious, outcrossing, produces wind dispersed pollen

and seeds, and is widely dispersed can be expected to exhibit little population structuring

due to drift as all of these ecological characteristics serve to increase the efficacy of gene flow

and thus counter drift. Indeed Hamrick  et al. (1992) predict that species sharing these

characteristics will be among those with the lowest mean value of GST (Hamrick  and Godt,

1989; Hamrick et a1.1991; Loveless and Hamrick,  1984). It is therefore of little surprise

that 8 (equivalent to FST and GST) was estimated at 1.4% in the Scottish aspen resource.

Although this amaIl amount of structuring is statistically significant (P<O.OOl) it is

consistent with similarly low estimates obtained in North American populations of P.

tremulolides.  In Minnesota, for example, Fst was estimated at 0.3% (Lund, 1992),  in

Alberta, Fst was estimated at 3% (Jelinski and Cheliak, 19921, whilst in Ontario GSt was

estimated at 6.8% (Cheliak and Dancik, 1982). The value estimated in this study falls

within the range of values determined in North America, inaeed it is consistent with

studies of population structuring in other North American Populus  species (Weber and

Stettler, 1981; Zsuffa and Rajora, 1986). It can be concluded that there is very little

evidence of genetic drilt apparent within Scottish aspen populations and it is likely that

gene flow was extensive in the period when aspen was engaged in sexual reproduction.

The postrglacial  history of a group of populations can also account for present-day

population structuring. Incomplete integration of populations of different  origin and thus

different genetic character may become manifest on investigation of population structuring.

Substantial gene flow between such populations will eventually result in homogeneity if no

other factors are influencing, however, if the effects of gene flow are limited either due to

ecological, geographical or climatalogical factors as discussed above, or the period in which

gene flow could have occurred is short due to recent colonisation or cessatiou  of sexual

reproduction, then populations of different origin may partially retain their own genetic

character to the present day to a greater or lesser extent.

Since the potential effects of drift are minimised in aspen due to its breeding biology any

evidence of population structuring which is consistent with available palynological evidence

could be interpreted as evidence of multiple origin. As has been discussed previously - see

Chapter Two - there is some indication in the pollen record which may suggest a multiple

origin of the Scottish aspen population (Huntley and Birks, 1983). Indeed, pollen analysis

indicates that aspen had a disjunct distribution immediately after the last glaciation
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(10,000 B.P.)  with a southerly population centred on mid-England, Wales and mid-Ireland,

and a north-westerly population centred on Argyll, Lochaber and Wester Ross. This

disjunct distribution echoes that of native Scats Pine at 8,000 B.P. where genetic

differentiation of the north-westerly population has been interpreted as evidence of a

multiple origin for the present Caledonian pine resource (Kinloch, Westfall  and Forrest,

1986). It has been hypothesised that aspen may also have shared a glacial refugium with

Scots pine and recolonised Scotland both from England but also from Wester Ross (Worrell,

1995a,  Soutar and Spencer, 1991). However, the small amount of genetic structuring

within the Scottish aspen resource and the remarkable similarity between the Wester

Ross, Deeside, Perthshire and Sutherland populations as evidenced by the UPMGA

clustering of Nei’s unbiased genetic identity provides no evidence to support the multiple

origin hypothesis.

Whilst this study fails to uncover any genetic evidence consistent with an independent

origin of the We&r  Ross population of aspen it is possible that early genetic differentiation

has become obscured through large amounts of gene flow in the period in which aspen was

actively sexual. Further investigations of origin should perhaps focus on matemally-

inherited genetic markers such as RFLPs  of mtDNA or cpDNA. Ennos (1994)

demonstrates that gene flow of maternally inherited markers is much lower than gene flow

of nuclear markers. This is because maternal markers are only dispersed in seeds whilst

nuclear markers are dispersed in both seeds and pollen. Genetic structuring arising from

multiple origins of a group of populations may be more easily detected with such markers

because the underlying structure is obscured less by gene flow. Studies using maternal

markers to further investigate the multiple origins of Caledonian pine are ongoing (Ennos,

Sinclair and Perks, 1997).

Although the extent of genetic structuring in the Scottish aspen resource was found to be

relatively limited it was statistically significant as evidenced by the highly significant global

contingency-table tests (p<O.OOl)  and the permutation tests indicating that 8 is

significantly greater than 0 (p-zO.001).  This limited amount of population structuring is

visualised using UPMGA clustering of Nei’s unbiased genetic identity -see Fig 4.3. The

cluster analysis provides some interesting results: the most geographically distinct

population - Southern Scotland - can be seen to be the most genetically divergent although

the degree of divergence is exceedingly small. This population is cut off from the main
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areas of aspen in Scotland by the Central Belt which has around the lowest aspen

densities in Scotland - see Fig 1.2. Of the populations sampled Southern Scotland has the

lowest density of the six populations, it therefore highly likely that the small amount of

divergence detected may be due to drift through geographic isolation.

The statistically significant (P<O.OOl)  positive relationship between geographic distance

and genetic distance is at first sight intriguing, however, further analysis reveals that the

effect is purely due to the Southern Scotland population. If this is removed the relationship

no longer holds (P>o.lOO).  This is unsurprising as there is extreme similarity between four

quite widely distributed populations - Wester Boss, Sutherland, Deeside and Perthshire.

This result not so much indicates the genetic divergence of the Southern Scotland

population but the extreme similarity amongst the other populations

Southern Scotland covers a much larger geographical area - almost from the East to the

West coast - and is sampled at a much lower density when compared with the other five

populations. It is possible that there is, or has been, a greater variation in climatic,

ecological and/or and historical factors acting across the Southern Scotland area when

compared to the other five populations perhaps resulting in some within-population genetic

structuring in this area. The large scale sampling adopted in this study for this population

could not reveal within population structuring.

The main reason for not splitting Southern Scotland into south-eastern and south-western

populations is the low density of aspen found in this area. Only 34 samples, the smallest

collected for any of the populations, were collected from the entire area despite intensive

surveying for additional aspen locations. Division of this already small sample would have

weakened any subsequent analysis. Moreover, the spread of samples is relatively even

over a broad swathe of southern Scotland. With no obvious geographic barriers it would be

dif&ult  to place a sensible dividing line.

If indeed sub-structuring was present within the Southern Scotland population then a

deficit of heterozygotes  - the Wahlund Effect - would have been detected (Hedrick,  1983).

This was emphatically not the case in Southern Scotland. Indeed, compared to the other

five populations Southern Scotland has the highest observed heterozygosity (Hop)  and
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around the average expected heterozygosity (Hep).  Furthermore, the very low estimate of

among-population variation (0 = 0.014) suggests that differentiation between south-eastern

and south-western populations would be extremely unlikely in any event.

It can be concluded from the analysis of population structuring that a small but

statistically amount of population structuring is present in the Scottish aspen resource

which is consistent with estimates of structuring in P. tremuloides  and with poplar species

generally. It is likely that most of this structuring is due to small amounts of genetic drift

or indeed to errors introduced in the sampling of the populations for analysis. The slight

differentiation of the Southern Scotland population is probably due to drift through

geographic isolation. However, it can also be concluded that there are no large drift effects

due to the limited size of the Scottish aspen populations or indeed the reluctance to

reproduce sexually. As the Wester Ross population was found not to be genetically

divergent it can be further concluded that no evidence was unearthed to support the

hypothesis of multiple origin of the Scottish aspen resource.

4.4.7. Genotypic Diversity.

Values for genotypic diversity (G/N) within the six Scottish aspen populations are very high

relative to mean values quoted in two reviews of clonal plant genotypic diversity (Ellstrand

and Roose,  1987; Widen, Cronberg and Widen, 1994). In Scottish aspen populations G/N

varies between 0.72 and 0.93 with a mean value of 0.85 (s.d. = 0.07) whilst mean values

quoted in Ellstrand and Roose (1987) and Widen et al. (1994) are 0.16 (s.d.= 0.27) and

0.27 (s.d.=  0.29) respectively. However, these mean values are calculated over many very

different plant species and are consequently practically meaningless as the large standard

deviations show that genotypic diversity is highly variable among species and among

studies. A more appropriate approach is to compare genotypic diversity in Scottish

populations of P. tremula  with North American populations of P. tremuloides estimated

using similar isozyme markers. However, in only one of the four P. twmuloides studies was

genotypic diversity calculated (Jelinski and Cheliak, 1992). Values of G/N in the six

Albertan populations studied by Jelinski and Cheliak (1992)  varied between 0.86 to 1.00

with a mean value of 0.92. These estimates are slightly greater than the equivalent

estimates in Scottish populations though are of a comparable magnitude nonetheless.
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Among five of the six Scottish populations genotypic diversity varies very little; the range of

estimates in Strathspey, Deeside, Perthshire, Sutherland and Southern Scotland varies

between 0.88 and 0.93. This is, perhaps, unsurprising given the common sampling

method, the common set of markers, and the similarity in allele frequencies amongst

populations and so similarity in discriminative power of the suite of markers. Wester Ross,

however, stands out from the other five having a slightly lower genotypic diversity at 0.723.

There are a number of possible explanations for this reduction in genotypic diversity.

Firstly, it may be that small amounts of within-clone sampling took place: in Wester Ross

there are areas of locally high aspen density, to allow a sufficient  number of samples to be

collected from the population the normal sampling rules were relaxed to an extent. Instead

of leaving c.5OOm between samples it was deemed sufficient that there be a geographical

feature such as a burn or rocky outcrop that divided up sampled stands. Thus the

probability of within-clone sampling may have been higher in We&or Ross  than in the other

five populations. However, on plotting the locations of the samples sharing the same

genotypes it was apparent that these were not directly adjacent but instead divided by

relatively large distances thereby casting doubt on the assumption that they fact belong to

the same clone.

A second possible explanation is that small numbers of large aspen clones historically

covered extensive areas as has been described in some North American populations of P.

tremuloides  (Baker, 1925; Blake, 1963; Barnes, 1966, 1969; Kemperman and Barnes,

1976). The integrity of these large aspen clones may then have been breached by

geological, ecological or anthropological factors sometime in the past leaving outlying

pockets of formerly large clones distributed here and there which may then have been

sampled.

A third possible explanation also concerns local high density sampling; it is possible that in

small high-density aspen areas many highly related individuals may have been sampled

from - the neighbourhood effect. If the individuals sampled are highly related then the

genetic variation within the sampled subset would be lower thereby decreasing the

discriminative power of the suite of markers on a local scale. The chances of finding

identical genotypes which are, in fact, of independent sexual origin increase with decreasing

genetic marker variation. The comparatively lower estimates of genotypic variation could

therefore be a result of underestimation of genotypic diversity and not a reduction in actual
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genotypic diversity. All three explanations are equally plausible and the correct

explanation will only be found after further genotypic analysis with genetic markers with

more discriminative power such as RAPDs.

Even including the slightly anomalous genotypic diversity in Wester Boss a general picture

of population-scale clonal structure emerges. The relatively high genotypic diversity would

seem to indicate that there are very few, if any, very large extensive clones now present in

the Scottish aspen population as have been detected in North America. For example, P.

time!&& clones have been reported as covering in excess of 43 ha in Michigan

(Kemperman  and Barnes, 1976). It is accepted that such large extensive clones may have

existed in the past in Scotland however there is very little evidence to suggest that isolated

fragments of such supposed formerly-extensive clones still exist.

However, genotypic diversity as discussed in the reviews of Ellstrand and Koose  (1987) and

Widen et al (1994) is not the simple biologically meaningful and directly comparable

parameter it may appear to be. Such a parameter is confounded by two major effects both

related to its measurement; the discriminatory power of the isozyme systems used to

identify genotypes and the strategy used in the collection of samples. The d&iminatory

power of the isozyme systems used strongly influences the number of genotypes found in

the study (E&&and  and Roose,  1987). Clearly, the more variable loci are scored the more

potential there is of detecting new genotypes and the discriminative power of the suite of

loci increases accordingly. Any differences  found in comparisons among studies using suites

of markers with differing discriminative powers cannot be automatically attributed to

ecological reasons. Furthermore, the sampling strategy can also strongly influence the

number of genotypes detected. In North American studies of genetic variation in P.

trcmw!oid.es  careful attention is given to avoiding over sampling within a clone (Hyun, Rajora

and Zsuffa, 198713; Lund, Fumier and Mohn, 1992; Jelinski and Cheliak, 1992).

Phenotypic criteria such as phenology, morphology and geography are used to delineate

putative clones before sampling. Such use of phenotypic traits prior to identifying clones by

molecular means moderates against sampling within the same clone. However the degree

of rigour applied in the a priori delineation of clones may vary and therefore the probability

of multiple sampling witbin a clone will vary also. Therefore, meani@-ul  comparisons

between studies employing different suites of markers and different sampling regimes are
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rare. Such estimates of genotypic diversity as made in this study can therefore only be

treated as mean&&l  in themselves.

Two conclusions can be drawn from the genotypic diversity estimated in Scottish aspen

populations; firstly, that genotypic diversity is generally high and that aspen clones are not

as extensive and locally dominating as may have been previously supposed (see Chapter

Two), and, secondly, that the suite of isozyme markers used are of sufEc.ient discriminative

power as to be useful clonal markers for the identification, delineation and inventorying of

aspen genotypes.

4.4.8 Summary of findings and conclusions.

Levels of genetic variation in Scottish aspen populations are comparable to those found

in similar species sharing the same ecological, biological and taxonomic characteristics,

though are slightly lower than in the surveyed populations of the New World

homologous species P. tremuloides. There is no evidence to suggest a loss of selectively

neutral genetic variation in Scottish native aspen populations. Fears regarding the

genetic health of the Scottish aspen resource are therefore unfounded.

There is a general deficit of heterozygotes  in the Scottish aspen resource, it is suggested

that this deficit is a result of assortive mating between those clones that retain the

ability to flower in present climatic conditions.

There is no significant linkage disequilibrium in Scottish aspen populations.

The amount of structuring in Scottish aspen populations is slight though comparable

with similar levels in North American populations of P. tremuloides and with other

poplar species. The small amount of population structuring is most probably due to

small amounts of drift through geographic isolation. The most geographical distinct

population - Southern Scotland- is also the most genetically distinct.

There is no evidence to support the hypothesis that aspen survived the last glaciation

in glacial refugia shared with Scats pine and that the present Scottish native aspen

resource is of multiple origin.

The suite of isozyme systems used is sufficiently variable to allow 80% of genets to be

uniquely identified and can be considered to be of sufficient discriminative power to be

useful in the identification and delineation of clones in the Scottish native aspen

resource.
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